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FOREWORD

We welcome you to the first of the International Porous and Powder Materials Symposium
and Exhibition, PPM 2013.

The idea of organizing a symposium on porous and powder materials owes its germination
to the curiosity about the ‘other side of the fence’. We are all familiar of the mild surprise
when we come accross with a research paper from a totaly unrelated field written in a
completely different terminology but describing something pleasantly familiar. Just
imagine the elation of a PhD student in ceramics who is trying to optimize the stability and
plasticity of the green body reading about the double layer around a protein, of an
environmental engineer who is attempting to flocculate a nasty sludge coming accross with
the concept of aggregation of micellar structures or of a researcher in chemical engineering
who is looking for the perfect catalyst seeing the SEM pictures of porous nanoparticles
developed for drug delivery. The list could be extended with much better examples by the
readers of this book. But the best set of words to describe these feelings is an awareness of
wholeness and solidarity.

PPM 2013 aims to focus on and amplify this awareness which will in turn help to forge
pathways between different fields of science and technology, as well as creating a
familiarity for the work of each other. Porous and Powder Materials Symposium is
intended to bring us together around a topic which we all deal with in our prolifiriated
research fields.

This ambitious aim in mind, the symposium was structured around the following themes:

Theme A: Development and Characterization
Theme B: Catalytic Aspects
Theme C: Environmental and Hygenic Aspects

Theme D: Biological and Medical Aspects
Theme E: Transport and Surface Chemistry
Theme F: Modeling and Simulation

Theme G: Industrial Applications

Both the Oral Sessions and the Proceedings Book are constructed around these themes. We
are proud to say that, for a symposium which has the first in its title, what emerged was
astounding with number of abstract submissions reaching eight hundreds. The submissions
were distilled to 175 oral presentations and 300 posters. The Symposium venue, Cesme
Sheraton Hotel in Izmir, will host around 600 participants from over 40 countries. The
proceedings book that you are holding in your hands contains 185 full papers.

It is obvious that the symposium have adressed a need for those of us who work with
porous and powder materials. A need which arises from the curiosity about what is
happening beyond the fence. We believe that this healty curiosity will make Porous and
Powder Materials Symposium and Exhibition a regular and respected gathering in the
field for years to come.

Hope to get together in both sense of the word in future PPM’s.
With our best regards.

Mehmet Polat and Metin Tanoglu, Symposium Chairs
Sevgi Kilic Ozdemir, Symposium Secretary
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ABSTRACT: A survey of 21st century advanced materials with controlled functional
structure, from the macro scale to the nanoscale, is presented. Novel advanced materials,
which draw on both classical and quantum properties in order to achieve new functions,
are overcoming such long-standing limitations as the diffraction limit in imaging optics
and efficiency limitations in photovoltaic cells. The design and applications of engineered
metamaterials are discussed across a wide size range, from earthquake mitigation for
buildings to quantum cloaks at the nanoscale. In similar fashion, the intersection between
biotechnology, biofabrication, and functional nanostructured materials is considered.
Special attention is paid to the role of new manufacturing techniques for these advanced
materials, the importance that manufacturing will play in their commercialization, and the
role of powdered and porous materials in enabling both the manufacture of engineered
metamaterials across many scales and the application of new catalytic materials in flow
applications. Finally, some desired applications for these new classes of materials are
presented as promising directions for research.

1. INTRODUCTION In this paper, we begin by making a few

One of the most astonishing things about
materials science is the similarity in
material functions over many orders of
magnitude of size scales, and across
functional disciplines. This similarity is
not necessarily immediately obvious, nor
does it obscure the truly bewildering
variety of material properties and
functions that exist. But the very
existence of similar functionality from
the macro to the nano scale gives the
researcher pause, and invites the question
to be asked at every step: if such-and-
such a function is possible at this scale, is
it possible at every other scale as well?
Hence we talk of molecular machines or
meta-atoms, phrases that represent real
pairings of scale and functionality, but
whose nouns and adjectives are drawn
from opposite ends of the size scale in
order to make their uses clear by analogy.

observations on the state of materials
science generally, spanning from the
classical to the quantum regime; we then
move on to discuss engineered functional
materials, giving emphasis to particularly
promising directions in the state-of-the-
art; finally, we finish with a discussion of
applications to which new
multifunctional materials can make a
significant contribution and can enhance
the overall capability of our technoculture
to meet both established and emerging
challenges.

2. THE  CLASSICAL, SEMI-
CLASSICAL  AND QUANTUM
REGIMES

Fascinating materials functionality exists
on both the classical and the quantum
scales, and in between at the semi-
classical scale. “The so-called Bohr
correspondence principle asserts that
quantum mechanics is a kind of



generalization of classical mechanics in
the sense that one should be able to
recover the classical properties of a
system by making some approximations
of its quantum properties. The goal of
the semiclassical mechanics is to study
the quantum behavior when the mass of
the particle becomes big with respect to
the Planck constant h, in this case h tends
to 0” [Baghli and Zanoun, 2009]. Thus
we begin with the classical secondary
properties of response to light waves
(reflection, refraction, absorption), to
electrostatic and  magnetic  fields
separately (polarization and emission,
magnetism, etc.), and to mechanical
dynamics evidenced in the response to
sound, temperature, mechanical impact
and abrasion, etc. We then move down
the scale to where h is no longer
negligible, ending in the quantum regime
where the physics is counterintuitive but
the applications are often  still
recognizable.

2.1. The Classical Regime

In recent years there has been a great deal
of work on so-called metamaterials,
whose functional properties derive more
from the structure of the material than
from its composition (though the material
composition always plays some part in
the function, through its conductivity,
electromagnetic ~ or acoustic  wave
impedance, tensile strength, etc.). These
metamaterials can be structured to have
properties that do not exist in natural
materials, such as left-handedness (or
negative refractive index), photonic
bandgaps, non-physical material
properties such as negative permeability
or negative mass density, anisotropy in
any of these properties, and chirality. For
materials  comprised of  complex
molecules, chirality is the rule rather than
the exception and materials with a single
chirality, or a selected mix of chiralities
will  exhibit  different  properties
depending upon how they are excited.

These meta-properties of the engineered
materials, accessible to the designer by
way of structural changes, will allow us
to tune these materials for particular
applications more finely. Already they
are demonstrating their utility as lenses,
waveguides, cloaks, and energy traps; we
suspect that the application space has
only barely begun to open. [Liu and
Zhang, 2011].

2.2. The Semi-Classical Regime
Metamaterials, and their fascinating
properties, are not the only notable
materials to have made progress in recent
years. Non-linear materials are also of
increasing interest for their applications
in measurement devices, transmitters,
photovoltaics, etc. The non-linearity of
these materials is often treated in a semi-
classical fashion: a classical oscillator
interacts with photons, for example, or a
quantum oscillator with a classical field.
Frequency doubling in non-linear optics,
in which two photons are combined
through the nonlinear action of the
material into a single one of greater
energy, shares some of these properties.
Not just photons, but any quantum
phenomenon, can take advantage of such
materials, properly produced: photons,
phonons, excitons, plasmons, polarons,
etc. Applications to all these different
energy packets are nascent or not yet
even conceived; but the richness of the
phenomena invites further exploration
and will demand ever-increasing control
over the composition and structure of
materials.

These kinds of materials are considered
“semi-classical” because their behavior
seems to break the classical rules but
does not yet evidence or make use of the
distinguishing elements of “quantum
weirdness”’—superposition, uncertainty,
and entanglement, for example—as do
the class of quantum materials.



2.3. The Quantum Regime

The purely quantum materials exhibit
secondary properties that are the
hallmarks of the quantum regime.
Perhaps the defining characteristic of the
quantum regime is indistinguishability.
A.J. Leggett gives a rigorous definition of
what constitutes a quantum material: it is
“...a many-particle system in whose
behavior not only the effects of quantum
mechanics, but also those of quantum
statistics, are important” [Leggett 2006].
For quantum materials to exist properly
then, the thermal energy of the system
(kgT) must in general be smaller than the
relevant energy quanta (n”°h%m), which
generally requires the key features of the
system be of nanoscale size or very cold
or both. In these conditions, though,
certain well-known quantum materials
emerge: Bose-Einstein condensates of
atoms and Cooper pairs of electrons,
which  exhibit such behavior as
superconductivity and superfluidity. The
effective mass of particles can become
infinite; their effective size large
compared with their normal physical
dimensions; and with such properties,
how many potential applications must
there be? Magnetic levitation is among
the several common superconductor
applications; but for other phenomena, a
rich variety of electrical, mechanical, and
optical devices must lie within an
application space that is still largely
unexplored.

3. FUNCTIONAL MATERIALS
FROM THE MACRO SCALE TO
THE NANO SCALE

We now return to discussing functional
materials; in particular, we wish to show
that by thinking across size scales and
disciplines, new  applications  for
functional materials may be conceived,
and that for these new materials, new
synthesis methods will be necessary.

3.1. Functional Materials with Periodic
Structure

Classical metamaterials, in which the
properties of the substances composing
the material are of secondary importance
to the structure of the material, are built
upon a set of concepts that scales across
12 orders of magnitude in size. The
reason for this wide scaling is that
metamaterials  exhibit their special
properties when interacting with waves;
and wave properties are similar across
physical phenomena and across length
scales. Metamaterials were originally
conceived to manipulate electromagnetic
fields. These may have wavelengths
from many meters (RF) to hundreds of
nanometers (visible light).  But the
concepts work both up and down in size:
it has been proposed that a metamaterial
cloak might be embedded in the ground
around buildings, to deflect the energy
carried by in-plane elastic waves—whose
wavelength may be on the order of a
kilometer—during earthquakes [Brun et.
al. 2009]; it has also been proposed [Lee
and Lee, 2013] that a properly patterned
nanoparticle with a hollow core can be
used to shield its contents from the
quantum effects of its surroundings—
essentially, providing a shield against
atoms, electrons, photons, or anything
else that is defined by a wavefunction. In
one case, we see the structure interacting
with a very large acoustic wave; in the
other, with a very small probability wave.
In between these scales are sound waves,
vibrations, RF and microwave
communications signals, photons,
phonons and so forth; and in principle the
metamaterial approach can be used to
control any of these phenomena.

In some ways, the history and nature of
metamaterials at all scales shares many
attributes with porous materials. Some of
the carliest electromagnetic
metamaterials were porous materials:
dielectric sheets drilled with patterns of



holes. The difference in permittivity and
permeability between the dielectric and
the air in the holes provided the property
contrast that made the metamaterial work
[Yablonovich, 2001]. The seismic
metamaterial can be accomplished using
cylindrical pores in the ground around the
building, filled with an absorber such as
water [Kim and Das, 2012]. And at the
nano scale, certain clathrate materials
(also called “host-guest” materials), in
which molecular “cages” are built around
cavities containing atoms or electrons, the
cage structure of the material deforms the
wavefunctions of the guest particles,
either allowing or denying them the
ability to jump from cage to cage [Sushko
et. al., 2007]. This is just transport
through a porous medium, played out at
the quantum scale. The fundamental
cage structure of one such material is

shown in Fig. 1.

Figure 1: The unit cell of CI12A7
(Mayenite), a  host-guest material
demonstrated to transport a number of
particles through its lattice, including

electrons and oxygen atoms [Kim et. al.,
2007].

Fabricating functional metamaterials is a
challenging process, for reasons that
differ along the size spectrum. At the
scale of acoustic waves, vibration, and
RF and microwave electromagnetic
wavelengths (from 1 meter to |1
millimeter), the challenge is primarily
structural: many of the structures that are
designed using computer software such
as ANSYS or COMSOL—and which can

interact  with  these  waves in
extraordinarily  sophisticated ways—
simply are not manufacturable with
standard subtractive machining
techniques, and therefore often must be
assembled by hand out of many pieces.
This is both tedious and inexact, and the
quality of the metamaterials suffers for it.
The development of sophisticated 3D
printing techniques, which are now
approaching accuracies on the sub-
millimeter scale, presents new
opportunities to develop structures that
are impossible to machine, using many
different materials, with a speed and
precision that will make metamaterials
practical for many purposes. Because the
most precise method for 3D “additive”
manufacturing involves laser sintering of
sequential layers of powdered materials
to form the structure, we anticipate that
there will be a great demand in the near
future for powdered materials of every
conceivable composition, of high purity,
and well-defined mechanical
characteristics. It is likely that the future
of metamaterials on this scale depends
upon these advances in manufacturing.
An early prototype, 3D printed at MIT to
focus RF radiation, is shown in Fig. 2.

255mm
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Figure 2: An RF metamaterial lens with
negative index of refraction. On the left
is the unit cell; on the right, the roughly
10 inch by 10 inch structure, 3D printed
in polymer and copper coated [Ehrenberg

et. al., 2012].

At the nanoscale, additive manufacturing
is not a viable option for creating periodic
structures.  For larger nanostructures,
photolithography continues to make
advancements, with typical feature sizes



of about 20 nm now possible. It is very
difficult, however, to create complex 3D
structures in this way—it can be
compared to creating macroscopic
metamaterials without the benefit of 3D
printing.

At the molecular scale, the challenge
becomes even greater. Whereas for
macroscopic metamaterials, the
composition of the material is less
important than the structure of the
material, at the molecular scale the
composition  defines the structure.
Carbon, for example, readily forms
nanotubes and graphene because its
electron affinity of +4 allows it to form
one double bond and two single bonds
with three other carbon atoms; it also
forms diamond by forming four single
bonds to four other carbon atoms. It
cannot, however, be used to create
arbitrarily shaped structures, for the
repulsion of the chemical bonds dictates
either the planar hexagonal or the
tetrahedral configurations. Forming other
structures requires use of other elements
with  different  bonding  patterns.
Therefore the design problem—not to
mention the manufacturing problem—is
much greater when dealing with the
tiniest structures.

3.2.  Materials  with
Moieties

In chemistry, a moiety, or a functional
group, is a group of atoms or molecules
that exhibits some form of chemical
response regardless of the macromolecule
to which it is attached.  Biological
processes are full of functional groups
that make life possible: hemoglobin, for
example, contains several functional
groups that are responsible for the uptake
and release of oxygen in the bloodstream;
hydrophobic  functional groups are
essential to the formation of the bilipid
layers that form cell walls. There has
been a great uptick in interest recently in
the field of synthetic biology, which

Engineered

seeks to exploit the functions of normally
biological molecules to engineer surfaces
with defined properties, highly selective
reaction catalysts, or “living foundries” to
manufacture biomolecules.

These biomaterials are fundamentally
molecular level entities, and so share the
manufacturing  difficulty  of  the
molecular-level =~ metamaterials  just
discussed; often the functionality of a
molecule, such as a protein, is entirely
defined by its structure, which is in turn
defined not only by the covalent bonds of
the atoms within the molecules, but also
by the complex mix of polar, ionic, and
van der Waals forces found in such large
molecules. Nevertheless, because
biology also provides a great number of
functioning templates, it is possible to
reverse-engineer molecules already found
in nature, and then modify their
functional groups to new ends. For
example, a protein known to bind to
nickel atoms was recently modified to
instead bind to uranyl (UO;) molecules
[Wegner et. al., 2009]; similarly modified
functional groups can target toxic and
environmentally hazardous materials, to
function as either sensors or part of a
cleanup strategy. The first such protein
created for wuranyl selectivity is
diagrammed in Fig. 3.
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Figure 3: The first uranyl-selective DNA-
binding protein was designed using a
protein that was originally nickel-
responsive. Modifications to the
composition adjust the shape of the
protein, giving it high selectivity to the
target [Wegner et. al., 2009].

Synthetic construction of such molecules
can in theory be done with the tedious use
of atomic force microscopy to manipulate
individual atoms; but this is impractical



for molecules of any significant size. On
the other hand, recent advances in
understanding the composition and
function DNA and RNA, and their role in
encoding protein structure and facilitating
protein manufacture, have enabled
researchers to use these organic
molecules as machines in assembly lines,
not only to fit together all the components
of the desired proteins, but also to affix
the finished product to a surface being
functionalized [Gu et. al., 2010]. A
diagram of a DNA-based cargo mover for
such an assembly line is shown in Fig. 4.

In fact, in the most extreme cases the use
of the “bio-” prefix (as in biomaterials,
biomolecules, etc.) is more a homage to
the inspiration for the processes used to
create the materials, than it is to the
source of the materials themselves.
When an RNA molecule—specifically
assembled to create a protein that does
not exist in nature—is used as a
manufacturing tool to create, for
example, nanoparticles of inorganic
composition, to what extent are we still
speaking of biology? At this level of
detail, the boundaries between
nanoscience, molecular biology, and

S
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physical chemistry begin to dissolve.

Figure 4: A DNA-based “walker”
designed to move along a track,

collecting and delivering gold
nanoparticles as part of a molecular
manufacturing system [Gu et. al., 2010].

Frequently the moieties manufactured in
synthetic biology have some catalytic end
in mind. This may be stripping elements
off of an organic molecule, breaking
down a hydrocarbon into smaller chains,
or neutralizing pathogens in a ventilation
or water system. For catalytic
applications, the speed at which the
desired reaction takes place is usually
directly proportional to the functionalized
surface area available; for a working fluid
in the gas or liquid states, the best way to
achieve contact with a large catalytic
surface is to filter it through a powder, or
force it through a porous material. We
expect, therefore, as new applications
come online that make use of synthetic or
bio-derived catalysts, demand will
increase for powdered materials that can
easily host functional groups; and
perhaps more critically, for processes that
can sinter those powders into porous
materials without losing the functional
groups. Highly catalytic porous materials
will find many applications in gas and
liquid processing for energy, healthcare,
agriculture, and transportation.

4. SOME SAMPLE APPLICATIONS
FOR ADVANCED MATERIALS

The application space opened by the
materials discussed here is very large,
and a few sample applications will serve
to illustrate how significantly these
materials, and others like them, will
affect a number of industries.  For
example:

e A nonlinear material capable of
absorbing solar energy (mostly
visible) or earthshine (mostly
infrared) and converting it directly to
RF would dramatically reduce the
complexity and weight of balloons
and airships with communications
requirements.



e Materials that could convert acoustic
energy to electromagnetic energy and
back (meta-piezoelectrics) would
increase the capability and reduce the

space, weight, and power
requirements of sonar and ultrasound
equipment.

e An acoustic cloak metamaterial that
rejects certain bands of vibrational
frequencies would provide excellent
protection to  vibration-sensitive
electronics and sensing equipment on
airborne, ground-based, and ocean
platforms.

e Metamaterial antennas, which can
receive and transmit more power than
conventional antennas and overcome
the diffraction limit, are achievable
today but only become practical on
large  scales  when  advanced
manufacturing techniques are
employed to create economies of
scale.

e Novel synthetic catalysts with
moieties that reconfigure
hydrocarbons to enhance their energy
density or combustion properties
would be employed to create new
synthetic fuels and enhance the
energy  efficiency of  existing
transportation and industrial
equipment. The efficiency of such
processes would depend upon large
catalytic surfaces being available to
process large volumes of working
fluid.

e A quantum cloak used to shield an
atom or electron from lattice
vibrations within a solid would
extend the coherence time for
quantum states of the particle and
allow solid-state quantum computers
to operate at higher temperatures and
qubit  densities than  currently
possible.

This short list of applications illustrates
the wide variety of fields that are likely to
be impacted by new advances in
materials science within the near future.

Enabling these materials to be
manufactured is a serious challenge in its
own right, and the scientific community
that creates the raw materials, usually
beginning in powdered form, will play a
significant role in realizing these and
many other applications.
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ABSTRACT: This paper reviews the main methods for the fabrication of highly porous
ceramics from preceramic polymers. Different processing techniques can be employed to
produce components with a pore size ranging from a few nanometers to a few millimeters

in size, and with a very varied morphology.

1. INTRODUCTION

Highly porous ceramics, also called
cellular ceramics when the total porosity
is about >70 vol%, have found
applications in several engineering fields
because of their unique combination of
favorable properties [Green, 2003].
Different applications require different
pore architectures, in terms of cell size
and size distribution, cell shape, presence
of pores interconnecting the cells, size of
the interconnecting pores, distribution of
the porosity within the entire body (e.g.
graded structures), presence of pores in
multiple dimensional scales (i.e. ceramics
with hierarchical porosity, with pores
ranging from a few nm to hundreds of
micrometers) [Colombo, 2008a;
Colombo, 2010a]. Clearly, it is necessary
to use different processing approaches to
fabricate ceramics possessing such a wide
range of  morphological features
[Colombo, 2006].

Preceramic polymers are a specific class
of polymers that convert into a ceramic
material upon heat treatment. Carbide
(SiC), nitride (Si3N4, BN), mixed
carbide-nitride ~ (SiCN),  oxycarbide
(SiOC) and oxynitride ceramics (SiON)
can be produced, as well as oxide
ceramics. The range of compositions can
be expanded by the addition of suitable
fillers, either inert (i.e. not reacting with
the preceramic polymer) or active (i.e.
reacting with the decomposition products

of the preceramic polymer and/or the
heating  atmosphere) [Chae, 2009;
Colombo, 2013].

The resulting ceramics are nano-
structured, possessing amorphous and
crystalline (e.g. PB-SiC, SizNs, BN),
domains a few nanometers in size, and
possess  very interesting chemical,
thermal and functional properties.
Because of their polymeric nature,
preceramic polymers can be processed in
a great variety of ways, also employing
techniques typical of conventional
polymer processing (e.g. resin transfer
molding, melt spinning, blowing,
injection molding, etc.) [Colombo,
2010b]. Therefore, they represent a very
versatile class of materials in which a
large volume of tailored porosity can be
embedded following several different
processing approaches.

2. EXPERIMENTAL

Commercially  available  preceramic
polymers were used in the experiments.
Specifically: polymethylsilsesquioxane,
polymethylphenylsilsesquioxane (MK
and H44, Wacker-Chemie GmbH,
Miinchen, Germany), poly(methylvinyl)-
silazane (Ceraset VL20, Clariant, USA)
and polycarbosilane (PCS Type S,
Nippon Carbon Co. Ltd., Yokohama,
Japan). Poly(methylmetacrylate) micro-
sized beads of different diameters



(Aldrich Chemical Company Inc., USA)
were used as sacrificial filler, while
azodicarbonamide (ADA, Sigma-Aldrich,
USA) was used as physical blowing
agent. Samples were heated in different
atmospheres (air, Ar, N;) at various
temperatures, depending on which phases
were designed to be obtained. Nano-sized
or micro-sized fillers were also added in
order to modify the composition of the
resulting porous ceramics. Further
processing details can be found in the
cited literature.

3. RESULTS AND DISCUSSION

First of all, one should make a distinction
between the fabrication of components
possessing a micro-cellular or a macro-
cellular structure. The first ones comprise
porous ceramics in which the cell size is
typically below 50 pum, while in the
second ones the cell size ranges from ~50

pum up to several hundred microns or a
few millimeters [Colombo, 2008b].

For the production of micro-cellular
ceramics, the use of sacrificial fillers (e.g.
dense or hollow/expandable polymeric
micro-beads) or electro-hydrodynamic
spraying is most suited, but emulsion
techniques can be wused (also in
conjunction with micro-fluidics)
[Vakifahmetoglu, 2009; Kim, 2004;
Nangrejo, 2009; Bakumov  2009;
Vakifahmetoglu, 2011; Ye, 2010].
Supercritical CO, has also been
demonstrated to be a very promising way
for developing porous ceramics with cell
densities >10° cells/cm’ and cell size < 10
pm [Kim, 2003].

In Figure 1 is shown the morphology of
Si0C micro-cellular components
fabricated using a silicone resin and
different processing techniques. Graded
porosity or closed cells can also be
fabricated, by modifying the layout and
amount of the sacrificial fillers. The
advantage of employing a micro-cellular
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ceramic over a macro-cellular one lies in
the fact that the mechanical strength of
ceramic foams increases with decreasing
the dimension of the cells, because the
strut size decreases [Colombo, 2004].
Moreover, the geometric surface that is
present in a component possessing micro-
sized cells is much higher in comparison
to that of a component with macro-sized
cells, and this surface can be exploited by
chemical functionalization or the creation
of additional porosity in the cell walls,
with pore sizes of the order of a few
nanometers [Colombo, 2010a].

"0 pum a)f

- 10 um b]I

= !

—— 20 pum )’

Figure 1. SiOC micro-cellular foams
produced by: a) sacrificial templates; b)



electro-hydrodynamic spraying; ¢) micro-
fluidic processing of emulsions.
Macro-cellular ceramics can be produced
by direct foaming, using for instance
polyurethane precursors as foaming
agents, or a solvent with low boiling
temperature [Colombo, 2002], or suitable
chemicals (such as ADA) that decompose
at temperatures ranging from about 150
to 250°C developing a large amount of
gas [Idesaki, 2012], (Figure 2). In
particular, the latter method is very
versatile, enabling the fabrication of
components containing a large volume of
macroscopic pores (>70 vol%) from
different preceramic polymers, such as
silicones [Takahashi, 2003], silazanes
[Vakifahmetoglu, 2009] and carbosilanes
[Fukushima, 2012a]. Depending on the
viscosity of the polymeric precursor used,
some residual closed porosity can be
retained in the components [Idesaki,
2012]. Freeze casting of preceramic
polymers using camphene has also been
proposed, leading to the formation of
parts possessing highly aligned macro-
pores [Yoon, 2007]. Mixing preceramic
polymers with different molecular
architectures (i.e. branched/cage
structures or linear molecules), that
possess a different ceramic yield after
pyrolysis, also provides a very simple
route for the production of macro-cellular
ceramics with a large amount of open
porosity, from solutions that can be cast
in any shape [Vakifahmetoglu, 2008].
Another versatile approach enabling the
production of both highly porous
monoliths or micro-sized porous beads
(diameter ranging from ~100 to ~700
um), is the use of emulsified solutions
(water/oil or water/oil/water), in which
the preceramic polymer is dissolved in
the oil phase [Vakifahmetoglu, 2011].
Albeit open cell foams find more
applications because they allow fluid
transport throughout the structure, closed
cell foams can be fabricated by using
suitable  surfactants or  advanced
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processing control [Colombo, 2002; Kim,
2003; Kim, 2004].

—— 500 um b)

- -

\
j.__\‘\\"/

100 um d)

Figure 2. Macro-cellular foams produced
by direct foaming: a) mixing with
polyurethane precursors (SiOC); b) using
pentane (SiOC); c¢) using ADA (SiCN);d)
mixing preceramic  polymers  with
different molecular architecture (SiOC).



— 1mm a)

— 500 um_ b)

— 50 um  ¢)

Figure 3. Porous structures produced by: indirect printing, a) 2D structure (left, before
pyrolysis; right, after pyrolysis); b) 3D octahedral structure (after pyrolysis); or by
electrospinning, ¢) fiber mat (after pyrolysis).

The addition of suitable fillers enables the
production of ceramics possessing
different additional functionalities,
besides porosity, such as electrical
conductivity  [Colombo, 2001] or
magnetic properties [Biasetto, 2008a],
that further extend the range of possible
applications. Furthermore, reactive fillers
(such as calcium carbonate) can mixed
with  silicone resins to fabricate
bioceramic scaffolds for biomedical
applications [Bernardo, 2012].

Preceramic polymers can also be shaped
into highly porous components by using
additive  manufacturing technologies
(AMTs), such as indirect printing or
fused deposition. This research is just in
its beginnings, but very promising results
have already been obtained [Zocca,
2013]. The advantage of AMTs is the
possibility of precisely controlling the
shape and dimension of the porosity to be
embedded in a component, as well as its
distribution ~ throughout the  body,
enabling the fabrication of parts with
complex pore architecture and a
morphology not achievable using other
processing methodologies. Moreover,
highly porous components with an open-
interconnected—network structure can be
obtained by  electrospinning  of
preceramic polymer solutions [Guo,
2013]. In Figure 3 are shown the images
of porous structures built by indirect
printing or by electrospinning of a
silicone resin.
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Finally, all the cellular structures
produced from preceramic polymers
using the different processing techniques
briefly illustrated before can be further
modified by the addition of micro- and
meso-pores, resulting in cellular ceramics
with  hierarchical  porosity.  Such
components possess a large amount of
specific surface area (SSA, expressed in
m?*/g) and display improved properties
over single-mode porous components. In
fact, the macroporous framework ensures
the chemical and mechanical stability and
good mass transport properties (lower
pressure drop, higher rate of external
transfer of mass, greater turbulence and
increasing convective heat transfer in
comparison to parts containing only
micro- and/or meso-pores), while the
smaller pores provide the functionality
for a given application (e.g. enhanced
catalytic properties or the selective
binding of a specific molecule)
[Colombo, 2010a].

Suitable strategies for the creation of
micro- (i.e. with a size < 2 nm) or meso-
(i.e. with a size from 2 to 50 nm) pores
include: the controlled thermal treatment
of (foamed) preceramic polymers
[Schmidt, 2001], the addition of high
SSA fillers to preceramic polymers
before foaming [Vakifahmetoglu, 2010a],
the deposition of high SSA coatings
[Costacurta, 2004], the infiltration into
foams of high SSA materials (e.g.
aerogels), chemical etching (HF, Cl)
[Biasetto, 2008b; Yeon, 2010], and the in



situ growth of 1D nanostructures (such as
nanowires) [Vakifahmetoglu, 2010a;
Fukushima, 2012b]. The SSA values
achievable range from a few tens of m%/g
to 2600 m®g, depending on the
processing procedure adopted.

Micro- and meso-pores can also be
created in preceramic polymers using
procedures such as self-assembly or
nanocasting in sacrificial templates
[Malenfant, 2007; Wang, 2013; Alauzun,
2011]. Moreover, preceramic polymers
can be used for the fabrication of ceramic
membranes for the efficient separation of
gases [[wamoto, 2005].

4. CONCLUSIONS

Designing porosity in polymer-derived-
ceramics involves the utilization of a
wide range of processing approaches,
which include direct foaming, emulsions,
the use of sacrificial templates, additive
manufacturing  technologies,  freeze
casting, electro-hydrodynamic spraying,
electrospinning, the use of microfluidic
devices, self-assembly or nanocasting. In
this way, it is possible to fabricate porous
ceramic components from preceramic
polymers with a porosity higher than 70
vol %, and possessing a very varied set of
characteristics, with pore sizes ranging
from a few nanometers to a few
millimeters and specific surface area as
high as 2600 m?/g.
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ABSTRACT: Ever since the discovery of room temperature visible photoluminescence in
porous silicon, the porous materials like nanostructured silicon based materials, composed
of silicon nanocrystallites embedded in amorphous matrix of different kind, have
generated considerable interest both fundamentally and technologically for the new
generation optoelectronic and micro electric devices because of their tunable properties
and efficient room temperature visible photoluminescence. Powder, amorphous and
crystalline silicon have been grown by plasma enhanced chemical vapour deposition
(PECVD) system. Microcrystalline and nanocrystalline silicon phases in the amorphous
matrices have been grown under very similar deposition conditions in PECVD system.
Therefore, a clear picture regarding their phase transition is necessary to determine the
growth conditions to obtain nanostructured films with suitable properties for device
applications. Further, both silicon nanocrystallites and the amorphous silicon carbon matrix
are responsible for the room temperature visible photoluminescence but their role
concerning the said photoluminescence is not well studied in spite of the importance of
these materials. Accordingly, we have undertaken a detailed study on the structural and
optical properties of hydrogenated silicon carbon films prepared by varying rf power in
PECVD system using silane and methane gas mixture highly diluted in hydrogen and have
not only demonstrated that the transition from microcrystalline to nanocrystalline phase is
smooth, but also have discussed the contributions of the Si nanocrystallites and amorphous
silicon carbon matrix to the room temperature visible photoluminescence.

1. INTRODUCTION photoluminescence (PL), they have
Ever since the discovery of room generated considerable interest both
temperature visible photoluminescence fundamentally and technologically for the
(PL) in porous silicon, there has been a future generation micro-electronic and
flood of activity in the porous materials opto-electronic devices [Canham, 1990,
like  nanostructured silicon  based Lehmann and Gosele, 1991, Ball, 2001,
materials that are composed of silicon Canham, 2000, Lu et al., 1995, Allan
nanocrystallites embedded in dielectric 1997, Park et al., 2001, Draeger, 2003,
matrix of different kind such as silicon Basa et al.,, 2008, Coscia et al., 2008,
oxide (Si0O,), silicon nitride (Si3N4) and Wang et al., 2012, Voyles et al., 2001,
silicon carbide (SiC). Because these Green, 2003]. The SiC dielectric matrix
materials offer the possibility of tunable has lower band gap and lower barrier
opto-electronic properties as well as height, as compared to SiO, and SizNy4
efficient room temperature visible matrices, which is much favorable for the

carrier transport because of the enhanced
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tunneling probability of carriers and
accordingly have opened up great
possibilities for the new generation
tandem solar cells [Green, 2003,
Conibeer, 2006].

Among the deposition techniques the
plasma enhanced chemical vapour
deposition (PECVD) has the advantages
of obtaining large area devices at low
cost. Powder, amorphous and crystalline
silicon have been prepared by PECVD
technique under different deposition
conditions. However, in PECVD system
[Fontcuberta, 2001] nanostructured and
microcrystalline silicon carbon have been
grown near the onset of crystallization,
therefore, a study regarding the
microcrystalline to nanocrystalline phase
transition is necessary to establish the
deposition conditions of the nano-
structured films. Furthermore, it is known
that both amorphous hydrogenated
silicon carbon matrix (a-Si;Cx:H) as
well as silicon nanocrystallites can be
responsible for the room temperature
visible photoluminescence in these
materials [Coscia et al. , 2008, Wang et
al., 2010], however their respective
contributions are not yet completely
clear. Accordingly, in this manuscript, we
have undertaken a detailed study on the
structural and optical properties of the
hydrogenated silicon carbon films
prepared by varying rf power in PECVD
system using silane (SiHs) and methane
(CH4) gas mixtures highly diluted in
hydrogen (H>), to address these issues.

2. EXPERIMENTAL DETAILS
The hydrogenated silicon carbon films

were prepared in a 13.56 MHz
capacitively coupled high vacuum
PECVD system, using silane and

methane gas mixture highly diluted in
hydrogen. The films were grown by
varying rf power (w) from 15 W to 100
W (power density from 65 to 325
mW/cm?) while the other deposition
parameters were maintained constant as
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follows: substrate temperature at 250 °C,
pressure at 226 Pa, total gas flow rate at
300 SCCM (cubic centimeter per minute
at standard temperature and pressure),
methane fraction CH4/(CHs4 + SiH4) at
0.50 and hydrogen dilution H,/(CH4 +
SiH4) at 250. Films were deposited
simultaneously onto different substrates:
7059 Corning glass for X-ray diffraction
(XRD), Raman, optical and PL and c-Si
<100> for FTIR and nuclear
measurements. The discharge chamber
was pumped down to 107 Pa prior to the
deposition of the films.

X-ray diffraction measurements were
carried out in the grazing incident
geometry (incident angle of 0.7) for the
structural measurement. The XRD setup
consists of a Bruker D5000 diffra-
ctrometer equipped with a Cu target and a
solid state detector to collect the scattered
rays. A Gobel mirror was used to
collimate and select the K, incident
beam. Raman spectra were obtained in
200-2000 cm™ range using a micro
Raman Rensishaw spectro-photometer
equipped with a cooled CCD detector and
an argon laser excitation at 514.5 nm. IR
absorption measurements in the range
400-4000 cm™ were carried out with a
Fourier transform infrared (FTIR) Perkin-
Elmer spectrophotometer having resolu-
tion of 1 cm™'. Rutherford back scattering,
nuclear reaction analysis and the elastic
recoil detection analysis were used to
determine the atomic density of silicon,
carbon and hydrogen respectively. The
optical absorption in 200-2500 nm range
were obtained by using a dual beam
Perkin-Elmer 900 spectrophotometer to
determine the optical band gap (Eo),
corresponding to absorption coefficient a
= 10" cm™. Photoluminescence spectra
were obtained at room temperature by
exciting the sample with the 514.5 nm
line of an argon laser at power density of
25 mW/mm®. The emitted light was
collected in a single monochromator with



a focal length of 20 cm coupled to a
cooled back illuminated CCD camera.

3. RESULTS AND DISCUSSION

The composition of the deposited films
was determined by nuclear techniques.
Fig. 1 displays the variations of Si, H and
C atomic percentages as a function of rf
power w: Si atomic percentage decreases
while H and C atomic percentages
increase.
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Figure 1: Si, C and H atomic percentages
as a function of rf power w.

Fig. 2 displays the XRD spectra of the
films deposited with different rf power
values. Three peaks located at 28.4°,
47.2° and 56°, assigned to <111>, <220>
and <311> reflection planes respectively
of crystalline silicon are observed for the
films deposited with rf power w < 25 W.
The spectrum of the samples deposited at
w = 35 W exhibits only a feeble
protuberance, while no crystalline peaks
are visible for the films with higher rf
power. The intensity of the XRD peaks
are observed to decrease while the full
width at half maximum (FWHM) of the
XRD peaks are found to increase with
increase in rf power, indicating the
decrease of crystallinity degree. The
average grain size in <111> direction, 0,
calculated from the well known Scherrer
formula [Klug and Alexander, 1974 ], is
shown as a function of w in the inset in
Fig. 2: 6 decreases from 14.3 to 7.7 nm in
the 15-35 W range. Neither SiC nor C
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crystalline peaks are found to be present
for these films indicating that carbon is
incorporated only in the amorphous
matrix.

Intensity (Counts/sec)

20 30 40 50 60 70 80
20 (degree)

Figure 2: XRD spectra of films deposited
at different rf power w. In the inset the
average grain size 0 vs. w.

Raman spectroscopy was also used to
investigate the structural evolution of the
films. The Raman spectra of the films
deposited with different rf power are
shown in Fig. 3. The sharp Raman peak
at 520 cm™ which is the characteristic of
crystalline silicon, is observed for the
films deposited with w < 25 W. Raman
peak for the film deposited with w = 25
W is not only observed to downshift to
517 cm™ but also found to be broadened.
The downshift and the broadening of this
peak indicate the size reduction of the
silicon crystallites [Igbal et al., 1981].
The Raman spectra of the films deposited
with w > 35 W show little difference
from each other. Although they do not
provide the signature of large crystallites
they show an asymmetric peak centered
at ~483-484 cm’, suggesting the
presence of very small silicon crystallites
embedded in the amorphous matrix
[Zhang et al., 2006]. Further, neither
Raman peak due to SiC or C crystallites
are observed for the films which is
consistent with XRD results. XRD and
Raman measurements have established



conclusively the presence of
microcrystalline phase for the films
deposited with low rf power. The Raman
measurements however, strongly suggest
the presence of nanocrystallites of
smaller size in the films deposited with w
>35W.

The FTIR spectra of the films deposited
at 15, 35 and 100 W in the 400 - 4000
cm’ range, shown in Fig. 4, present the
following absorption bands.

1. The band from 2800 to 3000 cm'l,
scarcely visible only for the film
deposited at highest w, ascribed
to C-H stretching (s).

it.  The absorption band from 2000
to 2200 cm™ assigned to Si-H (s).

iii.  The region from 600 t01200 cm™
attributed to the superposition of
four vibration modes: Si-H
rocking/wagging at 640 cm™, Si-
C stretching (s) around 760-780
cm™, Si-H bending near 800-900
ecm’ and C-H wagging at 1000
cm’” respectively.
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Figure 3: Raman spectra of films deposi-
ted at different rf power values.

Because the Si-C stretch mode provides
information about network bonding and
ordering, this mode was investigated in
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detail. In Fig. 4 the deconvoluted Si-C
stretch mode, obtained using Lorentzian
curve, is also displayed for each
spectrum. The bond density of Si-C(s)
mode, evaluated by using the appropriate
inverse cross-section [Basa and Smith,
1990] as reported in Fig. 5, increases as
function of w. The FWHM of Si-C(s)
peak, also displayed in Fig. 5, increases
from 126 cm™ to 137 cm™ with increase
in w from 15 W to 35 W, then keeps
decreasing with increase in rf power and
reaches the value of 131 cm™ for w = 100
W.

It is interesting to note that from the data
analysis the following picture on the
structure of the films can be obtained.

It is well established [Basa and Smith,
1990, Kerdiles et al., 2000, Oliveira and
Carreno, 2006] that a Gaussian line shape
indicates a Gaussian distribution of bond
lengths and bond angles, typical of
amorphous phase, while Lorentzian line
shape reflects a smaller bond angle
distribution and a narrower bond length
distribution, indicating a more uniform
and ordered environment which is the
characteristic of the crystalline phase.
Because the line shape of Si-C(s) mode
remains Lorentzian for all the films, this
demonstrates that crystalline character is
retained even for the samples deposited
with w > 35 W, confirming the inference
of Raman measurements.
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800 1200 1600 2000
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Figure 4: IR spectra of films deposited at
15,35 and 100 W (thick lines). The Si-C



stretch peak deconvoluted using Lorent-
zian curves are represented by thin lines.
The nuclear measurements, on the other
hand, reveal that the carbon content as
well as the hydrogen content increase
with increase in rf power and due to
chemical ordering [Mui et al., 1987a, Mui
et al., 1987b] carbon is bonded to silicon,
resulting in the increased formation of Si-
C bonds. Because of the near absence of
C-H modes for the studied films,
hydrogen is mostly bonded to silicon, as
a result of which Si-H bonds increase
with increase in hydrogen content.
Therefore, the increased formation of Si-
C bonds as well as Si-H bonds result in
the decreased formation of Si-Si bonds.
In addition, the increase in the number of
Si-C bonds is responsible for making
more extended amorphous silicon carbon
regions, that surround the silicon
crystallites, while the formation of more
Si-H bonds tends to terminate the
network. These, in turn, result in the
formation of small but more numerous
silicon nanocrystallites with increase in
rf power. The increase in the number of
nanocrystallites as well as the decrease in
their size with increase in rf power have
been demonstrated in silicon carbon films
by [Suendo et al., 2006] through HRTEM
measurements which corroborates our
conclusion.
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Figure 5: The bond density of Si-C(s)
peak, Nsic, and FWHM of Si-C(s) peak
vs. the rf power.
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It is reported [Voyles et al., 2001, Zhang
et al., 2006] that order in the system
increases with increase in the number of
nanocrystallites of smaller size and also
that FWHM of Si-C(s) peak increases
with decrease in order in the network
[Basa and Smith, 1990, Basa, 2002].
Thus the observed increase in FWHM of
Si-C(s) from 126 cm™ to 137 cm™ with
increase of rf power from 15 W to 35 W
(see Fig. 5) is attributed to the decrease in
order, caused by the decrease in the size
of microcrystallites which is also
consistent with XRD results. The
observed decrease of FWHM of Si-C(s)
peak for w > 35 W is attributed to the
increase in order due to the increase in
the number of nanocrystallites of smaller
size. Clearly, the formation of nano-
crystallites, established for the films
deposited with rf power w > 35 W,
implies medium range order in the
system since this has been demonstrated
conclusively in hydrogenated silicon
films by fluctuation electron microscopy
measurements [Voyles et al., 2001].
Furthermore, the smooth variation in the
FWHM of the Si-C(s) peak with rf power
indicates the absence of an abrupt
transition from microcrystalline to
nanocrystalline phase, quite different
from to an abrupt order-disorder
transition [Sarott, 1982], i.e. from long
range order to short range order.
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Figure 6: Room temperature PL spectra
of the films deposited at different rf
power values.



The presence of increased number of
nanocrystallites of smaller size is further
confirmed from the fact that the films
deposited with high rf power exhibit
strong room  temperature  visible
photoluminescence, contrary to what
happens for films deposited with low rf
power as revealed in Fig. 6. The carbon
content (x= C/(C+Si)), PL peak position
(Ep), FWHM of PL peak (Apr), the
integrated area of the PL peak (Apr), the
optical band gap (Eo4) and (Eo4 - Epp) for
various rf power are shown in Table 1.

Table 1.
properties.

Compositional and optical

w is the rf power, x is the C/(C+Si)
carbon content, Eos 1is the optical band
gap, Epp is the position of PL peak, Apy is
the FWHM of PL peak and App is the
integrated area of PL peak.

w X E04 EPL APL APL E04'
Epp
A\ eV eV meV a.u. eV
25 0.039 | 1.95 1.74 | 107.1 38.8 | 0.21
35 0.049 | 2.20 1.75 | 77.41 52.7 | 045
50 0.115 | 2.23 1.77 | 69.44 67.7 | 0.46
100 | 0.190 | 2.30 1.81 | 72.28 297 0.49

The observed increase of PL intensity and
the blue shift of PL peak position as a
function of carbon content can be
attributed either to Si nanocrystallites
[Coscia et al., 2008, Wang et al., 2010,
Tong et al., 2012] or to the a-Si; Cx:H
matrix [Tessler and Solomon, 1995,
Giorgis et al., 2000]. However, in the a-
Si;xCx:H alloys with the increase in
carbon content the FWHM of PL peak
increases while for the studied films the
FWHM of the PL peak decreases. Thus
the PL phenomena have to be primarily
attributed to the increase in the number of
Si nanocrystallites of smaller size.

In order to better evaluate the
contribution of Si nanocrystallites and a-
Si1xCx:H matrix to the process, the PL
peak position as a function of x for the
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studied films along with Ep. of the
amorphous silicon carbon films of
corresponding carbon content reported in
the literature [Ambrosone et al., 2002] is
shown in Fig.7. It is seen that Ep; data of
the studied films are strongly shifted
towards higher energy as compared to the
amorphous samples, thus demonstrating
that the a-Si;Cx matrix cannot play a
dominant role in the PL process and that
PL phenomena can be attributed mainly
to Si nanocrystallites
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Figure 7: PL peak position, Ep, as a
function of carbon content x. squares: Epr
of present work; triangles and stars: Epp
of a-Si; xCx:H films of ref. [Ambrosone
et al., 2002].

In order to confirm this further, the
variation of PL peak position vs optical
band gap (Eo) for the studied films as
well as for the a-Si;xCx:H films of
corresponding Egs reported in the
literature [Ambrosone et al., 2002] is
shown in Fig. 8. Clearly, for the studied
films the PL peak position is strongly
shifted as compared to amorphous
samples, thus  corroborating  that
nanocrystallites are playing dominant role
in the PL phenomena of the
nanostructured silicon carbon films. The
increase in the PL intensity with increase
in rf power can be ascribed to the
increase in the radiative recombination of
generated carriers through the localized



surface states that increases with increase
in the number of nanocrystallites [Islam
and Kumar, 2003].

Finally, it must be emphasized that (Eo4 -
Epp) increases from 0.21 to 0.45 eV with
increase in rf power from 25 to 35 W and
thereafter remains almost constant with
further increase in rf power (Table 1),
which indicates similar cause for the
increase in optical band gap as well as for
the blue shift of the PL peak position.
Since the blue shift of the PL peak is
shown to be due to the reduction in the
size of the nanocrystallites [Wang et al.,
2010], therefore, the same can be
attributed to the increase of the optical
band gap, in accordance with the results
of others [Park et al., 2001, Ambrosone et
al., 2012,Sancho-Parramon et al., 2009].
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Figure 8: PL peak position, Ep, as a
function of optical band gap E4. squares:
Epp of present work; triangles and stars:
Epr. of a-Si1;Cx:H films of  ref.
[Ambrosone et al., 2002]

4. CONCLUSIONS

The important conclusions of the study
are:

1. Microcrystalline to nano-
crystalline silicon phase transition has
been demonstrated conclusively in the
hydrogenated silicon carbon films
prepared from silane and methane gas
mixture highly diluted in hydrogen in
PECVD system by varying rf power. The
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transition from long range order to
medium range order is shown to be
smooth, rather than abrupt as in the order-
disorder transition. Further, it is found
that in the investigated deposition
conditions nanostructured silicon carbon
films can be obtained for w > 35 W.

2. The room temperature visible
photoluminescence is demonstrated to be
primarily due to  the  silicon
nanocrystallites embedded in  the
amorphous silicon carbon matrix. The a-
Si; xCx:H matrix has been shown to play
an important role in the formation of
nanocrystalline phase because the
increase of Si-C bonds facilitates the
increase in the number of nanocrystallites
of smaller size. The increase in the PL
intensity, the blue shift of the PL peak
position and the decrease in the FWHM
of PL peak as well as the increase in the
optical band gap are established to be
mainly due to formation of increased
number of nanocrystallites of smaller
size.
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ABSTRACT: Further advancement in the development of advanced materials technology
can be facilitated by a more detailed understanding of multiphase systems. 3D
characterization, analysis, and simulation of complex multiphase systems will help to
provide a fundamental basis for the design of improved technology. In this regard,
developments in X-ray computed tomography (CT) afford the opportunity for multiscale
imaging of multiphase systems in 3D, including packed particle beds and porous
structures. Such developments include X-ray milli-, micro-, and nano-CT systems with
voxel size resolution extending from the mm range down to 50 nm.

During the past 10 years point-projection X-ray micro CT systems have been used for 3D
visualization and quantitative analysis of multiphase systems. Analysis of packed particle
beds containing as many as 30,000 particles can be accomplished in less than 3 hours with
special software to establish the 3D spatial characteristics of each multiphase particle in the
population and the spatial organization of the packed particle bed. Now, due to advances
in X-ray optics, the resolution afforded with point-projection micro CT systems has been
improved by at least an order of magnitude using a lens-based X-ray micro CT system.
Software tools for the 3D characterization, analysis, and simulation of packed particle beds
and porous structures using high resolution X-ray micro tomography (HRXMT) are being
developed. Examples to be discussed include the properties of mineral particles (size,
shape, and composition) and the properties of engineered materials including pore network
structures (packed particle beds, porous structures). Based on 3D image data from
HRXMT, both fluid flow and mechanical strength simulations will be presented using the
LB method of computational fluid dynamics and finite element analysis respectively.

1. INTRODUCTION point projection of an x-ray source
Since the first commercial introduction of through the sample onto a detector. In
the conventional cone beam X-ray micro this design, the achievable resolution is
computed tomography (micro CT) in the both a function of the x-ray source size,
late 1990s, micro CT has provided the and the detector resolution. Commonly
foundation for advanced research in the the resolution is thought to be driven by
3D characterization and analysis of the x-ray source spot size. Practical
multiphase particle properties (such as resolution of conventional micro CT
size, shape, and composition) and pore systems is generally limited to a few
network structures (packed particle beds microns. Data obtained from the
and engineered porous structures). As conventional point projection micro CT
shown in Figure 1, most of the system (XMT) at low resolution (20 pm)
commercial cone beam x-ray micro CT provides insufficient information for
systems are based on the principle of detailed  quantitative  analysis  of
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multiphase systems.
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Figure 1: Conventional cone beam x-ray
micro CT system based on point-
projection geometry with point source
and a flat panel detector.

The solution is to utilize an x-ray detector
with high resolution. In fact, by using a
high resolution x-ray detector, an imaging
resolution better than the x-ray source
spot size can be realized for sources with
spot sizes larger than the x-ray detector
resolution. Such a system is the High-
Resolution X-ray Micro Tomography
(HRXMT) from Xradia, which employs
an x-ray detector with sub-micron
resolution combined with a microfocus x-
ray source. In this HRXMT system
working distances between source,
sample and detector are typically around
100 mm, so that full tomography even for
larger samples can be achieved. The basic
layout of the HRXMT system is shown in
Figure 2.
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Figure 2: The Xradia’s High-Resolution
X-ray Micro Tomography (HRXMT)
system uses a microfocus x-ray source
with 150 kV acceleration voltage. High
resolution is achieved with a proprietary
x-ray detector with an effective detector
pixel size < 1 micron.
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In this paper, the HRXMT system made
by Xradia with a voxel resolution of less
than 1 micron is being used for the
characterization of multiphase particle

properties. In this way, direct 3-D
determination of size, shape and
composition of multiphase mineral

particles which vary from 40 mm down
to 100 microns in size have been studied
at a voxel resolution of a few microns.
With HRXMT data, and based on micro
finite element analysis (microFE) the
mechanical  properties of  porous
engineered materials are simulated.

Flow simulation in the complex pore
geometry of a packed particle bed is a
challenging subject and is the last topic
discussed. In this regard, the Lattice
Boltzmann method (LBM) was used to
directly simulate the flow through pore

network  structures obtained from
HRXMT data.
2. PARTICLE PROPERTIES

In the processing industries, it is well
known that geometric particle properties,
such as size, shape, and composition are
important factors which determine the
behavior of particulate systems. For
example, system properties of
technological  significance  including
rheology, suspension stability,
agglomeration, packing, permeability
...etc, are affected by particle shape. The
analysis of mechanical and transport
problems involving particulate materials
will generally use a multitude of
correlations to predict the behavior of
particles with regular shape, particularly
in the case of spheres. In practice, the
particulate  process  industries  are
concerned with particles that are far from
being of a regular shape and generally
cover a wide range of particle size. In this
regard, characterization and analysis of
particle shape is essential for more
detailed understanding and improved
development of particulate processes. In



general, it is clear that the behavior of
these systems depends on the statistical
characteristics of particle properties.
Remarkably few techniques exist to
predict the mechanical and hydrodynamic
behavior of an irregularly shaped particle
or a population of irregularly shaped
particles for that matter. The lack of
models and correlations can be attributed
to the wide variety and complexity of
particle shapes, the difficulty of defining
shape descriptors suitable for modeling,
the limitations of measuring shape, and
the lack of classifying techniques to
characterize particle shape.

3D quantitative analysis of particle
properties including size and shape, as
well as composition can be accomplished
using HRXMT.

2.1. Particle Size and Shape Analysis
Geometrical particle properties, such as
size and shape, can be analyzed directly
in 3D based on a three-dimensional
digital map of the density spectrum of a
particle or particle population using
HRXMT. The 3D gray scale image
obtained from HRXMT can be
thresholded to a black and white image
by recovering the volume of the particles
in the sample. Then, geometric
parameters of particle (size and shape)
can be determined based on the
mathematical analysis using either the
boundary method or the assemblage
method. Details of this technique and be
found in the literature [Lin and Miller,
2005].

X-ray microtomography is suitable for
surface analysis and the acquisition of
three-dimensional  shape information
from a particle assemblage. Surface
reconstruction is an important step in
geometric modeling (three dimensional
shape analysis) for generating surfaces
from data points captured for actual
irregularly shaped particles. Directed
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three-dimensional digital map of the
density spectrum of a particle or particle
population can be obtained using
HRXMT. Figure 3  shows the
reconstructed CT images obtained from
three kinds of particle samples, namely
glass beads (0.85x0.7 Imm), quartz sand
(0.85x0.71 mm) and rock particles
(2.0x1.18 mm).

Glass beads
Q 9]

o ¢_ ¢
°o°e:° : o .°
..o..o ° .00.
@ %9 0 %o e

© © L

Quartz sand

Rock Particles

Figure 3: Reconstructed images of glass
beads (0.85x0.71 mm), quartz sand
(0.85x0.71 mm) and rock particles (2.0x
1.18 mm) obtained from X-ray
microtomography.

Based on the Marching Cube method
[Lewiner, et al, 2002], volume, surface
area, aspect ratio of the three major
principal axes, and sphericity [Lin and
Miller, 2005] were determined to
describe particle shape. It is evident that
the particle shape is similar for glass
beads and quartz sands, however, rock
particles are the extreme case, in which
variations of particle volume, surface area
and shape factor (sphericity) are
significantly different for the same size
class as shown in Table I. Figure 4 shows
the surface morphology of selected
reconstructed particles (glass beads,
quartz sand and rock particles) based on
the Marching Cube method.



Table 1: Volume, surface area and
sphericity of rock particles (2.0x1.18
mm), shown in Figure 3, based on the

Marching Cube method.
Particle Volume Surface Area | Sphericit
No. (mm®) (mm?) y
1 3.1378 12.7560 0.8126
2 2.6385 13.8446 0.6670
3 2.3348 13.7736 0.6179
4 2.1629 9.6288 0.8400
5 2.0079 9.6754 0.7955
6 1.8576 9.1428 0.7993
7 1.8535 10.7868 0.6765
8 1.7520 8.4078 0.8359
9 1.5446 7.4624 0.8659
10 1.4361 8.3303 0.7389
11 1.4052 7.6987 0.7881
12 1.3435 8.1570 0.7219
13 1.3407 9.0752 0.6479
14 1.3223 7.2254 0.8063
15 1.3128 6.8646 0.8446
16 1.3009 7.1112 0.8104
17 1.2839 6.9187 0.8257
18 1.1872 6.5235 0.8312
19 1.1735 7.2562 0.7415
20 1.1180 6.0257 0.8645
21 1.0543 7.6929 0.6512
22 1.0002 6.6045 0.7323
23 0.9297 5.9129 0.7791
24 0.9076 6.3633 0.7124
25 0.8881 6.4323 0.6947
26 0.8730 5.3351 0.8280
27 0.7108 5.6680 0.6795
28 0.6990 5.0051 0.7610

Glass bead

Quartz sand

Rock particle

Figure 4: Surface morphology of the
reconstructed glass bead (0.85x0.71 mm),
quartz sand (0.85x0.71 mm) and rock
particle (2.0x1.18 mm) based on the
Marching Cube method using HRXMT
image data.

Sphericity (or compactness) is one of the
important shape factors to be considered
for the classification and reconstruction
of 3D-particle shape. In this regard,
Figure 5 shows the log-log plot of surface
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area versus volume for the three particle
types. Regression based on the formula:
Surface Area = A, (Volume)** is also
included in Figure 5. The theoretical
value of 2/3 is set based on the surface
area and volume of particles being a
function of 2™ and 3™ power of particle
size. The compactness term, Ao, for a

sphere  (3/367) is included for

comparison. The sphericity values for
each particle type can be determined as

36r
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Figure 5: Surface area versus volume for
glass beads, quartz sands and rock
particles as shown in Figure 3 and Table 1.

2.2. Particle Composition Analysis

In order to illustrate the reliability of the
HRXMT measurements a single particle
from a copper ore sample of known
composition was analyzed by Scanning
Electron Microscopy (SEM) and by
HRXMT. The single copper ore particle
of approximately 6 mm in diameter
consisted of chalcopyrite (CuFeS,),
chalcocite (Cu,S) and gangue minerals
was selected for this study. Figure 6
shows the 3D reconstructed image (top
left hand side) and the sectional view of
this particle by removing the top portion
of the particle (top right). Then, the small
particle was embedded in epoxy and after
an adequate curing time the HRXMT
analysis was run. Once a 3D digitalized
image was acquired, a diamond saw was
used to cut the sample in half, leaving a
surface of the sample exposed for SEM



analysis. This surface and a plane of the
3D reconstructed image at the same
location are compared in order to
determine if the features and mineral
phases present at the polished surface are
in agreement with the 2D HRXMT
section at the same location.

Results from the same selected section of
the particle by HRXMT and SEM are
shown in the bottom of Figure 6.
Excellent agreement of the phases and
grain locations is evident. Even though
the HRXMT image has a lower
resolution when it is compared with the
SEM polished section image, we see that
both images show the major features, a
matrix of chalcocite (light grey color)
with chalcopyrite grains (dark grey color)
in both images.

XMT Image - Locked Copper Ore Particle
Chalcocite

Chalcopyrite

Selected Section
XMT SEM (50x)
y Fa 1 o
g Chalcocite

| Ghaloadite ' Chalcopyrts |
G b L

e 7
i ol

Figure 6: Top — 3D reconstructed image
and sectional view of 6-mm locked
copper ore particle. Bottom — HRXMT
and SEM comparison of selected section.

Figure 7 illustrates the ability of the
HRXMT system for quantitative analysis
to determine the 3D spatial distribution of
mineral phases in multiphase particles
from a copper rougher feed, concentrate
and tailing samples (45x25 pum). The
image elements in the reconstruction are
cubic, so the spacing between planes
equals the voxel resolution which in this
case corresponds to 1.09 um. Here the
gray scale levels of the images indicate
the relative attenuation coefficient present
in the bulk of the sample. Based on the
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magnitude of the x-ray attenuation
coefficient, differentiation of mineral
phases within the sample is possible. For
example, light gray color identifies
pyrite, the bright white color identifies
chalcopyrite, and the dark gray identifies
silicate minerals. In this way, each
particle in the population of more than
10,000 particles can be described with
respect to the spatial distribution of
mineral phases.

Frougher Feed (45225 microns)

Final Concentrate (4525 microns) Rougher Taiing (4525 microns)

Figure 7: Comparison of 3D rendering
images from the three dimensional HRXMT
reconstruction of a packed bed of 325x500
mesh multiphase ore particles (45x25 pum) for

rougher feed, concentrate and tailing
samples.
3. ENGINEERED MATERIAL

Porous engineered material of metals,
polymers, and other materials are in
common use. Polymer foams, namely
ROHACELL, consist of a substantial
amount of porosity which leads to very
low density, on the order of 0.1 g/cm’.
Besides the light-weight of the foam
material, the ROHACELL also provides
very unique material properties such as
very high specific strength, specific
energy absorption, and acoustic damping.
ROHACELL has been used in many
interesting applications and is frequently
used as the core for composite layered
structures.

Two important parameters, namely the
microstructure of the foam and the
properties of the polymer wall material
have a significant influence of the
mechanical properties of the foam.



The methodology involving the coupling
of 3D microCT data with microFE
analysis allows for modeling the
mechanical  properties  of  similar
microstructures to design, produce, and
optimize the performance of engineered
cellular material. In this regard, the
complex 3D geometries of ROHACELL
foams with different densities were
analyzed using HRXMT. The
microstructures obtained from HRXMT
are converted to hexahedra mesh for
compression simulation using the micro
finite element method (microFE). The

relationship between mechanical
properties and relative density was
investigated  and  validated  with

experimental results from compression
tests.

3.1. Microstructure of ROHACELL
Foams in 3D

Figure 8 presents a 2D slice, and split 3D
volume rendering images for the
ROHACELL (RC 51 IG) sample. The 3D
image consists of 992x1005x970 voxels.
The size of each voxel is 5.77 x 5.77 x
5.77 pm.

RC 511G

Figure 8: 2D section image (left), and
split 3D volume rendering image (right),
of the ROHACELL (RC 51 IG) sample.

A watershed algorithm [Videla et al,
2006] was used to patch the broken cell
walls and to determine the 3D closed cell
size distributions. Figure 9 shows the
volume rendering image for the separated
cell sizes of RC 51 IG foam.

3.2. Simulation of Compression

The microstructures obtained from
HRXMT are converted to hexahedra
mesh for compression simulation
using the micro finite element method
(microFE). The relationship between
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mechanical properties and relative
density was investigated and validated
with  experimental results from
compression tests.

RC 511G

Figure 9: Volume rendering images of the
separated cell size of RC 51 IG sample
from 3D-image analysis using a 3D-
watershed algorithm from HRXMT scans
(5.77 pm resolution).

Uni-axial compression tests  were
simulated using FEBio [Maas et al,
2012]. The following conditions were set
for the numerical simulations: Young’s
modulus E = 2.9 GPa, Poisson’s ratio u =
0.33, and 20 time steps to 10%
compression. Figure 10 shows 3D views
of the simulation of foam (RC 51 IG,
256x256x256 voxels) undergoing
compression (0%, and 5.8% compressive
strains). The nodes of the material are
shaded according to their effective (von
Mises) stress in GPa.

RC 511G - 256x256x256

0% 0.58 %

Figure 10: 3D views of foam (RC 51 IG,
256x256x256 voxels) in compression
(un-deformed, and 5.8% compressive
strain) from FEBio simulation using
PostView. Gray scale bar indicates the
effective (von Mises) stress (GPa).

The solid line in Figure 11 shows the
stress-strain curve obtained from the

compression tests on a cylindrical sample



of RC 51 foam. Results obtained from
numerical simulations at two sizes
(200x200x200, and 256x256x256 voxels)
using FEBio are also included in Figure
11 for comparison. The experimental
modulus was 28.1 MPa while the
simulations moduli were 29.2 MPa at 200
voxel size and 30.5 MPa at 256 voxel
size. Excellent agreement between
experiment and simulation based on
HRXMT data and FEBio software was
obtained.

T T
ROHACELL - RC51 1G
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Figure 11: Comparison of stress-strain
curves (linear elastic region) obtained
from numerical simulation  using
HRXMT and FEBio with experimental
data (ROHACELL RC 51 IG).

3.3. Texture Analysis in 3D

Another example of an engineered porous
structure is gypsum wallboard. The 3-D
geometrical texture of the gypsum
wallboard  structure  was  analyzed
including: spatial organization of the
complex structure as revealed from 3-D
images, porosity analysis (including the
bulk porosity and the porosity of the wall
structure), air bubble size distribution,
and wall thickness distribution [Lin, et al.
2010b]. These features of the gypsum
wallboard sample were analyzed based
on calibration of the x-ray linear
attenuation coefficient, use of a 3-D
watershed algorithm [Videla, et al.,
2006], and use of a 3-D skeletonization
procedure [Lindquist, et al., 1996].
Typically a subset (with size of about
6x6x6 mm’) of the undisturbed recon-
structed 3-D images was sampled for
characterization, with respect to porosity,
air bubble size distribution, and wall
thickness distribution.
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Figure 12 shows the 3D volume
rendering images and the 2D sliced
images from the reconstructed CT data
for subsets of 2 gypsum wallboard
samples, namely samples A and B with
large and small air void distributions,
respectively. The 3D images consist of
300x300x300 voxels (volume elements)
and the size of each voxel is 20x20x20
pm.

It is noted, as shown in Figure 12, that
many of the air bubbles are in contact as
indicated from the reconstructed image.
Using the 3D watershed algorithm
[Videla, et al., 2006], such air bubbles
were separated. Then, the 3D air bubble
size distribution was determined. Figure
13 shows the volume rendered images of
the separated air bubbles. Total air

bubbles counted are about 1200 and
25000 for samples A and B, respectively.

Sample A

Sample B

Figure 12: 3D volume rendering images
and 2D sliced images of two gypsum
wallboard samples (size of the samples:
6x6x6 mm® with each voxel 20 pum in
size).

Figure 13: 3D volume rendering images
of separated air bubbles from two
gypsum wallboard samples using 3D-
watershed algorithm.

Understanding the mechanical property-
porosity relationship involving different
pore geometries and crystal orientation is



important for improved engineering of
porous materials. Particularly, it is
important to understand how processing
conditions  influence  the  porous
microstructure. In this regard, the
structure depends on the dispersion and
type of raw material, water to stucco
ratio, temperature, employment of
modifiers, etc. The resulting shape of
crystallites can be needle-like or layer-
like with the diameter about 1 micron,
depending on the magnitudes of the
above-mentioned factors and their
combination. For characterization and
analysis of gypsum crystals, nano CT is
needed to acquire the needle-like
structures. Figure 14 shows the 3D
characteristics of randomly oriented
gypsum crystals obtained from high
resolution X-ray micro tomography and
X-RAY nano tomography with resolution
of 1.5 um and 50 nm, respectively. The
nano CT image on the right represents the
wall material from gypsum board.

Nano CT

Micro CT
i Resolution 80 nm)

1.5 mi

Figure 14: 3D volume rendering images
of gypsum crystals obtained from micro
CT and nano CT with resolution of 1.5
pm and 50 nm, respectively.

4. FLOW IN POROUS STRUCTURES
In the last decades the subject of
numerical simulation, and in particular
computational fluid dynamics (CFD)
simulation, has increasingly become a
very popular approach to resolve
complex practical problems in
engineering and science. Specifically, the
study and analysis of fluid flow and
transport phenomena in porous media. In
this regard, the coupling of the X-ray
microtomography (XMT) technique with
LBM allows for fast and easy
construction of the pore network structure
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and determination of the fluid flow
regime.

Figure 15 shows a packed bed of sand
particles and its pore network structure as
obtained by the micro CT system. The
particle size is between 300 and 425 pm,
the resolution of each voxel is 20 um in
length and the size of the image is 200x
200x200 voxels. It is possible to observe
how image processing of the digital data
allows a clear separation between the
sand particles and the air present in the
pores due to the distinct difference in
attenuation coefficients. This technique
easily obtains the pore network structure
for the packed particle bed by filtering
and thresholding. During simulation, the
fluid flows through this network structure
having a specific connectivity with well-
defined pore dimensions not only to
determine the local flow but also the
overall permeability of the sample.

Figure 15: 3D image reconstruction of a
packed bed of sand particles (300x425
um). The voxel resolution is 20 um and
the image size contains 200x200x200
voxels. The left-hand side image shows
the packed particle bed and the right-hand
side image shows the pore network
structure.

The images of pore network structures for
packed particle beds reveals why the
LBM method is more suitable for this
kind of problem than the standard CFD
mesh methods. The standard solution
with a CFD solver requires the
construction of a grid, the definition of
the boundary conditions in the boundary
nodes, and the solution of the Navier—
Stokes equation at each node. The
standard CFD methodology, therefore,



will require an enormous amount of time
for grid construction and also for
computer simulation.

X-ray micro CT has been used to define
the pore network structure of packed
particle beds. In this way, fluid flow in
the pore space is simulated using the
Lattice Boltzmann method (LBM) of
computational fluid dynamics. From such
an approach the permeability of packed
particle beds can be determined [Lin, et
al., 2005; Videla et al., 2008]. Also, in
the case of filtration, conditions for
breakthrough can be established and the
residual moisture calculated from the
filtration simulation.

4.1. Filtration

Application of the single component
multiphase flow LBM known as the He-
Chen-Zhang model coupled with XMT
analysis to define the complex pore
geometry allows for simulation of flow in
porous media [Lin, et al., 2010a]. The
model is used for simulation of fluid
penetration into porous samples and the
analysis of capillary phenomena. At
present, the LBM has been applied to 3D
simulations of filtration for a packed bed
of coal particles digitalized by XMT.
Results from LBM simulations are shown
in Figure 16.

4.2. Heap Leaching

Understanding the behavior of fluid flow
through packed particle beds is important
to enhance the performance of heap
leaching from both design and operating
considerations. The microstructure and
connectivity of pore space are important
features to describe detailed fluid flow
phenomena in heap leaching operations.
In this regard, both milliCT and microCT
can be used to determine the complex
pore structure of the packed particle beds.
The 3D reconstructed images of complex
pore structures obtained from the CT
scans allow for the analysis of multiphase
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fluid transport phenomena through
packed particle beds. On this basis the
Lattice-Boltzmann (LB) method can be
used to simulate in detail multiphase flow
inside the packed particle beds.

B . CEiD [ENEE] 3% O

Figure 16: Results of LB simulation of
multiphase flow through a packed bed of
coal particles (0.850x0.589 mm).

Figure 17 illustrates the 3D view of the
LB simulation for saturated flow through
the pore space of packed beds both before
and after leaching. Once we remove the
solid particles, the middle sections of
Figures 17 show the nature of the flow
channels. Zoom view of the bottom of the
column is shown on the right-hand side
of Figure 17. The main thing to notice is
that most of the flow occurs in a small
fraction of the available pore space.
Clearly, fewer flow channels in the
central portion are observed after
leaching due to compression of the bed
and transport of fine particles which
accumulate in the center. Solid particles
are white, and solution velocity ranges
from black for no flow, dark gray, and
finally light gray for the highest flow rate.
The estimated permeabilities from LB
simulation of flow in the column before
and after leaching were found to be

1.34x103 c¢m? and 4.60x10% cm?2,
respectively.



LB Simuated Flow Through Leaching Column

Before Leaching

After Leaching

Figure 17: 3D views of LB simulated
flow through packed column before and
after leaching. Left-hand side image
indicates the data sets with solid phase as
white, the middle image are data sets with
transparent solid phase, and right-hand
side image is the zoom view at the
bottom of the column [Lin, et al., 2005].

5. CONCLUSIONS

3D characterization, analysis, and
simulation of complex multiphase
systems will help to provide a
fundamental basis in the design of
improved  technology for  process
operations and for the design of
engineered materials. In this regard,
developments in  X-ray computed

tomography (CT) afford the opportunity
for multiscale imaging of multiphase
systems in 3D, including packed particle
beds and porous structures. Such
developments include X-ray milli-,
micro-, and nano-CT systems with voxel
size resolution extending from the mm
range down to 50 nm.

The technology, based on the HRXMT
imaging and the developed software
tools, allows for the determination of

particle  properties  (size, shape,
compositions) and pore  network
structures  (packed  particle  beds,
engineered porous structures). For

example, the mechanical property of the
engineered porous structure can be
simulated based on the 3D image data
from HRXMT coupling with the finite
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element analysis.

Finally, from HRXMT imaging, complex
pore network  structures can be
determined for packed particle beds and
with this information flow can be
simulated to describe mineral processing
operations such as filtration and heap
leaching.
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ABSTRACT: Our recent research on the synthesis and applications of organic and
inorganic based monosized-porous beads was reviewed. Polyacrylate based spherical
beads in the size range of 2-8 um were obtained by newly established staged-shape
template polymerization protocols. The reactive functionalities on the polymer beads
allowed the synthesis of various support materials functionalized with different ligands via
one-pot and simple derivatization procedures. New synthetic protocols were also
developed for monodisperse-porous and micron-size beads of inorganic materials like
silica and titania. For this purpose, staged-shape template hydrolysis and condensation
protocols were established by starting from the strong anion/cation exchanger forms of
both types of polymer beads. The functionalized forms of both polymer based and
inorganic beads were evaluated as either stationary media for different micro-high
performance liquid chromatography modes or active support for various catalytic
applications.

1. INTRODUCTION beads) allowed the tailoring of starting
Various methods were developed for the beads with different functional groups.
synthesis of both polymer based and Hence, the chromatographic stationary
inorganic spherical-porous beads in the phases or the ion-exhanger materials
monosized form. Monosized-porous carying different functional groups were
poly(styrene-co-divinylbenzene), poly(S- successfuly synthesized by starting from
co-DVB) beads are one of the firstly poly(CMS-co-DVB) and poly(GMA-co-
synthesized members of this family. The EDMA) beads (Xu et al., 2003; Unsal et
seeded polymerization method developed al., 2006; Hao et al., 2011). Hence, the
by Ugelstad’s group (Ugelstad et al, monosized-porous beads carrying
1983), the staged shape template functional  groups like  octadecyl,
polymerization protocol proposed by carboxyl/diethylamine and quaternary
Svec’s group (Galia et al., 1994) are the ammonium were succesfully used as
pioneering studies for the synthesis of stationary media n various
these beads. Monosized-porous chromatographic modes like reversed
Poly(glycidyl methacrylate-co-ethylene phase, ion-exchange and hydrophilic
dimethacrylate), poly(GMA-co-EDMA) interaction chromatography (Xu et al.,
and poly(4-chloromethylstyrene-co- 2003; Unsal et al., 2006, Hao et al.,
divinylbenzene), poly(CMS-co-DVB) 2011).

beads were also obtained as reactive

starting materials for the preparation of Various synthetic protocols were also
various chromatographic supports (Li et developed for the synthesis of porous-
al., 1999 and Smigol et al., 1994). The monosized beads in the form of metal
presence of functional groups (i.e. oxides (Shchukin et al, 2004; Wang et al,
epoxypropyl of poly(GMA-co-EDMA) 2007; Drisko et al., 2010; Meyer et al.,
and chloromethyl of poly(CMS-co-DVB) 2012). By using these methods,
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particularly silica, titania and zirconia
beads were obtained. These beads were
also succesfully tried as stationary phase
particularly in reversed phase and
hydrophilic interaction chromatography
applications.

The synthetic protocols were mostly
developed for the monosized-porous
beads relatively hydrophobic in nature.
The synthesis of hydrophilic beads in the
monosized-porous form can be still
evaluated as a gap in the literature. Hence
our recent research was focused on the
synthesis  of  poly(acrylate)  based
hydrophilic, monosized porous beads that
could be utilized as a reactive starting
material for the preparation of stationary
media particularly for the reversed phase
and hydrophilic interaction
chromatography modes. The reactive
poly(acrylate) beads were also used as
template for the synthesis of monosized-
porous beads in the form of metal oxides.
Hence, monosized-mesoporous titania
and silica beads were obtained.

2. RESULTS AND DISCUSSION

For the synthesis of polyacrylate based,
monosized-porous beads, 3-chloro-2-
hydroxypropyl methacrylate (HPMA-CI)
was selected as the main monomer. The
monosized-porous beads ca 5 pum in size
were obtained by the multistage-
microsuspension copolymerization of
HPMA-CIl with different acrylate based
crosslinking agents. For this purpose,
ethylene dimethacrylate (EDMA),
glycerol dimethacrylate (GDMA) and
diurethane diacrylate (DUDA) were
selected as the crosslinking agents. The
porous properties (i.e. porosity, mean
pore size and specific surface area) were
adjusted by changing polymerization
conditions. The reactive monosized-
polyacrylate beads with the specific
surface areas up to 180 m?/g and the
porosities up to 45 % were achieved (Kip
et al., 2013). The use of different
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crosslinking agents allowed to synthesize
poly(HPMA-Cl) based beads with
different polarities. Lower contact angle
values were obtained with the beads
using DUDA and GDMA as the
crosslinking agent.

Various methods were tried to attach
different chromatographic ligands onto
the surface of polyacrylate beads via
chloropropyl moiety. Octadecylamine
(ODA), triethylamine (TEA) and
triethanolamine (TEA-OH) were
covalently attached onto the beads using
the direct reaction between chloropropyl
and amine moicties. ODA, TEA and
TEA-OH  attached-poly(HPMA-Cl-co-
EDMA) beads were successfully used as
stationary phase in reversed phase, ion
chromatography and hydrophilic
interaction modes with the plate heights
up to 40 pm.

Terminal bromine moeity was introduced
into the chloropropyl functionalized
beads and zwitterionic molcular brushes
were generated via the surface initiated-
atom transfer radical polymerization of 2-
(methacryloyloxy)ethyl] dimethyl-(3-
sulfopropyl) = ammonium  hydroxide
(MESH) on the bromine functionalized
beads. The beads carrying zwitterionic
molcular  brushes exhibited good
chromatographic performance in the
hydrophilic interaction chromatography
mode in micro-liquid chromatography
system (Celebi et al., 2013).

Monodisperse-porous titania beads in the
size range of 3-6 um and with the
specific surface raeas up to 80 m*/g were
obtained using both sulfonic acid and
teriethylamine attached-poly(HPMA-CI-
co-EDMA) beads as templates. Porous
titania beads were also comparatively
synthesized using monosized poly(S-co-
DVB) beads as template material. The
results indicated that the porosity and the
specific surface area of resulting titania



beads were correlated with those of
starting template.

Poly(HPMA-Cl-co-EDMA) beads were
reacted with cysteamine and gold
nanoparticles (GNP) ca 10 nm in size
were covalently attaced onto their surface
via the reaction between gold surface and
covalently linked —SH groups on the
beads. The photocatalytic performance of
the GNP attached-monosized-porous
titania  beads was  comparatively
investigated in bacth fashion for the
removal of polar organics in aqueous
media.

3.CONCLUSION

HPMA-CI] carrying monosized-porous
beads were success-fully synthesized and
tailored with different chromatographic
ligands in the form of single small
molecule or molecular brush (Golgelioglu
et al., 2011; Kip et al., 2013). Both types
of  beads exhibited  satisfactory
chromatographic performance in size
exclusion, reversed phase and hydrophilic
inetraction modes in  micro-liquid
chromatography system (Gdlgelioglu et
al., 2011; Gokaltun et al., 2013; Celebi
etal.,2013).

Monosized-porous titania beads in the
size range of 3-6 um and with the
specific surface areas up to 80 m*/g were
obtained by using poly(HPMA-Cl-co-
EDMA) beads functionalized with both
positively and negatively charged groups
as the template material (Nazh et al.,
2013). These beads were functionalized
with gold nanoparticles and succesfully
tried as photocatalyst in the degradation
of dye molecules in aqueous media. The
comparative catalytic performance is still
under-investigation  and  will  be
documented during the presentation.

Acknowledgements: This study is
supported by both Turkish Academy of
Sciences (TUBA) and TUBITAK-

37

Chemistry and Biology Research Group.
The financial support provided is
greatefully acknowledged.

REFERENCES

Cao, Q., Xu, Y., Liu, F., Svec, F., Frechet JM.J.,
2010, Polymer Monoliths With Exchangeable
Chemistries: Use of Gold Nanoparticles as
Intermediate Ligands for Capillary Columns
With Varying Surface Functionalities. Anal.
Chem. 82, 7416.

Celebi B., Kip, C., Ozen, M.B., Tuncel, A., 2013,
A stationary medium for semi-micro-
hydrophilic  interaction = chromatography:
Polyacrylate based hydrophilic, monosized-
porous beads with zwitterionic molecular
brushes, Manuscript in preparation.

Drisko, G. L., Kimling, M. C., Scales, N. , Ide,
A., Sizgek, E., Caruso, R. A. and Luca, V.,
2010, One-Pot Preparation and Uranyl
Adsorption  Properties of Hierarchically
Porous Zirconium Titanium Oxide Beads
using Phase Separation Processes to Vary
Macropore Morphology, Langmuir 26 (22),
17581.

Galia, M. Svec, F.  Frechet, JM.J., 1994.
Monodisperse Polymer Beads as Packing
Material for High-Performance Liquid
Chromotography: Effect of Divinylbenzene
Content on the Porous and Chromatographic
Properties of Poly(styrene-co-divinylbenzene)
Beads Prepared in Presence of Linear
Polystyrene As A Porogen, Journal of
Polymer Science Part A: Polymer Chemistry,
32 (11), 2169.

Gokaltun, A., Celebi B., Arman, E., Tuncel, A.,
2013, Polyethylenimine attached-poly(3-
chloro-2-hydroxypropyl methacrylate-co-
ethylene dimethacrylate) beads as a new
stationary phase for hydrophilic interaction
chromatography, J. Sep. Sci., Submitted.

Hao, J., Wang, F., Dai, X., Gong, B., 2011,
Preparation of Poly(vinyltetrazole) Chain-
Grafted  Poly(glycidyl = methacrylate-co-
ethylenedimethac-rylate) Beads by Surface-
Initiated Atom Transfer Radical
Polymerization for the Use In Weak Cation
Exchange and Hydrophilic Interaction
Chromatography, Talanta 85 (1), 482.

Golgelioglu C, Bayraktar A, Celebi B,
Uguzdogan E, Tuncel A., 2012, Aqueous Size
Exclusion Chromatography in Semimicro and
Micro-columns by Newly  Synthesized
Monodisperse =~ Macroporous  Hydrophilic
Beads As a Stationary Phase, J. Chromatogr.
A, 1224 (1), 43.



Kip C., Maras, B., Evirgen, O., Tuncel A., 2013,
Synthesis and characterization of  new
hydrophilic, monosized, porous and reactive
polyacrylate beads, Manuscript in preparation.

Li, W.H., Li, K., Stover, H. D. H., 1999.
Monodisperse  Poly(chloromethylstyrene-co-
divinylbenzene) Microspheres by Precipitation
Polymerization, Journal of Polymer Science
Part A: Polymer Chemistry, 37 (14), 2295.

Lv Y., Lin Z., Svec F., 2012, Hypercrosslinked
Large Surface Area Porous
Polymer Monoliths for Hydrophilic
Interaction Liquid Chromatography of Small
Molecules Featuring Zwitterionic
Functionalities Attached to Gold
Nanoparticles Held in Layered Structure,
Anal. Chem. 84, 8457.

Meyer, U., Larrson, A., Hentze, H.P., Caruso,
R.A., 2012, Templating of Porous Polymeric
Beads to Form Porous Titania and Silica
Spheres, Advanced Materials, 14 (23), 1768.

Nazli, K.O., Celebi, B. Tuncel, A., 2013,
Synthesis and characterization of Monosized-
Porous Titania beads Using Different Polymer
Beads as Templates, Manuscript in
preparation.

Shchukin, D. G., Caruso R. A., 2004, Template
Synthesis and Photocatalytic Properties of
Porous Metal Oxide Spheres Formed by
Nanoparticle Infiltration, Chem. Mater. 16,
2287.

38

Smigol, V., Svec, F., Frechet, J. M. J., 1994.
High-Performance Liquid Chromatography of
Complex Mixtures Using Monodisperse Dual-
Chemistry Polymer Beads Prepared by a Pore-
Size-Specific Functionalization Process. A
Single Column Combination of Hydrophobic
Interaction and Reversed-Phase
Chromatography, Anal. Chem., 66 (13), 2129.

Ugelstad, J., Soderberg, L., Berge, A., Bergstrom,
J., 1983. Monodisperse Polymer Particles: A
Step Forward For Chromatography, Nature
303, 95.

Unsal, E., Elmas, B., Caglayan, B., Tuncel, M.,
Patir, S., Tuncel, A., 2006 Preparation of an
Ion-Exchange Chromatographic Support by A
“Grafting From” Strategy Based on Atom

Transfer Radical Polymerization, Anal.
Chem., 78 (16), 5868.

Xu M., Peterson D. S., Rohr T., Svec F.,
Fréchet, J. M. J., 2003. Polar Polymeric

Stationary Phases for Normal-Phase HPLC
Based on Monodisperse = Macroporous
Poly(2,3-dihydroxypropyl = methacrylate-co-
ethylene dimethacrylate) Beads, Anal. Chem.,
75 (4), 1011.

Wang, M.L.,, Wang, C. H., Wang, W., 2007,
Porous Macrobeads Composed of Metal
Oxide Nanocrystallites and With Percolated
Porosity, J. Mater. Chem., 17, 2133.



INVITED PAPER

CHARACTERISATION OF POWDER MIXTURES USING
MORPHOLOGICALLY DIRECTED RAMAN SPECTROSCOPY

Deborah Huck-Jones, Carl L. Levoguer, Lisa Makein and Ulf Willén®

Malvern Instruments Limited, Grovewood Road, Malvern, Worcestershire. WR14 1XZ, UK
a. Corresponding author (Ulf.Willen@malvern.com)

ABSTRACT: Many products and intermediates may consist of a mixture of different
types of particulate materials. Traditional particle characterization methods are unable to
differentiate between components in a mixture unless they have extremely different
physical properties. For example a particle size measurement such as laser diffraction will
give the particle size distribution of all components within a mixture. The only way to
characterize the individual components is to do this prior to mixing/blending, however this
does not take into account any changes that occur within the sample during the mixing
process, such as particle attrition or agglomeration. In this presentation we will consider
the use of a novel technique, which combines automated particle imaging and Raman
spectroscopy to allow characterization of individual components within a powder mixture.

1. METHODS

The target sample was a powder blend
consisting of several different chemical
entities. It was characterised using the
Morphologi G3-ID (Malvern Instruments
Ltd). The complete analysis is made up of
three  parts, sample dispersion,
morphological analysis and chemical
analysis. The complete three step analysis
can be run as a single standard operating
procedure (SOP).

A volume of 5mm’ of powder was
dispersed  using the instrument’s
integrated sample dispersion unit at 4 bar
using the high pressure option in order to
maximise separation of fine particle
agglomerates.

The morphological analysis  was
performed using a 50x objective which
provided size and shape data as well as
images of every particle analysed.

A representative sample of more than
2500 particles with circular equivalent
diameter (CED) of 1-10 pum were
selected for chemical analysis. Raman
spectra were automatically collected from
the centre of each of the selected particles
with an acquisition time of 30 seconds.
Separately, a spectral library was
constructed using Raman  spectra
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acquired from each of the components of
interest. The spectra acquired from the
dispersed blend were compared to the
spectra from the library and a correlation
calculation performed. The correlation
score calculated provided an indication of
the match of the particle spectra to the
library spectra. A score close to 1
indicates a good match of the target
particle to the reference whereas a score
close to 0 means no match.

The particles for which spectra had been
acquired were chemically classed using
these correlation values. Particles falling
into each chemical class were isolated
allowing component specific size
distributions (PSD) to be compared.
Particles that did not fit any of the classes
were identified and many were found to
be agglomerates.

2. RESULTS

The morphological part of the analysis
recorded an image of every particle
analysed. Particles that were in the 1 — 10
um size range were targeted for chemical
analysis. Figure 1 shows images of some
of the particles from which a spectrum
was acquired during the measurement.
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Figure 1: Images of some of the particles
that were targeted for chemical analysis.

The components of interest shared very
similar morphology but gave a different
Raman spectrum. This made it possible
to identify the particles of interest from
the remainder of the mixture based on
chemical information. The populations
were classed based on the Raman
correlations to the library spectra of the 2
drug components. It was possible to
visualise the two drug populations of
interest using the scattergram of
correlation to component 1 vs correlation
to component 2 shown in figure 2. Figure
2 also shows the reference spectra for the
two components of interest.

Figure 2: Scattergram showing the
relationship between the chemical results
for the two drug components in the blend.

Particles of each component were classed
to 1isolate them and to obtain the
component  specific  particle  size
distributions. Figure 3 shows the overlay

40

of the circular equivalent diameter
distributions  for the two  drug
components. It can be seen that

component 1 contains larger particles
than component 2.

Companent 2{dashed)
Component 1 (solid)

Figure 3: Overlay of the particle size
distributions for the 2 drug components
in the blend.

Some particles were found to correlate
relatively highly to more than one
component in the blend. The spectrum for
such a particle, (particle 177) was viewed
along with the reference spectra. Figure 4
shows how this particle’s spectrum
contains features relative to both library
components. This particle is clearly an
agglomerate of the components and was
classed as such.

Overley.

oy

wa 2 - Comelation: 0,720 O
Camgryreerd 1 - Cormiatcn 0547 O Chorley.
Figure 4: Reference spectra for

components 1 and 2 and a spectrum from
an agglomerate particle containing both
components.

The proportion of each component and
the agglomerates present in the sample is
reported in the classification chart shown
in figure 5. Here it can be seen that in the
1-10 pm size range analysed, component
1 is the most abundant at 85 % by
number. Component 2 is only present in



an un-agglomerated form at
approximately 2 % by number.

- ". b

Figure 5: Classification chart showing the
proportion of each of the 2 drug
components and the agglomerates found
in the blend.

3. CONCLUSION

The component specific particle size
distributions for the two components
within mixture of different types of
particulate materials were successfully
measured using morphologically directed
Raman spectroscopy. Some particles that
did not correlate to a specific reference
uniquely were found to be agglomerates.
This technique may be applied to a wide
range of formulated particulate products
in either powder or suspension form and
provide valuable information which
cannot be obtained by conventional
particle characterization techniques.
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ABSTRACT: In this study, AZ31 Mg alloy produced by twin roll casting was coated by
plasma electrolytic oxidation (PEO) in solutions, consisting of 4 g/L. Na,Si05.5H,0 + 1,5
g/l KOH (called as El) and 8 g/l Na,SiO;.5H,0 + 1,5 g/L KOH (called as E2)
electrolytes at 0,14 A/cm” current density for 60 minutes. The average coating thicknesses
are 73 to 68 pum for El and E2, respectively. XRD results indicated that Mg,SiO4
(Forsterite) and MgO (Periclase) phases were formed on the surface of the coated
magnesium alloy. Average hardnesses of coatings were measured as 735 HV for E1 and
795 HV for E2, while the hardness of substrate is 70 HV. Surface roughnesses of coatings
were measured as 5.75 and 6.23 um for E1 and E2, respectively. PEO coatings exhibited
superior wear resistance. The wear resistance of coating produced in E1 is greater than the
one in E2.

1. INTRODUCTION

Magnesium and magnesium alloys have high wear-resistance strategies [Lv et al.,
been used for a number of applications 2009; Zhang et al., 2008].

such as aerospace and automotive

industries, transportation, mobile PEO is an eco-friendly and practical
communication devices and personal process to make high-quality oxide
computers [Yerokhin et al., 2004] owing coatings on the surfaces of light metals
to their excellent physical and mechanical such as aluminum, titanium, magnesium
properties, such as low density, high and their alloys [Lee and Lee, 2008]. In
specific strength, good castability, good addition to those superior physical and
weldability, relatively good electrical chemical properties such as wear
conductivity, high thermal conductivity, resistance, corrosion resistance, electrical
high dimensional stability and good insulation, micro hardness, PEO can
electromagnetic shielding characteristics uniformly form an oxide film which
[Guo et al., 2006; Guo and An, 2005]. strongly adheres to a substrate with
However, the magnesium and its alloys complex geometries. Therefore, wide
have poor corrosion resistance because of applications of this technique are
low chemical stability and high negative expected in many fields [Guo and An,
electric potential [Guo and An, 2005; Wu 2005; Lee and Lee, 2008].

and Zheng 2007, Lee and Lee, 2008]. In

addition, the magnesium alloys have In current study, the different electrolytes
inferior wear resistance [Abbas et al., from the literature was used and the
2006]. Therefore, the practical usage of effect of these on the structural and
the magnesium and its alloys need mechanical behavior of the coating such
coating to improve the poor corrosion and as hardness, adhesion strength, wear
wear resistance. Many researchers have resistance at the same current density and
attempted to develop anticorrosive and the same time was investigated.
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2. EXPERIMENTAL PROCEDURE
2.1. Analysis of samples

Coating thicknesses were measured using
eddy current method by Fischer
Dualscope = MP20  device. Surface
morphologies of coatings were scanned
by using SEM (Philips XL300 SFEG).
Phase structures on the coating were
detected by X-ray diffraction (Bruker D8
Advance). Hardness of the substrate and
the coating via distance were measured
by using Vickers tester (Anton Paar
MHT-10). Adhesion strengths of the
coatings were measured by using scratch
tester (Nanovea Series).Wear rates of the
coatings and base metal were carried out
by wusing ball-on disc mechanism
tribometer (CSM Instrument). Wear
tracks generated on the coatings and
substrate material were measured using
profilometer (Veeco Dektak 8) after the
wear tests.

2.1. Sample preparation

AZ31 Mg alloy produced by twin roll
cast was used as substrates. Chemical
composition of alloy is given in weight
percent in Table 1. All samples were
ground to grits of 400, 800, and 1200 by
SiC paper and then cleaned by distilled
water and acetone. AZ31 Mg alloys were
coated by the plasma electrolytic
oxidation in the solutions E1 and E2,
consisting of 4 g/L Na,SiO3.5H,O + 1,5
g/l KOH (called as El) and 8 g/L
NaySi03.5H,0 + 1,5 g/l KOH (called as
E2) electrolytes at 0,14 A/cm® current
density for 60 minutes. Fig. 1 illustrates
the electrode process in aqueous solutions
[Yerokhin et al., 1999].

Table 1: Chemical composition of AZ31

Fe 0.003
Sn 0.002
Ni 0.0002
Mg Balance

PEO system of 100 kW composed of
stainless steel container, cooling and
stirring  equipment was run with
alternative current (AC). Mg sample was
used as an anode, whereas stainless steel
container was used as a cathode.

|t
1l
—— |—cathode - — — Anode |—
Cations ’l
0 0,
AV
Cat™ —» Cat’ — Mc’ > M¢'

Anions

Electrolyte

Figure 1: Electrode processes in aqueous
solutions [Yerokhin et al., 1999].

3. RESULTS AND DISCUSSION
3.1. Coating Thickness

Average coating thickness is given in
Table 2.

Table 2: The Coating Thickness

El 73.3um+2.3

E2 67.61m=3.6

Mg alloys.

Element Composition (% wt)
Al 2.65

Zn 1.03

Mn 0.31

Si 0.15

Micro discharge channels are formed on
the surface with losing of dielectric
stability due to causing high voltage in
PEO process. Anions in the electrolyte
penetrate into micro discharge channels
owing to the existence of electrical field.
AZ31 Mg alloy reacts with anionic
compounds oxides in the micro discharge
channels. Ions from the electrolyte are
drawn into oxide layers and the layer is
modified by these ions. At the end of this
process, the oxide in contact with
electrolyte quickly solidifies because the




electrolyte is colder than the oxide
surface. The ions from the substrate react
with ions from electrolyte in micro
discharge channels and they form new
layer on the surface. This kinetic event
repeats itself as long as the process
continues. [Guangliang et al., 2002, Jin et
al., 2006]. So it should have expected
that coating thickness of E2 solution
would have been higher than E1 solution
due to the amount of ions in the solution
which was greater than E1. However,
there are some cracks on the surface of
the coating during this process and one
more point, diminishing power of the
coating kinetic cause loss of coating layer
on the surface. So the E2 coating
thickness is less than El solution even
though the ions volume are greater.

3.2. Phase structure of coatings

Fig. 2 shows the phase structures of PEO
coatings produced on the AZ31 Mg
alloys in the silicate solutions E1 and E2.
The dominant phases of spinal Mg,Si04
(Forsterite) and MgO (Periclase) are
detected by X-ray diffraction. In Fig. 2,
El and E2 electrolytes show mostly
similar characteristic peak intensities with
each other due to the same ingredients in
the electrolytes. One noticable difference
in the XRD result is the peak intensity of
MgO phases which is greater in El
solution.

3.3. Surface morphology

Fig. 3 shows the surface morphology of
coatings produced by PEO. Typically, the
coatings produced by PEO method have
very porous and rough surface structure
due to the existence of micro discharge
channels. These pores are called as micro
discharge channels in PEO process. Pore
size and surface morphology depend on
the applied voltage, current value and
duration time. Coating surface becomes
much porous with increasing duration
time. The number of pores decreases due
to growing of micro discharge channels
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with increasing duration time; however
the size of pores increases. Increasing in
the diameter of the micro discharge
channels is balanced by reducing of the
pressure in the micro discharge channels
through process [Sundararajan and Rama,
2003].

1500

3 11yl 2
et a2 L Ukasl 4 et RMoWigy

INTERSITY

—
2
-

L.

1
[l 1 1
o L | 1 l La Il L
0

1
n 40 50 60 0 80

Figure 2: X-ray diffraction patterns of
E1,E2 and AZ31 Mg

Figure 3: SEM images of surface
morphology of coatings: (a) E1 surface
(b) E1 discharge Channel (c) E2 surface
and (d) E2 Discharge Channel.

3.4. Hardness of coating

The coating hardness of E2 is harder than
that obtained E1 in Table 3. High value
of coating hardness depends on the
development of phase structure of
coating. This is because, depending on
the concentration of the increase in the
amount of the phases. Mg,SiOq4



(forsterite) phase appeared to be greater
in the E2 solution in XRD result.
Table 3: The hardness of the Coating

El 734 HV

E2 797 HV

3.5. Adhesion strength of coatings
Micro scratch tester is used to evaluate
the adhesion strength of coatings. The
scratch test results for coatings are given
in Table 4. The critical load results
measured by the scratch test are
characteristic values for each coating.
The adhesion strength of coatings
increases with increasing critical load. Lc
refers to critical load required to fail the
coating.

Table 4: Critical loads on the coatings

Solution | Coating Critical load
Thickness L:(N)

El 73.3um+2.3 | 145.01

E2 67.6um+3.6 | 143.67

According to this result, the critical load
depends on coating thickness, the amount
of phase structure and coating hardness.
Also, the higher critical load value, the
higher load carrying capacity of coating
is. The critical load required to damage
the coating increases with coating
thickness because the inner layer is
denser and harder than the outer layer.

Table 5: Critical loads on the coatings

Surface Wear rate x
Solution roughness 10*

(pum) (mm’/N/m))
Untreated
AZ31 Mg 0.15 35.0
El 5.75 1.86
E2 6.23 2.89
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Also, porous surface forms in PEO
process. The coated layer consists of
different regions in terms of compactness
of the layer. There is a greater porosity in
the region away from the substrate than
in the region close to the substrate as seen
in Figure 4.

Figure 4: Cross Section image of E2
Coating

4. CONCLUSIONS

1. Coating thicknesses varies according to
the ion concentration in the solution. E1
thickness is greater than E2’s.

2. XRD results indicated that the coatings
consist of Mg;Si0O4 (Forsterite) and MgO
(Periclase) phases for E1 and E2.
3.Hardness and surface roughness
increase with increasing additives
amount. Hardness is proportional to
Na,Si103.5H,0 volume in the solution.

4. Wear rates of the coatings are lower
than AZ31 Mg alloy. In addition, wear
rates of coatings increase because of
forming of much more rough and porous
surface.

REFERENCES

Yerokhin AL, Shatrov A, Samsonov V, Shashkov
P, Leyland A, Matthews A 2004. Fatigue
properties of Keronite< sup>®</sup>
coatings on a magnesium alloy, Surf Coat
Tech; 182:78-84.

Guo H, An M, Xu S, Huo H 2006. Microarc
oxidation of corrosion resistant ceramic



coating on a magnesium alloy, Mater Lett
;60:1538-41.

Guo HF, An MZ 2005. Growth of ceramic
coatings on AZ91D magnesium alloys by
micro-arc oxidation in aluminate—fluoride
solutions and evaluation of corrosion
resistance, Appl Surf Sci; 246:229-38.

Wu K, Wang YQ, Zheng MY 2007. Processing
maps for hot working of ZK60 magnesium
alloy, Mater Sci Eng A;447:227-32.

Lee YK, Lee K, Jung T 2008. Study on microarc
oxidation of AZ31B magnesium alloy in
alkaline metal silicate solution, Electrochem
Commun;10:1716-9.

Abbas G, Li L, Ghazanfar U, Liu Z 2006. Effect
of high power diode laser surface melting on
wear resistance of magnesium alloys, Wear;
260:175-80.

Lv G, Chen H, Li L, Niu E, Pang H, Zou B, et al
2009. Investigation of plasma electrolytic
oxidation process on AZ91D magnesium
alloy, Curr Appl Phy;9:126-30.

Zhang WX, Jiang ZH, Li GY, Jiang Q, Lian JS
2008. Electroless Ni-P/Ni-B duplex coatings
for improving the hardness and the corrosion
resistance of AZ91D magnesium alloy, Appl
Surf Sci; 254:4949-55.

Yerokhin AL, Nie X, Leyland A, Matthews A,
Dowey SJ 1999. Plasma electrolysis for
surface engineering, Surf Coat Tech 122:73-
93

Guangliang Y, Xianyi L, Yizhen B, Haifeng C,
Zengsun J. J 2002. The effects of current
density on the phase composition and
microstructure  properties of micro-arc
oxidation coating, Alloy Compound;
345:196-200.

Jin F, Tong H, Li J, Shen L, Chu PK 2006.
Structure and mechanical properties of
magnesium alloy treated by micro-arc
discharge oxidation using direct current and
high-frequency bipolar pulsing modes, Surf
Coat Tech;201:292¢5.

Sundararajan G, Rama KL 2003. Mechanisms
underlying the formation of thick alumina
coatings through the MAO coating
technology, Surf Coat Tech; 167:269-77.

46



EFFECT OF PORE WALL MICROSTRUCTURE ON THE
MECHANICAL PROPERTIES OF LOW ALLOY STEEL FOAMS

Nuray BEKOZ'* and Enver OKTAY'

1. Istanbul University, Metallurgical and Materials Engineering Department, Istanbul, Turkey
a. Corresponding author (nbekoz@istanbul.edu.tr)

ABSTRACT: Mechanical behaviour of metal foams is not only affected by porosity level,
pore shape and pore size but also depend on properties of pore wall material. This study
primarily concerns the role of pore wall microstructure which influences mechanical
behaviour of steel foams. Three low alloy steel foams having rather similar porosity and pore
structure but differences in pore wall microstructure were produced by space holder-water
leaching technique in powder metallurgy. Pre-alloyed steel powders with different Cu-Ni-Mo
contents were mixed with space holder (carbamide), and then compacted at 200 MPa. The
spacer in the green compacts was removed by water leaching at room temperature. The green
specimens were sintered at 1200 °C for 60 min in hydrogen atmosphere. The microstructural
and mechanical property variations resulting from the use of steel powder containing different

alloying elements were discussed.

Keywords: Steel foam, Powder metallurgy, Microstructure, Mechanical properties.

1. INTRODUCTION

During the last years a number of studies
have  demonstrated the remarkable
properties of metal foams and their

potential for a variety of applications
[Michailidis et al., 2011]. The excellent
combination of good mechanical properties
and low weight is the prime advantage for
such class of materials and in particular for
steel foams. In recent years space holder-
water leaching technique in powder
metallurgy has been used to manufacture
steel foams. This technique is rather cost
effective, flexible and leads to desired
foam properties [Bakan, 2006]. The
process and deformation behaviour of steel
foams have been the subject of numerous
studies that mainly focus on the strength
properties during compression [Bram et
al., 2000; Zhang and Zhao, 2008; Bekoz
and Oktay, 2012]. However, the
mechanical behaviour of the foams is not
only affected by the structure and pore
morphology of the foam, but also depend on
the properties of the pore wall material
[Markaki and Clyne, 2001; Jiang et al.,
2005]. The details of the mechanical
properties should be further examined in
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order to use steel foam material in a large
scale. There are not enough studies on the
effect of pore wall microstructure on
compressive properties of the steel foams.
The selection and use of pre-alloyed
powders have many advantages over
mechanical  properties of  sintered
materials. Low alloyed steel powders
commercially known as Distaloy AB,
Distaloy AE and Astaloy Mo are a partially
pre-alloyed iron powder containing
different copper, nickel and molybdenum
contents. The powders consist of very pure
iron powder to which finely divided
alloying elements are diffusion bonded. In
this way  the extremely high
compressibility of the powder is
maintained. The fine alloying additives are
well utilized and the risk of segregation is
minimized. Other advantages of these
alloys include good green strength and
dimensional stability [Hoganis, 2004].

Comparing of steel foams containing
different alloying elements should be
required to characterize the influence of
pore wall microstructure on the properties



of steel foams. In this study, three low alloy
steel foams having rather similar porosity
and pore structure but differences in pore
wall microstructure were produced by
space holder-water leaching technique in
powder metallurgy. The microstructural
and mechanical property variations
resulting from the use of steel powder
containing different alloying elements
were investigated.

2. EXPERIMENTAL PROCEDURES
Low alloy steel foams were produced
using steel powders commercially known
as Distaloy AE, Distaloy AB and Astaloy
Mo, which is a registered trademark of
Hogands Company, Sweden. The powder
premixes consisted of 0.8 wt.% zinc
stearate as lubricant, and 0.2 wt.% carbon
was added as fine graphite (UF4). The
binder for green strength was polyvinyl
alcohol (PVA), supplied by Merck,
Germany. Carbamide particles were used
as space holder for its advantage of ease of
removal in water. Spherical carbamide
particles were crushed and sieved to obtain
the fraction of 710-1000 um with irregular
shape. The chemical compositions of the
powder mixes prepared are given in Table
1. The average particle sizes of Distaloy
AE, Distaloy AB and Astaloy Mo powders
were found to be about 90 um, 112 um and
109 um, respectively and a rounded but
irregular shape.

Table 1: The chemical composition of the
powder mixes (Wt.%).
Base

Cu Ni Mo C Lub. Fe
powder
Distaloy
AE 1.5 40 05 02 0.80 Bal
Distaloy
AB 1.5 175 05 02 0.80 Bal
Astaloy 15 02 080 Bal
Mo

Initially, 2.5 wt.% PVA solution was added
to the steel powder as a binder. Mixing of
the steel powder and carbamide particles
was performed in a Turbula type mixer.
The coated carbamide particles with the
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steel powder were then compacted
uniaxially at 200 MPa into cylindrical
shapes with a 12 mm diameter and height
of about 18 mm. The green specimens
were immersed in distilled water at room
temperature to leach the carbamide. The
PVA in the green specimens was thermally
removed as part of sintering cycle, which
consisted of heating at a ramp rate of 5 °C
min” to 450 °C with a dwell time of 30
min, followed by heating at a rate of 10 °C
min' to sintering temperature. The
specimens were sintered at 1200 °C for 60
min under high purity hydrogen in a tube
furnace (Lenton, UK).

The sintered foam specimens' density and
porosity content were determined by
Archimedes' principle in a Sartorius
precision balance equipped with a density-
determination kit. Fractions of open and
closed porosity were determined by weight
measurements prior to and after dipping
the specimens in boiling paraffin at 150 °C.
The pore morphology of the foams was
examined by scanning electron microscopy
(SEM). Pore size distributions were
determined by quantitative image analyses
using commercial image analyzer software,
Clemex Vision PE. The specimens' pores
were filled with a cold-hardening epoxy
resin then etched in 2% Nital solution for
optical examination. The foam specimens'
mechanical properties were studied using
the compression test performed on a
Zwick-Roell 7050 materials testing
machine.  Compression  tests  were
conducted at a crosshead speed of 0.5 mm

min’.
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3. RESULTS AND DISCUSSION

Three low alloy steel foams have about
%70 porosity. The total porosity of the
specimens consists of 62.1-65.7% open
and 5.5-8.1% closed porosity. Sintering
caused 7.11% to 7.21% volumetric
shrinkage in the specimens. The SEM
images of the surfaces of the foams are
given in Figure 1. The specimens have a
relatively uniform pore distribution. Cell
walls separating each pore from its
neighbors can be clearly seen. The
morphology of the final pores was similar
to that of the carbamide particles for all the
specimens. This suggests that the pore
structures can be designed by using proper
size, shape and content of the carbamide
particles.

Figure 1: SEM images of foams: (a) Astaloy Mo, (b) Distaloy AB and (c) Distaloy AE.

The foams were observed to contain mainly
two types of pores: macropores obtained as a
result of spacer, and micropores on the cell
walls due to incomplete sintering of the steel
powders. Quantitative metallographic studies
showed that the mean micropore sizes of
Astaloy Mo, Distaloy AB and Distaloy AE
foams were 156 pm, 134 um and 118 pm,
respectively. Mean macropore sizes of
Astaloy Mo, Distaloy AB and Distaloy AE
foams were 678.3, 658.5 um and 667.4 pm,
respectively. Carbamide particles'’ mean
size was determined to be 812.6 pm. The
decrease in size was attributed to the
carbamide particle crushing during pressing
and moistening prior to the mixing. Figure 2
shows the optic microscope images taken
from cell walls of Astaloy Mo, Distaloy
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Figure 2: Microstructure images from the cell walls of (a) Astaloy Mo, (b) Distaloy AB

and (c) Distaloy AE foams.



The foams were observed to contain mainly
two types of pores: macropores obtained as a
result of spacer, and micropores on the cell
walls due to incomplete sintering of the steel
powders. Quantitative metallographic AB
and Distaloy AE foam specimens at
different magnifications.

The sintered specimens consisted of ferrite,
pearlite, austenite, bainite and a small

amount of martensite phases. The
microstructural images of  Distaloy
specimens showed that copper was

accumulated in the grain boundaries as a
result of sintering. In the micrograph,
bright regions are martensite, darker
regions are bainite plus pearlite, brown
regions are austenite and black regions are
micropores between the steel particles. The
alloys that contained Ni had nickel-rich
areas in the grain boundaries due to the
heterogeneous distribution of nickel,
especially in Distaloy AE specimens.
Several researchers reported that the
microstructure of Distaloy specimens
consisted of pearlite, martensite and
nickel-rich phases [Chawla and Deng,
2005; Ivanus and Brandusan, 2007].

The compressive stress-strain curves of the
foam specimens are illustrated in Figure 3.
Three distinct regions characterized the
curves: an elastic region where cell walls
bending occurred; a large plateau region
and finally a densification region where the
flow stress increases rapidly. The stress,
after a first maximum, drops significantly
as a result of the collapse of a pore layer.
The deformation mode, resulting from
repeatable failure of the pore layers, gives
rise to very uneven character of the stress-
strain curve. At the end of the plateau
region, stress starts to increase since the
pores at the deformation zone have
flattened and the material shows bulk-like
properties under compression. During
compression, the cell walls tend to crack
and fracture in a brittle manner, a probable
consequence of the micropore content of
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the cell walls. The deformed structure
exhibited extensive cell wall failures.

Compressive yield stress values of Astaloy
Mo, Distaloy AB and Distaloy AE foams
were 22 MPa, 24 MPa and 26 MPa,
respectively. Differences in pore wall
microstructure did not significantly affect
the length of the plateau region, but
slightly increased the compressive strength
of the specimens.

Figure 3: Compressive stress-strain curves
of the foam specimens.
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The present results demonstrated that the
compressive strength of both Distaloy
foams is higher than that of the Astaloy
foams. An explanation for this discrepancy
may be due to the effect of the alloying
elements, where it was found that the
presence of copper as an alloying element
in the chemical composition of Distaloy
powder reduces micropores in the cell
walls. This has positive effect on the
compressive strength due to the liquid
phase absence during sintering. Liquid
phase is one of the most successful
methods to accelerate the sintering
mechanism for processing the sintered low
alloyed steels. A similar improvement has
been reported by the use of boron as an
additive for liquid phase sintering of the
stainless steel foams [Bakan, 2006; Giilsoy
and German, 2008]. The compressive
strength of the Distaloy AE which
contained high Ni is higher than the other
two foams. Gething et al. [Gething et al.,
2005] studied the effects of Ni addition on



the mechanical properties of Fe-0.85Mo-
0.4C, and also reported that Ni as alloying
element increased the strength of sintered
compacts.

4. CONCLUSIONS

= Mechanical properties of the foams are
sensitive to the cell wall structure. As a
result of steel powder containing different
alloying elements, bainite and martensite
phases form in the cell wall structure of the
foams. This is the reason for the increase in
the compressive yield stress of the foam
specimens.

= The strength values of Astaloy Mo
foams were lower than Distaloy foams’
strength values. The reason for this is the
difference in chemical composition and the
production technique of Astaloy Mo
powder.

= Distaloy AE foams had higher strength
values than the other foams as a result of
formation of nicel-rich phases in the cell-
wall microstructure.
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ABSTRACT: Sinter hardening is an attractive technique for the manufacturing of high
hardness powder metallurgy parts which eliminates secondary heat treatment by increasing
the post-sintering cooling rate, thus significantly reducing processing costs. In this study,
the effect of sinter hardening on the mechanical properties of steel specimens produced
using pre-alloyed Cu-Ni-Mo powders with addition 0.5% C was investigated. Powder
mixtures were pressed uniaxially at 650 MPa in order to obtain cylindrical compacts, and
then sintered at 1130 °C for 20 min under cracked ammonia atmosphere. After the
sintering step, the specimens were rapidly cooled directly from sintering temperature. As-
sintered specimens were sinter-hardened at two different cooling rates (2 °C/sec and 3
°C/sec). Mechanical properties (macrohardness, microhardness and compressive strength)
of as-sintered and sinter-hardened specimens were determined and the results discussed in
light of the microstructure of the specimens. The study showed that sinter hardening
enhanced the mechanical properties of the specimens as a consequence of microstructure
strengthening.

1. INTRODUCTION components. Sinter hardening has been
Powder metallurgy (PM) is one of the more and more applied in the PM
most competitive methods to produce component manufactures worldwide, due
components with complicated shapes and to its pronounced advantages: good
large in quantity. Many sintered hardening effect, cost saving, better
components need to be heat treated in dimensional control and environmental
order to improve their mechanical friendly [Engstrom et al., 2006;
properties. Due to the fact that PM parts L’Esperance et al., 1996].

contain many pores that can accelerate

the corrosion effect inside the treated The selection and use of pre-alloyed
parts in case of = water quenching, oil powders have many advantages over
quenching has to be applied during heat mechanical  properties of  sintered
treatment. The assimilated oil during materials. Low alloyed steel powders
quenching process has to be removed commercially known as Distaloy AB and
from the treated parts for effective Distaloy AE are a partially pre-alloyed
tempering, which costs much not only for iron powder containing copper, nickel
the equipment and energy but also for the and molybdenum. With additions of
environment [Hatami et al., 2010]. Sinter graphite, high strength can be obtained
hardening is a  cost effective after sintering. Copper forms a liquid
manufacturing route for production of phase during sintering and increases the
high performance sintered parts. Sinter strength. Molybdenum and nickel are
hardening combines both sintering and commonly used in low alloy PM steel
hardening in one process to produce powders because their oxides are easily
martensite as the major phase in the reduced during the annealing treatment of
microstructure of  the sintered water atomized powders. Molybdenum is
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very efficient for increasing the strength
and hardenability of steel while nickel
increases the hardenability, strength and
toughness [Chagnon and Trudel, 1996].
The powders consist of very pure iron
powder to which finely divided alloying
elements are diffusion bonded. In this
way the extremely high compressibility
of the powder is maintained. The fine
alloying additives are well utilized and
the risk of segregation is minimized.
Other advantages of this alloy include
good green strength and dimensional
stability. It can be sintered at relatively
low temperature [Hoganids, 2004]. Pre-
alloyed Distaloy powders are widely used
in sinter hardening studies. The pre-
alloying process is known to decrease the
compressibility of the powders. However,
the pre-alloyed powders are preferred in
sinter hardening because of the fact that
pre-alloyed powders are much more
homogenous than admixed powders
[German, 1994; Hatami et al., 2010].
Sinter hardening behaviour of pre-alloyed
steel powders has been investigated by a
few researchers [Oge et al, 2012;
Hafizoglu et al., 2012; Bocchini et al.,
2004]. These studies showed that the
martensitic structure can be achieved by
sinter hardening with a considerable
increase in mechanical properties. In this
study, the effect of sinter hardening on
the mechanical properties of steel
specimens produced using pre-alloyed
Cu-Ni-Mo powders with addition 0.5% C
was investigated. Mechanical properties
of as-sintered and sinter-hardened
specimens were determined and the
results discussed in light of the
microstructure of the specimens.

2. EXPERIMENTAL PROCEDURES

Low alloy steel specimens were produced
by powder metallurgy method using steel
powders commercially known  as
Distaloy AB and Distaloy AE, which is a
registered trademark of  Hoganis
Company, Sweden. Both the powders are

53

diffusion alloyed. The powder premixes
consisted of 0.8 wt.% zinc stearate as
lubricant at the pressing process, and 0.5
wt.% carbon was added as fine graphite
(UF4) to increase the hardness of the
steel. The powder mixtures were prepared
by weighing samples in Sartorious
balance with 0.01 g sensitivity and then
mixed homogeneously in a laboratory
scale mixer for 30 min. The chemical
compositions of the powder mixes
prepared are given in Table 1. The pre-
alloyed powders had a rounded but
irregular shape. The average particle size
of the powders was measured by low

angle laser light scattering method
(Malvern-Mastersizer). The average
particle sizes of Distaloy AB and

Distaloy AE powders were found to be
109 um and 90 pum, respectively. Typical
morphologies of Distaloy AB and
Distaloy AE steel powders revealed by
scanning electron microscopy (SEM) are
given in Figure 1.

Table 1: The chemical composition of the
powder mixes (wt.%).

Base

Ni Mo C Lub. Fe
powders
Distaloy
AB 1.5 175 05 05 0.80 Bal
Distaloy
AE 1.5 40 05 05 0.80 Bal

Figure 1: SEM images of the steel
powders: (a) Distaloy AB and (b)
Distaloy AE.



Powder mixtures compacted uniaxially at
650 MPa in a steel die using a hydraulic
press into cylindrical specimens that have
about 6.9 g cm™ green densities with a
diameter of 10 mm and height of about
10 mm. The specimens were sintered at
1130 °C for 20 minutes in an industrial
continuous pusher furnace under 25% N»-
75% H, (cracked ammonia) atmosphere.
After the sintering step, the specimens
were cooled with a cooling rate of 0.5
°C/sec which correspond to normal
sintering cycle, and with higher cooling
rates of 2 °C/sec and 3 °C/sec for sinter
hardening process. The carbon contents
of as-sintered specimens were determined
using a C/S analyzer instrument (Leco
CS-255). Green and sintered densities of
the specimens were determined from
measurements of weight and dimensions
of the specimens. Dimensional change
was calculated from green to as-sintered
and the mean of five measurements.
Microstructural ~ characterization  and
mechanical tests of as-sintered and sinter-
hardened specimens were performed. The
specimens were grinded and polished in
cloths with alumina and pure water then
etched in 3% Nital solution for optical
examination. Olympus PME3 optical
microscope was used for microstructural
examination. Rockwell B (HRB) scale
was used to measure the macrohardness
of the specimens in Zwick hardness
testing machine. The microhardness
measurements were taken on Vickers
scale with a Tukon microhardness
machine. Three different locations were
selected on the surface of the specimens
and the average of those values was used
as the hardness measure of samples.
Compression test of the specimens were
investigated at room temperature using
the Zwick-Roell Z250 materials-testing
machine fitted with a 250 kN load cell
operating at the displacement control
mode, with a strain rate of 0.05 mm sec.
Grease oil was used between the samples
and the compression loads to minimize
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the friction. Each test was repeated three
times to ensure the repeatability of the
results.

3. RESULTS AND DISCUSSION

A small quantity of carbon losses took
place in the specimens after sintering due
to reaction of the carbon with the oxygen
in the powder and the surrounding
atmosphere. The carbon contents of as-
sintered Distaloy AB and Distaloy AE
specimens were determined to be 0.46
and 0.45 wt.%, respectively. Table 2
shows the influence of increased cooling
rate on dimensional change. Shrinkage
decreased slightly when raising the
cooling rate from 2 °C/sec to 3 °C/sec. In
as-sintered and sinter-hardened
specimens, shrinkage of the Distaloy AE
specimens increased due to the high
nickel content.

Table 2: Influence of cooling rate on

dimensional change.
Dimensional change, %

Cooling rates

Distaloy AB  Distaloy AE
(S(;flstirg}fec) - .
Qe e 076 031
Sy om0

The microstructures of as-sintered, sinter-
hardened with cooling rates of 2 °C/sec
and 3 ©°C/sec for Distaloy AB and
Distaloy AE specimens at different
magnifications are shown in Figure 2 and
Figure 3, respectively. The pores formed
in the specimens due to the melting of Cu
particles at the sintering temperature
1130 °C. These pores are much smaller
and more uniformly distributed in
Distaloy AE specimens which higher Ni
content due to solid state sintering of Ni
during  sintering. The  as-sintered
specimens consisted of ferrite, pearlite,
austenite and a small amount of bainite
phases. The microstructural images of the
specimens showed that copper was
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Figure 2: Microstructure of Distaloy AB specimens: (a) as-sintered, sinter-hardened with

cooling rates of (b) 2 °C/sec and (c) 3 °C/sec.

() (b)

Figure 3: Microstructure of Distaloy AE specimens: (a) as-sintered, sinter-hardened with

cooling rates of (b) 2 °C/sec and (c) 3 °C/sec.

accumulated in the grain boundaries as a
result of sintering. Martensite phase is not
observed in the microstructure of the as-
sintered specimens due to furnace cooling
step of  sintering  cycle.  The
microstructure of sinter-hardened
specimens consisted of pearlite, bainite
and martensite phases as a result of rapid
cooling. In the micrograph, bright regions
are martensite, darker regions are bainite
plus pearlite, brown regions are austenite
and black regions are micropores
between the steel particles. The alloys
that contained Ni had nickel-rich areas in
the grain boundaries due to the
heterogeneous distribution of nickel,
especially in Distaloy AE specimens. As
it can be seen in Figure 3, the reason for
is the higher Ni content which resulted in
nickel-rich areas in the microstructure.
Chawla et al. [Chawla et al., 2001];

showed that the microstructure of
Distaloy AB consisted of pearlite,
martensite and  nickel-rich  phases.

Chawla and Deng [Chawla and Deng,
2005] reported that the microstructure of
Fe-0.85Mo0-2Ni-0.6C were porous and

consisted of pearlite, bainite, nickel-rich
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areas. The present results demonstrated
for the specimens with the cooling rate of
3 °C/sec, a large amount of martensite
formation in the structure was observed
as a result of rapid cooling. The
macrohardness and the compressive yield
strength values of as-sintered and sinter-
hardened specimens are given in Table 3.

Compressive  yield  strength  and
macrohardness values of the sinter-
hardened specimens increased with

increase in cooling rate after sintering. As
a result of high cooling rate, the amount
of pearlite and bainite phases increased
and the martensite phase formed in the
structure. This is the reason for the
increase in the mechanical properties of
sinter-hardened specimens. Increase in
the compressive yield stress values of the
specimens with the cooling rates of 2
°C/sec and 3 °C/sec were about 21% and
32% for Distaloy AB and about 25% and
349% for Distaloy AE, respectively. The
specimens with the cooling rates of 2
°C/sec and 3 °C/sec, about 24% and 44%
for Distaloy AB and about 26% and 45%
for Distaloy AE, respectively, increase in
macrohardness value were achieved with
sinter hardening. The mean



microhardness values of as-sintered and

properties of Fe-0.3Ni-1.5Cu-0.5Mo, and

Table 3: The macrohardness and compressive yield strength of as-sintered and sinter-hardened

specimens.
Mechanical Distaloy AB Distaloy AE
propert{es of the Macrohardness Compressive yield Macrohardness  Compressive yield
specimens (HRB) strength (MPa) (HRB) strength (MPa)
Sintering
89 16 385 +25 96 t4 397 £35
(0.5 °C/sec)

sinter-hardened specimens are given in
Table 4.

Table 4: The microhardness of as-
sintered and sinter-hardened specimens.

Microhardness Distaloy AB Distaloy AE
of the Microhardness Microhardness
specimens (HV0.1) (HV0.1)
Sintering

(0.5 °C/sec) 233 +45 267 £37
Sinter hardening

(2 °Clsec) 297 438 336 +42
Sinter hardening

(3 °C/sec) 356 +47 387 £36

Increase in the microhardness values of
the specimens with the cooling rates of 2
°C/sec and 3 °C/sec were about 27% and
53% for Distaloy AB and about 26% and
45% for Distaloy AE, respectively. Sinter
hardening led to  increase in
microhardness due to formation of
martensite and bainite. In as-sintered and
sinter-hardened specimens, mechanical
properties of the Distaloy AE specimens
which contained high Ni are higher than
Distaloy AB specimens. Gething et al.
[Gething et al., 2005] studied the effects
of Ni addition on the mechanical
properties of Fe-0.85Mo-0.4C, and
reported that Ni as alloying element
increase hardenability in the steels,
increase in cooling rate after sintering led
to the hard structure in  the
microstructure. Ivanus and Brandusan
[Ivanus and Brandusan, 2007] studied the
effects of cooling rate on the mechanical
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found the formation of bainite and
martesite by raising cooling rate from 1
°C/sec to 3.5 °C/sec increased strength
and apparent hardness.

4. CONCLUSIONS

= The sinter hardening process enhanced
the mechanical properties of the
specimens, as a consequence of
microstructure strengthening. The amount
of pearlite and bainite phases increased
and the martensite phase formed in the
structure, as a result of high cooling rate.
= The use of higher cooling rates after
sintering led to higher the macrohardness
and the compressive yield strength values
which are due to the formation of bainite
and martensite in the microstructure.

= The maximum compression strength
was found at Distaloy AE alloy for all
cooling rates. The reason for is the higher
Ni content which resulted in nickel-rich
areas in the microstructure.
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ABSTRACT: In this study, CuSn10 metal matrix composites (MMCs) reinforced with 0,
I, 3 and 5 vol.% graphite particulates, respectively, were produced by powder
metallurgy.SiC abrasive papers of grit size 400, having an average particle size of 38 um,
were used. The applied loads were selected as 60N. The tests were carried out under
sliding speeds of 0.8 m/s. In all tests, the sliding distances were chosen in the range of 50-
500m. The effects of sliding distance and graphite particle content on the abrasive wear
properties of the composites have been evaluated. The microstructure evolution of
composites and the main wear mechanisms were identified using a scanning electron
microscope. A decrease in hardness and density of the sintered CuSnlO-graphite
composites was observed with increase in graphite content. According to results, the
abrasive wear resistance of metal matrix composites could be increased by incorporation of

graphite particles.

1. INTRODUCTION

Metal-matrix composites (MMCs) have
received substantial attention from the
aerospace and automotive industries
because of their improved strength, high
elastic modulus and increased wear
resistance over conventional monolithic
base alloys during the Ilast decade.
Improvements in mechanical properties
and wear resistance of MMCs have
already been demonstrated for a variety
of reinforcements [Kok, 2006;Canakci,
2011;Abachi et al. 2006;Srivastava and
Das;Veeresh Kumar et al. 2012;Cui et al.
2012]. These composites are usually

supplied through the conventional
engineering  processes of  powder
metallurgy, leading to complicated

microstructures that comprise copper,
graphite, binder carbon, and sintering-
induced micropores, even if they look
like macroscopically uniform [Futami et
al. 2008].Graphite as solid lubricants is
widely used because of low cost and

58

excellent lubrication performance. The
lubrication roles of graphite were
extensively investigated and entirely
understood [Lu et al. 1999;Zhan et al.
2004; Chen et al. 2008]. However, solid
lubricants having similar structures
possess different lubrication roles and
their lubrication degrees were not
identical in a way. The principal
objective of this investigation was to
produceCuSn10-graphite composites by
powder metallurgy, evaluate the abrasive
wear behavior of CuSnl0 alloy and its
composite under two-body abrasive wear
testing condition and examine the effect
of graphite content, applied load, sliding
distance and abrasive grid size on the
abrasive wear behavior of the composites
as compared to that of the CuSn10 matrix
alloy.

2. EXPERIMENTAL PROCEDURE

In this study, CuSnl0 alloy powders
(dso=30um) and graphite particles
(dso=28um) were used as the matrix



material and reinforcement particles,
respectively. The powder mixtures were
sealed in tungsten carbide vial together
with tungsten carbide balls in a ratio of
10:1 and milled for 0.5h with rotation
speed of 200rpm in a Fritsch
“Pulverisette 7, Premium line” planetary
ball mill. The samples for abrasive wear
tests produced from CuSnl0-graphite
particles mixtures containing various
amounts of graphite particles as well as
the unreinforced CuSnlOalloy powders
by cold pressing in a steel die having the
internal dimensions of 10x10x40 mm at
700 Mpa. The compacted green bulks
were sintered at 800 °C for 2h under
protective pure argon gas in a tube
furnace.

A pin-on-disc with emery paper
apparatus was used to investigate the
wear characteristics of composites and
CuSnl0 alloy, as shown in Fig. 1.SiC
papers with 38um size, fixed on a
rotating 155 mm diameter and 10 mm
thick steel disc with the help of four
rectangular clamps, were employed as
abrasive mediums. The tests were carried
out in air at room temperature at a load of
60N.Theendsofthespecimensweresequent
ially

polishedwithabrasivepaperofgrades600,8
00and 1000.Wear tests were conducted in
dry conditions in order to avoid effect of
lubricating medium. A fixed track
diameter of 100mm was used in all the
tests.

Sample holder
Abrasive paper

The schematic view
abrasion wear test apparatus.

Fig. 1: of the
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3. RESULTS AND DISCUSSIONS

3.1. Microstructural Observation

SEM  image of CuSnlO-graphite
composites reinforced with 3 wt%
graphite particles is shown in Fig. 2. In
images, light grey areas indicate CuSn10
alloy matrix and dark areas indicate the
graphite  particles. Particles  which
dispersed in CuSnl0 matrix semi-
homogeneously, generally stuck between
points of contact of CuSnl0 matrix
powders. If reinforcement particles in the
composites do not disperse uniformly,
this affects mechanical and electrical
properties of composites negatively.

Map data 334
MAG: 1670 x HV:17.0 kV WD: 7.4 mm

Fig. 2:Scanning electron micrographs of
the CuSn10-3 vol. % graphite composite.

The values of relative density, porosity
and hardness of unreinforced CuSnl0
alloy and composites are presented in
Table 1. It is seen that the porosity
content of the unreinforced compact are
considerably lower than the composites.
The relative density of unreinforced
CuSn10 alloy was determined as 98.5%.
The results showed that the density of
composites decreased from 97.5 to 92 %
with increasing the graphite particle
volume fraction from 1% to 5%. This is
due to the density of graphite particles
being much lower than that of CuSnl10
powders. In spite of the good interfacial
bonding between CuSnl0 and graphite,
graphite particles between CuSn10 matrix



powders prevents the contact of particle

and particle due to agglomeration of

Table 1. Physical characteristics of the CuSn10 alloy and CuSn10-graphite composites.

Code | Composition (vol.%) Density (g/cm’) | Porosity (%) | Hardness (BSD)

Co CuSn10 Alloy 8.57 1.5 112

C CuSn10-1% graphite 8.41 2.5 108

C CuSn10-3% graphite 8.1 5 105

Cs CuSn10-5% graphite 7.6 8 100
graphite particles during the the graphite smears out at contact surface.
consolidation process. As can be seen This reduces the metal to metal contact.
from the Table 1, composite Due to the inherent self lubricity of

hardnessdecreasedwithincreasing the
graphite content. This is a result of the
decrease in density.

Fig. 3 show the effect of sliding distance
on the average wear loss of the
composites with SiC abrasive. It was
observed that the wear loss increases with
increasing sliding distance (Fig. 3) for all
the materials studied.In the case of higher
graphite content composites (5 vol.%),

0,18

0,16

0,14

0,12

0,10

0,08

Wear Loss (g)

0,06

0,04

0,02

0,00

0 100 200 300 400
Sliding Distance (m)

Fig. 3: Variation of the weight loss of
CuSnl0-graphite composites containing
different graphite content at the sliding
distance of 500m with the given abrasive
grit size of 400 and a load of 60N.

Fig. 4 shows the wear surfaces of the
CuSn10-graphite composites. In image,
an arrow mark is shown to indicate the
sliding  direction. ~The continuous
longitudinal grooves parallel to the
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smeared out graphite film, the composites
with higher graphite exhibited lower wear
rates. Though 1vol% graphite composites
are having availability of graphitic film at
the contact surface is scarce, which
results in reduced lubrication effects and
thereby results in higher wear rate.
However,  with  5vol%  graphite
composite, the amount of graphite
addition is sufficient enough to produce
the self lubricative effect.

sliding direction on the worn surfaces are
deep in the graphite reinforced
composites (Fig. 4). The worn out surface
of the composites suggests that the wear
mechanism is by the plowing of the
surface by SiC abrading particles.SEM
images exhibited that wear progressedby
grooving action of the abrasive particles.

The SiC abrasive particles with sharp
edges cause micro-ploughing and
grooving in the surface of CuSnl0 alloy.
Material in the form of chips is removed
from the grooves.



Fig. 4: SEM images of worn surfaces of
CuSn10-graphitecomposites

Fig. 5 shows typical SEM micrographs of
wear debris morphology of the CuSnl10-
graphite composites at 60N and 500m.
The wear debris is in the form of fine
particles and ribbon-type metallic chips,
as shown in Fig.4. The formation of fine
debris may be due to continuous rubbing
action of samples on the wear track while
ribbon-type debris are the characteristics
of cutting and ploughing action of hard
abrasive particles [4].

A= Continuous microchips

Fig. 5: SEM images of the wear debris of
CuSn10-graphite composites

B= Abrasive particles

4. CONCLUSIONS

1- A decrease in hardness and density of
powder metallurgy  CuSnl0-graphite
composites were observed with increase
in graphite content. The increase in
amount of graphite leads to a decrease in
densification  of  materials  during

C= Discontinuous micro
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due to
particles

consolidation process
agglomeration of graphite
during the consolidation process.

2-The wear resistance of powder
metallurgy CuSnl0-graphite composites
was found to be considerably higher than
that of the unreinforced CuSn10 alloyand
increased  with  increasing particle
content.

3- Plastic deformation (micro cutting and
microploughing) was identified as the
main wear mechanismoperating on the
worn surfaces of the composites studied.
The wear loss of the matrix alloy and the
composites increased with increasing the
sliding distance.
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ABSTRACT: In this study, hydroxyapatite (HAp) and calcium apatite based ceramic
composite coatings were produced on Ti6Al4V alloy by plasma electrolytic oxidation
(PEO) in the electrolyte consisting of calcium acetate (CA) and [-calcium
glycerophosphate (B-Ca GP) at 0.140 A/cm? current densities for 1, 2, 3, 4, 5, 20, 40 and
60 minutes. The phase structure, surface morphology of the coatings and functional groups
of the molecules were characterized by X-ray diffraction (XRD), scanning electron
microscope (SEM) and energy dispersive spectroscopy (EDX-mapping), respectively. The
XRD results indicated that anatase-TiO,, rutile-TiO,, Ca3(PO4), (TCP), CaTiO;
(perovskite) and Ca;o(PO4)s(OH), (HAp) phases were formed on the surface of the coated
titanium alloy. The PEO coatings have very porous surface structure due to the existence
of micro discharge channels during process. According to the EDS mapping results,
uniform Ca and P elements were observed on the surface of PEO coatings.

1. INTRODUCTION 2004; Wei et al.,, 2007]. Unfortunately,
Titanium and its alloys are widely used in these biomaterials are not suitable for
dental and orthopedic fields owing to load-bearing conditions owing to their
their excellent properties, good corrosion poor mechanical properties [Liu et al.,
resistance, including high strength-to- 2004].

weight ratio, low toxicity, and favorable

mechanical properties [Kung et al., 2010; The plasma electrolytic oxidation (PEO),
Stojadinovic et al., 2013]. However, these 1S also known micro arc oxidation
materials cannot bond efficiently with (MAO), is a relatively convenient and
living bone and present poor ability to effective technique to deposit ceramic
facilitate new tissue formation on their coatings on the surfaces of Ti, Al, Mg
surfaces at the early stage of implantation and their alloys [Yerokhin et al., 1999].
due to the absence of bioactivity on their Plasma electrolytic oxidation of titanium
surfaces, which would delay the healing and its alloys represents a versatile
time of the operation and even result in surface modification technology with the
the failure of implantation [Hanawa, capability = of  producing  porous
2010; Zhang et al., 2013]. Hydroxyapatite biofunctional coatings that can find
which is similar to dental and bone applications in the field of biomedical
mineral has good bioactivity and engineering [Necula et al., 2011]. The
biocompatibility is an important mineral PEO coatings are both porous and firmly
to connect chemically with bone tissue adhere to the substrate, wear-resistant
[Durdu et al., 2013]. Bioactive ceramic oxide coatings, with fine-scale
materials such as hydroxyapatite (HAp) interconnected  porosity  which s
and bioactive glass ceramics have widely beneficial for the biological performance
used in biomedical applications [Katti, while Ti and Ti—6Al-4V are implanted in
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a human body (Curran and Clyne, 2006;
Liu et al., 2010).

The aim of this study was to produce
hydroxyapatite and calcium apatite-based
coatings that are bioactive and
biocompatible to be used as a biomaterial
in biomedical applications by PEO
method.

2. EXPERIMENTAL DETAILS

The plasma electrolytic oxide coatings
were produced on the Ti6Al4V
specimens using plasma electrolytic
oxidation (PEO). The PEO equipment
(100 kW) was composed of an AC power
supply, a stainless steel container as well
as cooling and stirring systems. The
titanium substrate was used as the anode,
while the stainless steel container as the
cathode. The PEO was carried out at
constant current density (0.140 Alem?)
for 1, 2, 3, 4, 5, 20, 40 and 60 minutes in
the electrolyte consists of calcium acetate
((CH3COO0),Ca) (Alfa Aesar), B -calcium
glycerophosphate  (B-CsHs(OH,)PO4Ca)
(Alfa Aesar) and pure water mixture.

The phases on the PEO coating surface
were detected by X-ray diffraction (XRD;
Bruker D8 Advance) using Cu-Ka
radiation (A = 1.54 A) between 20° and
80° angles with a step size 0.02°/min.
The surface morphologies of the coatings
were investigated by scanning electron
microscope (SEM; Philips XL30 SFEG).
The elemental mappings of the coatings
were analyzed by energy dispersive
spectroscopy (EDX)

3. RESULTS AND DISCUSSION

3.1. Phase Structure of the Coatings

Figure 1 and 2 illustrate the XRD patterns
of the PEO coatings produced at low and
high treatment times, respectively.
According to the XRD patterns; titanium,
anatase, rutile, TiP,, TCP, perovskite and
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HAp phases were detectes on the PEO
coated surfaces by XRD analysis.

.- Titanium, - Anatase (TiO,), @- Rutile (Ti0,), - TiP,
+- TCP (Ca(PO,),), *- HAp (Ca, (PO,) (OH),), ©- Perovskite (CaTiO,)
A , .

*

- *
x|k O e . \

\.,«:-h :“k e ‘m“?‘::‘-mb‘lb ‘MMo\M Aot ,~L'1\‘-an_ﬂ.. " u.-’-«—\-u-‘w‘-‘ p.hv,.u}lv.-,\ 5 min

o
,ﬁu"m’W"M*»M,Ju.ljl/\»w»m...;.,.«‘u'ulmwwymhu..h,, o ihe. 4 N

Intensity (a.u.)
;_
2

|
-Mﬂ,,,.gwﬂll'»w,. it “LI.__ 1 min

)’\ A Jk M, TIGAI4V

T T T T T T T T T T T T 1
20 30 10 50 60 70 80

Angle (20)

Figure 1: XRD patterns of the PEO
coatings produced at low treatment times
and uncoated Ti6Al4V alloy
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Figure 2: XRD patterns of the PEO
coatings produced at all treatment times
and uncoated Ti6Al14V alloy

The amount of TiO,, calcium apatite and
hydroxyapatite based phases is very low
at the coating produced at low treatmet
times. Especially, calcium apatite and
hydroxyapatite based phases begin to
form on the surface after 5 min.
Perovskite and hydroxyapatite are major
phases for the coating produced at 60
min.

For the coatings produced at low duration
times (from 1 to 5 min), amorphous TiO,,



calcium apatite and hydroxyapatite based
phases was observed on the PEO
surfaces. The PEO coatings produced at
low duration times have amorphous
phases because the time is not enough to
crystallize of phases. Amorphous phases
transformed into crystalline phases under
high temperature and high pressure in
micro discharge channels as increased
treatment time. As a result, the amount of
these crystalline phases increased with
increasing time. It was stated in the
literature (Han et al., 2008) that the outer
layer of the PEO coating consists of HAp
and TCP although the inner layer of the
PEO coating is composed of TiO, and
perovskite phases.

The formation mechanisms of the phases
occurred on the PEO coatings are below
(Durdu et al., 2013; Han et al., 2008):

Ti*" + 20H « TiO,+ 2H" (D)
3Ti*"+4P0O4" & TiP,+2TiP+80,T  (2)
Ca’"+OH < CaO +H" 3)
3Ca*"+ 2P0, — Ca3y(POy), 4)
10Ca*"+6P0O,> +2H,0>
Ca;o(PO4)s(OH), + 2H" (5)
Ca”™+Ti"+30H —CaTiOs + 3H"  (6)
3.2. Surface Morphology of the
Coatings

Figure 3 shows the surface morphologies
of the PEO coatings. The surface of the
PEO coatings is very porous and rough
due to the existence of micro discharge
channels as seen in Figure 3. There are
many randomly distributed pores with
different sizes and shapes appearing as
dark circular spots on the PEO coating
surfaces. The pore serves as a micro
discharge channel during PEO process.
The pores which are surrounded by

65

molten oxide are rapidly solidified by
electrolyte. The porous feature strongly
depends on discharging nature involved
in the PEO mechanism (Polat et al.,
2010).

The surface morphologies of the PEO

coatings depend on the various
parameters such as electrolyte
composition, applied voltage and

treatment times. The micro sparks grow
up gradually as the number of micro
sparks decrease with increasing treatment
time. As a result, the number of the pores
decreases while the size of the pores
increases with increasing treatment time.

Figure 3: The surface SEM morphologies
of the PEO coatings:

(a) 1 min, (b) 2 min, (¢) 3 min, (d) 4 min,
(e) 5 min, (f) 20 min, (g) 40 min and (h)
60 min



3.3. Elemental Distribution of the
Coatings

Figs. 4a, 4b, 4c, 4d, 4e, 4f, 4g and 4h
show the elemental mapping results of
the PEO coatings produced at 1, 2, 3, 4,
5, 20, 40 and 60 minutes, respectively.
Ti, O, Ca, P and Al are observed on the
coatings. The concentrations of Ca and P
increase with increasing duration time as
seen in Figs. 4a-h.

The Ca and P elements in the electrolyte
consisting of CA and B-Ca-GP ionize due
to the existence of electrical field during
PEO process and they react with each
other in micro discharge channels. The
Ca and P, which are required to form
hydroxyapatite (HAp), enter into the
coating structure with increasing time and
react with each other and oxygen.

The Ca and P exist as amorphous
structure on the outer coating surface
owing to the rapid cooling rate of melted
compounds during PEO process (Durdu
et al., 2013; Han et al., 2002). The Ca and
P are uniformly distributed in the coating
surfaces as seen in Figs. 4a-h. The Ca and
P cause the formation of HAp and
calcium apatite-based phases as major
phases with increasing duration time
because they exist as dominant elements
in the coating. As a result of these
mapping images, it can be concluded that
HAp and calcium apatite-based phases
are homogenously distributed on the PEO
coating surfaces.

66

e HEo

Figure 4: The elemental mapping results
of the PEO coatings produced at different
duration times



4. CONCLUSIONS

Hydroxyapatite (HAp) and calcium
apatite-based phases such as TCP and
perovskite - CaTiO; were coated on
Ti6Al4V alloy at different duration times
in the electrolyte consisting of CA and (-
Ca-GP by PEO method. The following
results were obtained as below:

1. The PEO coatings produced at all
treatment times contained TiO,, TiP»,
TCP (Ca3(POs),), perovskite CaTiO;
and HAp (Ca;o(PO4)s(OH),) phases.
Especially, the amount and the
intensity of HAp and calcium
apatite-based phases increased with
increasing duration time. HAp and
calcium apatite-based phases were
observed as major phases at the
coating produced at 60 min.

2. The coatings produced by PEO
method have very porous and rough
surface. Especially, this porous
surface beneficially helps to cell
attachment and bone growth in
biomedical applications.

3.According to the EDX mapping
results, Ca and P elements were
uniformly distributed on the PEO
surface and the amount of them
increased with increasing duration
time
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ABSTRACT: The purpose of this study is to investigate formability of Al based closed
cell metallic foams at high temperature. Rectangular section foam specimens were
produced from AIMgl1Si0.6TiH,0.8 alloy preform material under stationary experimental
conditions. By means of a mechanism placed in foaming furnace, free bending test with the
effect of gravity and force bending test were performed to foam specimens. As a result of
force bending test applied in different deformation rates in 600 and 625 °C, specimens
ruptured after angular deformation of nearly 11°. In free bending tests which lasted up to
75 minutes in 635-656 °C temperature intervals, high deformation rates could be achieved.
During this test, the time-angular deformation relationships based on temperature were
determined. Angular deformation of 82° was achieved without macro defect at 656 °C
temperature via free bending method. The importance of a critical temperature and
deformation rate was emphasized in maintaining the deformation.

Keywords: Metallic foam, Closed cell, Al alloy, Hot deformation.

1. INTRODUCTION

Metallic foams are known for their
mechanical and physical characteristics
such as good energy absorption feature,
high compression strength, low specific
gravity and high rigidity. Forming the
foam material was not a preferable
situation until recently due to the errors
encountered frequently in its structure.
The solution of this problem is
formalizing the foam material under high
temperature. Thus, formability limits
increase while shear stress decreases
under temperature [Merklein and Geiger,
2002].
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The purpose of this study is to determine
formability of foam materials produced
from preform material at high
temperatures by forming force bending
test and free bending test with the effect
of gravity.

2. MATERIAL and METHOD

In the experimental study, Al alloy
preform  material (foaming primer
material) whose chemical composition is
AlMg1Si0.6TiH,0.8 and dimensions are
5x20x200mm was used.

Preform material was foamed in foaming
mold in the dimensions of 17x22x200mm

at 730 °C furnace temperature.
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Figure 1: Longitudinal section and cell structure of foam specimen.



Figure 1 illustrates longitudinal section of
the foam specimen produced. Foam
specimens were produced in the density
of approximately 0,7g/cm’ Metallic foam
specimens were firstly subjected to force
bending tests by applying force from
outside of furnace by means of bending
test apparatus mounted to foaming
furnace shown in Figure 2. Force bending
tests were performed to the specimens at
600 and 625 °C from the edge of the
specimen, which was placed on bending
cylinder, by the load arm proceeding in
0.01, 0.1 and 6.8 mm/sec rates. By using
thermocouple, which was in contact with
specimen, specimen temperatures were
kept under control.

Figure 2: Bending test apparatus.

Procedures of free bending test with the
effect of gravity were performed in the
apparatus illustrated in Figure 3. Center
of specimen was placed as overlapping
with center of the bending cylinder
950mm. Thus, bending inner diameters
of the specimens, which were bent,
remained the same. An angular scale
which determines the angular
deformation (bending) was placed in the
back of specimen. In this way, angular
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deformation of specimens according to
time was determined. Furthermore,
deformation process was analyzed by
recording tests in video. Free bending
tests were performed at 635, 640, 645,
650 and 656 °C maximum temperatures
for maximum 75 minutes.

T

Bending angle scale

Figure 3: Free bending test apparatus.

3. EXPERIMENTAL RESULTS AND
DISCUSSION

Deformation rate being high or low
affected the deformation process in force
bending tests performed in 600 and 625
°C. Angular deformation quantity
decreased due to early crack formation
with the increase of deformation rate in
both  temperatures in  Table 1.
Approximately same angular deformation
values were obtained in rates greater than
0.1 mm/sec load arm speed. After this
deformation amount, cracks and then a
rupture occurred in the locations where
maximum moment took place on the top
surfaces of specimens because of the load
applied.

Table 1: Change of angular deformation
based on load arm speed

Load arm speed, V
Temperature| (mm/s)
(°C) 0.01 |0.1 | 6.8
Angular deformation (°)
600 13 11 11
625 16 11 rupture




In free bending test, specimens were
placed in the apparatus in room
temperature and Figure 4 illustrates
angular deformation based on time when
they reached to 620, 635, 640, 645, 650
and 656 °C deformation temperatures.
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Figure 4: Angular deformation change of
free bending specimens based on time.

A 5° angular deformation was observed
in specimen within minute 7 at 635 °C
deformation temperature (Figure 4).
Moment effect occurring in bending point
of specimen decreased with the increase
in angular deformation. 15° angular
deformation was observed within minute
36. Thereafter, only 1° increase was
observed until minute 60. The reason for
this could be associated with the fact that
the force, which specimen applied in the
center of the specimen in horizontal
position in the beginning, could not able
to respond shear stress of the material
with the increasing angular deformation.

Generally angular deformation increases
within 60 min as the deformation
temperature increases. The specimen in
650 °C  deformation temperature
exhibited an increasing tendency in
specimen  temperature  until  the
deformation time in 45 min. In the other
decreasing deformation periods, there
was an increase until the deformation

times less than 20 min and then it became
fixed (Figure 4). The increase of
deformation  temperature  increased
angular deformation in short times.

656 °C

Angular deformation

15 30 .

60 15 & ¢
7 2 Sl
Time (1, ) ? &

Figure 5: Surface curve of angular
deformation change of free bending
specimen in 656 °C based on time and
temperature.

Figure 5 illustrates the effect of
temperature and time on angular
deformation of the specimen on which
free bending was performed in 656 °C. It
shows the increase in deformation based
on time for a fixed temperature. In
addition, it was determined that
deformation rate in unit of time also
increased  with  the increase in
temperature. The increase in temperature
and time provided maximum angular
deformation with 82° angle.

g
0 1 2

Figure 6: The specimen, on which free
bending was performed in 635 °C.



Figure 7: The specimen, on which free
bending was performed in 640 °C.

[y
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Figure 8: The specimen, on which free
bending was performed in 645 °C.

In free bending tests, angular deformation
increased with the increase in the
deformation temperature. (Figure 6,
Figure 7, Figure 8 and Figure 9). The
bending angle is a function of the
forming temperature and the time foam
remains at this forming temperature
[Merklein and Geiger, 2002].

Figure 9 illustrates two-dimensional
image of foam material deformed with
free bending in 650 °C after the form
change. During emergence of form
change; tension has occurred in the upper
side of material while a compression
behavior was observed in its lower part. It
is clearly seen that as long as the
deformation temperatures increased, the
cells got deformed with the effect of
elongation and contraction as a result of
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being exposed to deformation in the
direction of tension and compression
without having any crack and as being
compatible with each other. Angular
deformation up to 69° occurred with free
bending in material at the end of period
of 64 minutes (Figure 9).

Figure 9: The specimen, on which free
bending was performed in 650 °C.

Figure 10 illustrates maximum angular
deformation of 82° in the specimen on
which free bending process was applied
in 75-min waiting time. An increase in
length of the specimen was also observed
at the end of deformation applied at high
temperature. In addition, as well as cell
orientation in the direction of tension
deformation, a decrease in thickness in
deformation area was observed. The cell
deformation effect seen in the specimen
in 650 °C was also observed in this
specimen and cells changed their shapes
as elongation in areas of tensile stress and
contraction in cell dimensions in areas of
compressive stress. Also, especially wall
thickening in the upper side of the
specimen is remarkable. In this zone, it is
possible that cells close to upper side
shrink by elongating and increase the
wall thickness by closing. Form change
which occurred without crack in these
free bending tests performed at high



temperature could be explained with
grain boundary sliding mechanism.
Typical grain boundary sliding behavior
was observed both in metallic foams and
bulk materials [Andrews et al., 1999].

82°

(R
0o 1 2

Figure 10: The specimen, on which free
bending was performed in 656 °C.

4. RESULTS
As a result of the experimental study

conducted, following conclusions are
obtained:
e In force deformation; increasing

deformation rates resulted in early
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crack formation and the rupture of
specimen.

e In free bending experiments; as

deformation temperature and time
increased, angular deformation also
increased.

e It was observed that as deformation

temperature increased, cells were
exposed to plastic deformation without
any cracking as being compatible with
each other.

e With free bending method, an angular
deformation of 82° was achieved at
656 °C temperature and in the areas,
where deformation was intense, the
thickening effect was observed in
exterior walls of foam.

Acknowledgement: Authors thank to
Gazi University providing support as
being the 07/2012-16 coded project.

REFERENCES

Andrews, E. W., Huang, S. And Gibson, L., J.,
1999, “Creep Behavior of a Closed-Cell
Aluminum Foam”, Acta mater. vol. 47, No.
10, pp. 2927-2935, 1999

Merklein, M., Geiger, M.,2002.“New materials
and production technologies for innovative
lightweight constructions”, Journal of
Materials Processing Technology, (125-
126), 532-536.



INFLUENCE OF ZEOLITE LTA MORPHOLOGY ON THEIR BULK
PROPERTIES

v -1 YS! v vewl
Tomaz Fakin *, Alenka Risti¢', Ven&eslav Kaugi¢

1. National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia
a.Corresponding author (tomaz.fakin@ki.si)

ABSTRACT: Among the most important parameters of powdered zeolitic materials are
also bulk and tapped densities. These properties of powders can be controlled by changing
the morphology of the zeolite crystals. Crystal sizes, particle size distribution and the shape
of the crystals play an important role as well as they control the density of materials,
flowability, permeability, etc. In the present study we investigated the influence of
synthesis parameters such as the molar ratio of reactants, the preparation of the reactants,
the crystallization time and temperature, the addition of crystallization seeds, the mixing of
reaction gel, the gel aging and heating rate of reaction gel on the morphology of the as-
synthesized zeolite LTA and consequently on their bulk and tapped densities.

1. INTRODUCTION

Zeolites are  crystalline, hydrated
aluminosilicates with a three-dimensional
structure which contains many voids and
channels. [Cejka et al., 2005]. Zeolites
can be used in the detergent industry as
water softeners and in separation
processes, as molecular sieves for gas
cleaning. Due to the reversible adsorption
and desorption of water in the pores of
zeolites, they are used as desiccants.
Rapidly developing field of applications
of zeolites is their use as catalysts in the
processes of heterogeneous catalysis in
the petrochemical industry. Especially
interesting are recent and evolving uses
of zeolites for heat storage purposes and
for the removal of heavy metals from
contaminated soils and waste water.

Bulk and tapped densities are a properties
of powders, granules, and other solids are
defined as the mass of many particles of
the  material divided by their
total occupied volume. The total volume
includes particle volume, inter-particle
void volume, and internal pore volume.
Bulk density is not an intrinsic property
of a material; it can change depending on
how the material is handled. For example,
a powder poured in to a cylinder will
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have a particular bulk density; if the
cylinder is disturbed, the powder particles
will move and usually settle closer
together, resulting in a higher bulk
density. For this reason, the bulk density
of powders is usually reported both as
bulk density (or poured density) and
tapped density, where the tapped density
refers to the bulk density of the powder
after a specified compaction process,
usually involving vibration of the
container. [Buckman et al., 1960]. Many
of today's modern zeolites applications in
adsorption processes, gas purification
technology, catalysis, etc. require the use
of compacted shapes of zeolites, in forms
of spheres or extrudates.

Some properties of compacted zeolites
such as: bulk density of compacted
forms, intragranular porosity, diffusion
limitations inside the granules and
extrudates are directly related to the bulk
and tapped densities of zeolite powder
from which they are made. Changing the
bulk and tapped densities of powdered
zeolites can be done in two ways. The
first process requires the use of usually
organic compounds which reduce the



attractive forces between the individual
crystals, but does not affect the other
physico-chemical properties of the zeolite
such as adsorption capacity, ion exchange
capacity, etc... The second process for
variation of bulk and tapped densities of
zeolites requires changes in the shape and
size of the crystals, so that they can be
more or less effective in the moving side
by side and thus in creating more or less
dense distribution of the particles.

2. EXPERIMENTAL

In the first part of the study, we used the
conventional zeolite type 4A,
manufactured by Silkem Ltd. Powdered
zeolite was again remixed with water so
that the obtained slurry has the desired
density. Various amounts of an anionic
surfactant (ethoxylated alcohol) were
added to the prepared slurry. Slurry was
then stirred for 1 h and then dried in a
pilot spin-flash type dryer at the output
air temperature of 110°C - 115°C.
Samples were collected with a bag filter,
and cooled to room temperature before
analysing.

In the second part of the study, zeolite
type 4A were synthesized in the pilot
1300 L reactor. 4A zeolite was prepared
from sodium water glass as a source of
silicon and sodium aluminate as the
source of aluminum. By varying the
synthesis parameters, influence of the
individual parameters were studied such
as the size of the zeolite particles and
their shape on the bulk and tapped
densities of the prepared zeolite powder.
Synthesized slurry was then filtered and
washed with water on the pilot filter-
press to the desired pH value and density
of the zeolitic slurry. So prepared slurry
was then dried in a pilot spin-flash type
dryer at the output air temperature of
110°C - 115°C. Samples were again
collected with a bag filter, and cooled to
room temperature before analysing. Bulk
densities were measured using cylinder

74

and device for free flowing filing of the
cylinder. Tapped densities were measured
on the same sample with tapping
machine.

3. RESULTS

Addition of an anionic surfactant in the
zeolite slurry was carried out on the same
sample of the powdered zeolite. Addition
of an anionic surfactant was increased
from 0.1% to 1% by weight of the dry
zeolite. The results of measured bulk and
tapped densities are shown on the figure
below.
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Amount of added tenside to dry zeolite in %
Figure 1: Influence of anionic tenside
addition on bulk and tapped densities of
powdered zeolite 4A.

The average size (d50) of zeolite crystals
was changed by varying the synthesis
parameters such as zeolite gel aging time,
the gel temperature and the heating rate
of the zeolite gel to the crystallization
temperature. The crystal size impact on
the bulk and tapped densities as shown in
Figure 2 and Figure 3 were determined.

500
400
2
300 -
200

100

0
3,35

Bulk density g/L

3,85
d50/ pm

Figure 2: Influence of zeolites mean
particle sizes on bulk density of
powdered zeolite 4A.
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Figure 3: Influence of zeolites mean

particle sizes on tapped density of
powdered zeolite 4A.
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Figure 4: Relationship between bulk and
tapped densities of powdered zeolite 4A.

We were interested in the impact of
zeolite crystals shape on bulk and tapped
densities of zeolite 4A. From the
literature it is known that the Si0,/Al,03
ratio can affect the shape of zeolite
crystals in terms of higher or lower
crystals sphericity. (Suboti¢ et al, 2009).
Results and comparison of bulk and
tapped densities are shown on Figure 5
and the zeolite crystals SEM images on
Figure 6.
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Figure 5: Influence of SiO,/Al,O3 ratio
on zeolite crystals and consequently on
the shape of powdered zeolite 4A for
bulk and tapped densities.
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Figure 6: SEM images of zeolite crystals
with different Si0,/Al>O; ratio.
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4. DISCUSSION

Within research, the influence of anionic
surfactant addition on the bulk and tapped
densities of dryed zeolite 4A was
examined. It should be noted that the
addition of anionic surfactant has
completely opposite effect in the case of
dry zeolite and zeolite slurry. The
molecules of the anionic surfactant are
distributed on the surface of the zeolite
crystals, which can cause certain
repulsive forces between them and
consequently between zeolite crystals. In
the aqueous medium, this result in a
stable zeolitic suspension where no
settling of zeolitic particle is observed, is
completely different in the case of zeolite
slurry without added anionic surfactant.
In dried form, the anionic surfactant
effects in the way, that they reduce the
resistance between the zeolite particles,
thereby enabling a better sliding of
particles, thus increasing bulk and the
taped density of zeolite powder. Any
negative impact of anionic surfactant
addition to the 4A zeolite to other
physico-chemical properties of zeolite
4A, such as calcium exchange capacity,
water adsorption capacity etc. was
detected.

Especially interesting are the results from
the second part of our research, where we
investigate the effect of the particle size
of the synthesized zeolites on bulk and
tapped densities. The particle size was
varied by varying the zeolite gel heating



rate and the final temperature of
crystallization. Particular attention was
paid to the prevention of sodalite
formation, which occurs at elevated
temperatures of crystallization and may
interfere with determination of bulk and
tapped densities. In Figure 2 it can be
observed the bulk density of zeolite
powders as a function of their mean
particle sizes. Bulk density of zeolite 4A
increases proportionally with the average
particle size. Figure 3 shows the tapped
density dependence of the mean particle
sizes. We found out proportionality
between tapped density and the zeolites
mean particle sizes. If the comparison
between bulk and tapped density is done
for each sample we get a graph shown in
Figure 4. It shows the direct link between
the bulk and tapped density of zeolite 4A
for different mean particle sizes samples.

Figure 5 shows the impact of different
Si0,/Al,0s5 ratios in the bulk and tapped
densities of synthesized zeolites. The
synthesis parameters are in both cases
exactly the same, but the bulk density and
tapped density are quite different. The
reason may be found in a different mean
particle size, since the mean particles of
as-synthesized zeolite 4A with a higher
Si0,/Al,O3 ratio are larger than those
with a lower ratio of SiO,/ALOs;. In
addition to the larger mean particle size
effect, higher tapped density may be
attributed also to slightly more spherical
crystals of zeolite 4A as shown in Figure
6.

5. CONCLUSIONS

In the present study, the factors that affect
the bulk and tapped densities of the
powdered zeolite type 4A  were
investigated. In the first part of the study,
zeolite bulk and tapped densities changes
using anionic tenside were investigated.
A considerable increase of bulk and
tapped densites at 1% addition of anionic
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tenside to the zeolite 4A without having a
negative impact on the physical and
chemical properties of zeolite powder
was found. Effect of the mean particle
size of zeolite 4A on the bulk and tapped
densities was studied and almost linear
mean particle size dependence on the
bulk and tapped density of zeolite 4A
powder was found. In the last part of the
research the SiO,/Al,O; ratio was
changed and found a significant reduction
in bulk and tapped densities for zeolite
4A with lower Si0,/Al,035 ratio.
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ABSTRACT: In this paper, the effect of sintering temperature on transverse rupture
strength (TRS) of diamond cutting segments with boron carbide produced using hot
pressing process was investigated. The boron carbide addition quantity was changed as 2, 5
and 10 wt %. The hot pressing process was carried out under a pressure of 35 MPa, at 600,
650 and 700 °C, and for a sintering time of 3 minutes. The TRS of segments were
determined using three-point bending test. A Scanning Electron Microscopy was used to
analyze the fractured surfaces of the segments. With increasing of the sintering
temperature, the TRS values of segments increased.

Keywords: Sintering temperature, diamond cutting segments, boron carbide, hot pressing

1. INTRODUCTION

Diamond cutting tools are commonly
used for cutting, drilling, grinding, and
polishing natural stone [Konstanty,
2005]. In general, these tools include
circular saws, cores, diamond wires, and
drills [Xu, 2009]. Diamond cutting tools
are comprised of a metallic matrix and
cutting grain. In general, Fe, Co, Ni, Cu,
CuSn, and their alloys are used as the
metallic matrix, and synthetic diamond is
used as the cutting grain. The hot
pressing method enables the synthetic
diamond to bond with the metallic matrix
[Zeren and Karagdz, 2006; Tilmann,
2000]. The two basic functions of the
metallic matrix are to hold the diamond
tight and to wear at a rate compatible
with the diamond loss. The wear
resistance of the matrix has to correspond
with the abrasiveness of the work piece
material, so that neither the diamond grits
protrude insufficiently nor they are lost
prematurely [Konstanty, 2005; Xipeng et
al., 2007]. Carbides were added to the
matrix in order to increase the wear
resistance of the metallic matrix. The
number of subject-related studies in

77

literature is limited. Meszaros and
Vadasdi [Meszaros and Vadasdi, 1996]
produced Co-2% WC matrix diamond
cutting tools. The study reported that WC
controlled the weight loss of the matrix
with abrasion and ultimately increased
the wear resistance. Oliveira et al.
[Oliveira et al., 2007] used Fe-Cu-SiC
powders as a matrix for diamond cutting
tools. There was a 14% rate of increase at
the hardness level that has a controlling
effect on the rate of wear with the
addition of SiC. In this investigation, the
effect of boron carbide content, known to
be the hardest material with the best
mechanical properties after diamond and
cubic boron nitride [Pierson, 1996; Jiang
et al., 2009; Ma et al., 2010], and the
sintering temperature on the bending
strength of diamond cutting segments
were studied.

2. EXPERIMENTAL STUDIES

Pure The raw materials used in
experiments were bronze powder (Cu-15
wt.% Sn, purity 99.9%, grain size 45-50
um), boron carbide powder (purity
99.5%, grain size 20 um), and synthetic
diamond grain (grain size 40/50 US



mesh). B4C grains were added to the
bronze at the amount of 2, 5 and 10 wt.%
percents. The amount of diamond was
selected as concentrations of 30 (1.32
carat/cm’).  Bronze, boron carbide
powders and diamond grain were mixed
together in mixer. Then, the mixture was
hot-pressed in graphite moulds for 3 min
at 600, 650 and 700 °C with an applied
pressure of 35 MPa on an automatic hot
pressing machine. The relative densities
of segments were measured by
Archimedes’ principle. Hardness
measurements were performed using a
Brinell scale with a ball diameter of 2.5
mm and a load of 62.5 kg. The three-
point bending tests were performed using
an Instron 4411 universal testing machine
to determine the transverse rupture
strength (TRS) of the segments. A
scanning electron microscope (SEM)
fitted with an energy dispersion X-ray
spectroscopy (EDS), an X-ray
diffractometer were used to investigate
microstructure of segments.

3. RESULTS AND DISCUSSION

3.1. Microstructure

The segments containing B4C were
successfully produced using the hot
pressing method together with a sintering
time of three minutes at 600, 650, and
700 °C, under a pressure of 35 MPa. Fig.
1 illustrates the XRD pattern of the
segments manufactured in the present
study. As illustrated, o-Cu, E-bronze
(CusSn) and B4C phases formed in the
microstructure of the segment matrix.

Fig. 2 illustratess the SEM images of the
microstructure of segments without boron
carbide. As illustrated, the amount of
pores in the segments sintered at 600 °C
was more in comparison to that of 700
°C. The amount of pores decreased at a
high sintering temperature, which lead to
high  speed  solid-state  diffusion
[Rahimian et al., 2009].
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Figure 1: XRD pattern of the segments:
(a) bronze and (b) 5 wt.% B4C

g. kﬂ ? ae n (no 4C
added) segment, (a2)600 °C and (b)700 °C

Fig. 3 illustrates the SEM images of the
segments produced by adding 2%, 5%,
and 10% B4C in weight to bronze
powder. The B4C grains were relatively
homogeneously distributed throughout
the microstructure, and surrounded by
bronze. In micrographs, light grey areas
indicate bronze matrix, and the dark grey
and cornered shapes indicate the
reinforcement component B4C. As
illustrated in Fig. 3, as the sintering
temperature and B4C addition increases,
B4C grains spread towards the bronze
grain boundaries, like a homogenous
network. The XRD patterns illustrate that
there was no chemical reaction between
bronze and B4C. Pores formed at the
grain borders in the microstructure of
bronze-B4C segments. The level of
porosity increased together with the
increased rate of boron carbide because
boron carbide had an adverse effect on



sinterability. Table 1 illustrates the EDS
analysis of regions identified in the SEM
images illustrated in Fig. 3. The region 1,
2, and 3 illustrate B4C, CuSn and Cu;Sn
phases, respectively.
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Fig. 3: SEM images of the segments: (a)
2 % B4C - 600 °C, (b) 5 % B4C - 600 °C,
(c) 10 % B4C - 600 °C, (d) 2 % B4C - 700
°C, (e) 5 % B4C - 700 °C and (f) 10 %
B4C - 700 °C

Table 1: EDS analysis of microstructures
in Fig. 3

Chemical Composition (wt.%)

Regions

B C Cu Sn
1 79.18 19.80 0.00 1.02
0.00 0.00 85.89 14.11
3 0.00 0.00 62.28 37.72

3.2. Density and Hardness

Table 2 illustrates the effect of sintering
temperatures and boron carbide on
densities of segments. The sintered and
theoretical densities of segments were
used to determine their relative density.

When boron carbide was introduced to
the CuSn, it decreased the sintered
density. This was due to the fact that the
density of boron carbide was lower than
that of bronze. The density of B4C was
2.52 g/em’, while the density of bronze
was 8.68 g/em’. Relative density also
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decreased as the amount of added boron
carbide increased. This was due to the
fact that the increased rate of added boron
carbide had an adverse effect on
sinterability. Another reason was the fact
that there was a great difference in the
melting points of the bronze and the
boron carbide, and boron carbide may
have an inhibiting effect in the
rearrangement of the grains during
sintering [Rahimian et al., 2009]. At
higher sintering temperatures, a denser
structure was formed due to higher
diffusion rates. The difference between
theoretical and  sintered  densities
decreased with the increase in sintering
temperature (Table 2).

Table 2: The effect of sintering
temperature and B4C content on the
densities of the segment

Sintered density ~ Relative density
No((g/cm’) (%)
*) Sintering temperature (°C)

600 650 700 600 650 700
0 8.59 8.60 861 98.96 99.0799.19
1 7.58 7.73 796  88.55 90.3093.02
2 720 734 755 86.02 87.6990.16
3 6.50 6.68 6.93 80.55 82.7885.77

*(0) CuSn, (1) 2 % BuC, (2) 5 % B.C,
(3) 10 % B,C

As temperature increased, the two
adjacent grains formed a good bond by
diffusion in a solid-state bonding process,
the relative and sintered densities of the
segments increased [Lima et al., 2003].
The highest densification for boron
carbide added segments was obtained for
the CuSn-2 % B4C segment and at 700
°C sintering temperature, with a relative
density of approximately 93.02 %.

Fig. 4 illustrates hardness as a function of
the sintering temperature and the B4C
content in the segments. Hardness of the
segments increased with increasing B4C
content. The increase in the hardness of
segments by adding B4C can be attributed
to the dispersion strengthening effect



[Min et al., 2007]. The matrix hardness
increased with the increase in sintering
temperature. This was due to the same
reason of the good bonding between the
grains of the composites at a high
sintering temperature [Lima et al., 2003].
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Figure 4: The hardness of segments.

3.3. Transverse Rupture Strength
(TRS)
The TRS for each segment was

determined using a three-point bending
test. The three-point bending test was
repeated five times for every segment.
Fig. 5 illustrates the effect of sintering
temperature and boron carbide content on
the TRS. The TRS of the segments
decreased together with the increase in
the amount of boron carbide. This
situation can be explained as the increase
of boron carbide grains lead to the
increase of the total area of the weakly
bonded interface, which results in the
decrease of the TRS [Jin et al., 2009]. In
addition, the difference in thermal
expansion coefficient between B4C and
CuSn contributes to the interfacial stress.
This stress may cause the TRS to
decrease  [Samuel et al, 1995].
Furthermore, the level of porosity affects
the TRS [Dwan, 2007]. With increasing
of the sintering temperature, the TRS
values of segments increased. This was
due to good bonding between the bronze
and B4C/diamond grains in case of high
temperature.

Fig. 6 illustratess the SEM images of the
fracture surface of segments having
bronze matrix sintered at different
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temperatures. It is obvious that the
bonding between the bronze and diamond
was weak for the segment sintered at 600
°C. The gaps between the diamond and
matrix illustrate that the interface
bonding was weak (Fig. 6a). The failure
behavior of the matrix was the ductile
fracture. The bonding between the bronze
and diamond for segments sintered at 700
°C was stronger than segments sintered at
600 °C (Fig. 6b). A denser segment was
achieved with increasing sintering
temperature. The diamond holes and
pores were observed on the fracture
surface. This situation proves that the
sintering temperature was lower than the
desired level.

—

—O—2wt% B,C
—A—5 wt.% B,C
—7— 10 wt.% B.C
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w
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o
%
g
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Sintering temperature (°C)

Figure 5: TRS of segments with B4C.

Fi. 6: e fracture surfaces of
segments with bronze matrix: (a) at 600
°C and (b) at 700 °C

Fig. 7 illustrates the SEM images taken
from the fracture surfaces of the segments
containing 5wt.% B4C. There was weak
bonding between matrix and diamond.
B4C grains adversely affected the
bonding of diamond-matrix by getting
bronze and diamond. This situation
proved the presence of B4C grains in the
diamond holes. The weak bonding was
due to insufficient sintering conditions.
The quality of bonding between diamond



and matrix can be improved by changing
sintering conditions.

Flg 7: The SEqimags of the fracture
surfaces of the segments having bronze-5

wt.% B4C matrix: (a) sintered at 600 °C
and (b) sintered at 700 °C

4. CONCLUSIONS

Microstructure observation demonstrates
a relative homogenous distribution in
bronze of B4C particulates. The increase
in B4C content increased the amount of
pores. The amount of pores decreased at

high sintering temperature. Relative
density of segments decreased as B4C
content  increased. The  highest

densification for bronze/B4sC segments
was obtained in the bronze — 2 wt. % B4C
segment sintered at 700 °C, with a
relative density of approximately 93.01%.
Hardness of segments was increased as
the sintering temperature and amount of
B4C grains increased. The highest
hardness value was 118 HB, obtained by
adding 10 wt. % B4C. The TRS of the
segments decreased together with the
increase in the amount of B4C, while it

increased with increasing sintering
temperature.
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ABSTRACT: The TiC particle reinforced Cu matrix composite materials were
successfully produced using hot pressing method. The TiC quantity was changed as 1
wt.%, 3 wt.%, 5 wt.%, 10 wt.% and 15 wt.%. Cu and Cu-TiC powder mixtures were hot-
pressed for 4 min at 700 °C under an applied pressure of 50 MPa. Phase composition,
microstructure, relative density, hardness, and electrical conductivity of the hot pressed
composites were investigated. Phase composition and microstructure of the composites
were characterized by X-ray diffraction, scanning electron microscope, and optic
microscope techniques. Microstructure studies revealed that TiC particles were distributed
uniformly in the Cu matrix. With the increasing addition of TiC, hardness of composites
changed between 58.6 HV(; and 87.8 HV, ;. The highest electrical conductivity for Cu-
TiC composites was obtained in the Cu-1 wt.% TiC composite, with approximately 81.2 %
IACS.

Keywords: Hot pressing, Cu-TiC, microstructure, electrical conductivity

1. INTRODUCTION strengths at temperatures above 500 °C
Copper is commonly used as electrical with grain coarsening of precipitated hard
contact material today due to its high

electrical and thermal conductivity, phases due to structural instability
corrosion resistance, low cost and easy [Correia et al., 1997]. On the other hand,
production [ASM Handbook, 1990 and in the second method, Cu matrix
Deshpande and Lin, 2006]. However, low composite materials are produced by
hardness, strength and low wear adding carbide, oxide, and boride into
resistance restrict usage area of pure copper. Characteristics of the copper
copper. Mechanical characteristics and could be improved by producing particle
wear resistance of the copper are reinforced Cu matrix composite materials
generally enhanced with two ways; age [Alpas et al., 1993].

hardening mechanism or addition of hard

secondary phases [Tjong and Lau, 2000 Ceramic  reinforced metal matrix
and Dong et al, 2001]. During age composite materials are used for
hardening, addition of small quantities of structural applications in wear industry
chromium and zirconium into copper due to super toughness and wear
causes precipitation of secondary hard resistance. Especially alumina and silicon
phases, which could not be dissolved in carbide based composite materials do not
the copper at low temperatures. Alloys lose their hardness and wear resistances
hardened by this ageing process lose their during high temperature applications

[Chang and Lin, 1996; Upadhyaya and
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Upadhyaya, 1995; Ritasalo et al., 2011].
Cu matrix composite materials are
alternative ~ materials ~ when  high
electrical/thermal conductivity and good
wear resistance are required. Considering
carbide reinforced copper composite
materials; studies conducted with SiC in
the literature are remarkable. Efe et al.
fabricated Cu-SiC composites via cold
pressing technique by making addition of
SiC at various ratios into copper and
subsequently sintering the mixture at
different temperatures. It was determined
that as a result of increasing SiC addition,
a great quantity of porosity appeared in
composites produced via cold pressing
and consequently values of electrical
conductivity decreased [Celebi Efe et al.,,
2011]. Zhan and Zhang coated SiC
particles with nickel using electroplating
method in order to obtain a stronger
bonding on Cu and SiC interface in Cu-
SiC composites. While relative densities
of coated composites were higher
compared to uncoated composites, the
electrical conductivity remained almost
the same. However, mechanical features
of coated composites came out good due
to strong interface bonding [Zhan and
Zhang, 2003]. In this study, TiC between
0-15 wt.% was added into -copper.
Microstructure and electrical features of
composites produced using hot pressing
technique were investigated.

2. EXPERIMENTAL STUDIES

Pure copper powder (in averagely 20 pm
grain size) and titanium carbide powder
(in averagely 10 um grain size) were used
in the experiments. TiC was added at 1,
3, 5, 10, and 15 wt.% rates into Cu
matrix. Figure 1 illustrates SEM images
of copper and titanium carbide powders.
While copper powder had a dendritic
structure, titanium carbide powder had a
sharp-edged structure.

Copper and titanium carbide powders
were mixed using powder mixing
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machine at 20 rpm/min for 30 minutes in
such a way that the mixture would
become homogenous. The powder
mixture was put into graphite moulds and
pressed using an automatic hot pressing
machine for 4 minutes at 700 °C sintering
temperature under pressure of 50 MPa.
Relative densities of samples were
measured according to Archimedes'
principle. Micro-hardness measurements
of pure copper and Cu-TiC composites
were performed using a Vickers hardness
instrument under a load of 100 gf. The
electrical conductivity of Cu and Cu-TiC
composites was evaluated with eddy
current instruments in accordance with
ASTM standard E1004-02 [ASTM
E1004-02]. The electrical conductivity
measured by this equipment is usually
expressed as a percentage of the
conductivity  of  the  International
Annealed Copper Standard (% IACS).
Minimum five readings were taken for
each sample. The average electrical
conductivity value of % IACS was
converted into SI unit (S/m) by multiply
by 0.58 x 10°, as the 100% IACS equals
to 0.58 x 10° S/m. For metallographic

study, the samples were prepared
according to standard metallographic
procedure. An optical microscopy,

scanning electron microscope, and X-ray
diffractometer were used to investigate
microstructure and phase composition of
composites.

Figure 1: SEM micrographs of (a) Cu and
(b) TiC powders.



3. RESULTS AND DISCUSSION

3.1. Microstructure

Figure 2 illustrates optical images of Cu
and Cu-TiC composites produced via hot
pressing. When the microstructure is
examined, three different structures draw
the attention. Gray and sharp-edged
grains represent TiC, dark gray areas
represent porosities, and finally yellowish
areas represent Cu matrix. TiC particles
distributed uniformly in the Cu matrix.
Lee et al stated that if reinforced particles
do not distribute homogeneously, this
situation would affect mechanical and
electrical features of the composite
negatively [Lee et al., 2001]. TiC
particles were positioned as embedded
since they were within grain borders of
ductile Cu matrix. SEM images
demonstrate that quantity of TiC in the
microstructure increased depending on
addition quantity of TiC.

&4

Figure 2: Optic micrographs of Cu-TiC
composites: (a) un-reinforced, (b) 1 wt%
TiC, (c) 3 wt% TiC, (d) 5 wt% TiC, (e)
10 wt% TiC and (f) 15 wt% TiC

The XRD analysis was performed for
each composite in order to determine
whether a phase formed to provide
bonding in the interface of copper
(matrix) and titanium carbide
(reinforcement) particles or not. Figure 5
illustrates XRD  graphics of the
composites. It is seen from graphics that
Cu and TiC phases formed. Any phase
did not form between Cu and TiC. This
situation demonstrated that there was no
chemical reaction between Cu and TiC. It
is evidently seen from graphics that there
was an increase in peaks of TiC phase
based on increasing titanium carbide
rates. Furthermore, XRD  graphics
obviously show that no oxide phase
formed in Cu-TiC composites.
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Figure 3: XRD diffraction patterns of Cu-
TiC



3.2. Density and Hardness

Figure 4 illustrates effect of TiC addition
on relative density and hardness of Cu-
TiC composites produced via hot
pressing. Relative densities of the
composites were determined according to
Archimedes' principle. With increasing
TiC addition, relative densities decreased.
In consideration of addition of TiC up to
15 wt.%, relative densities decreased
from 98.6 % to 78.8 %. This decrease in
the relative densities could be associated
with the fact that increasing rate of TiC
affected the  sintering  adversely
[Rahimian et al., 2009]. Another reason is
that huge difference between melting
points of matrix and reinforcing member,
namely Cu and TiC was an inhibiting
factor in the rearrangement of particles
during sintering. Moreover, the fact that
density of TiC is lower than density of
copper is another reason for the decrease
in the relative densities.

Hardness of Cu-TiC  composites
produced with addition of TiC
significantly increased. While hardness of
pure copper produced via hot pressing
method was 47.5 HVy,;, hardness of
composites with addition of TiC ranged
from 58.6 HV,; to 87.8 HVy,;. This
hardness increase was caused by
dispersion strengthening effect of boron
carbide. Additionally, the increase in
addition of TiC caused an increase in
dislocation density in the Cu matrix and
consequently it is thought that hardness
of composites increased.

&5

8
8

E'J—D\D\ ‘
% TN @
I
/\

80 80 ~
=z /:’_A'/ 1 S
Eo 70 / 70 éﬁ
z / S
o 60 6 =
3 /
bl N
Z 50 z(/ 50

—— Hadness |} *

40 —{— Relative density }}- 40

30 30

0 5 10 15
wt. % TiC

Figure 4: Hardness and relative density of
Cu-TiC composites

3.3. Electrical Conductivity

Figure 5 illustrates results of electrical
conductivity test of Cu-TiC composites,
produced via hot pressing method, based
on content of titanium carbide. With the
increase in addition rates of titanium
carbide, the electrical conductivity of
composites  decreased.  While  the
electrical conductivity of Cu with no
addition was measured as 88.7 % IACS,
the electrical conductivity of composites
with 1, 3, 5, 10 and 15 % TiC addition
was measured as 81.3 % IACS, 74.3 %
IACS, 72.2 % IACS, 64.9 % IACS and
58.2 % IACS, respectively. Porosity and
oxidation could be asserted as the reason
for low electrical conductivity of pure
copper [Randal, 2005]. Interaction
between free electrons and nucleus is
weak in the metals. Therefore, electrons
easily move and accordingly electrical
conductivity of metals is good. However,
electrons are firmly bonding to the
nucleus in the carbides and electrons do
not move. For this reason, electrical
conductivity of carbides is weak [Pierson,
1996]. Since rate of Cu matrix in TiC
addition in the Cu-TiC composite
material decreased, it is an expected
result that electrical conductivities of the
composites  would decrease  with
increasing addition of TiC. Reinforced
TiC particles in the composite exhibited



an effect inhibiting the movement of Cu
electrons.
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Figure 5: Electrical conductivity of Cu-
TiC composites

4. CONCLUSIONS

Cu-TiC composites were successfully
produced using a hot pressing method
together with 4-minute sintering at 700
°C, under pressure of 50 MPa.
Microstructure studies revealed that TiC
particles were distributed uniformly in
the Cu matrix. The presence of Cu and
TiC was confirmed by X-ray diffraction
analysis. XRD analysis showed that there
was no formation of copper oxide which
affected  electrical  properties  of
composites  negatively.  With  the
increasing addition of TiC, the hardness
of composites increased while relative
density decreased. High TiC contents
decrease the electrical conductivity of
Cu-TiC composites as expected. The
highest electrical conductivity for Cu-TiC
composites was obtained in the Cu-1
wt.% TiC composite, with approximately
81.2 % IACS.
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ABSTRACT: Porous carbon materials, especially those containing micropores or
mesopores, are extensively being used in important applications such as adsorption and
energy storage. Among porous carbons, activated carbon has come into prominence with
its unique surface properties for decades. Basically, activated carbon can be produced by
carbonization and activation processes which involve the steps of decomposition, evolution
of tarry and gaseous products, and finally formation of a solid porous matrix. In recent
years, microwave induced production of activated carbon studies draw attention because of
the good adsorptive properties of resultant carbon since microwave induced heating
processes are different from the conventional ones in the way the heat is generated. There
are many studies conducted with different activating agents using microwave activation
such as phosphoric acid, potassium hydroxide and potassium carbonate. The objective of
this study is to produce of chemically activated carbon from an agricultural waste using
boric acid. The novelty of this work arises from using the combination of a new technique
as microwave activation and a new activation agent as boric acid to produce activated
carbon.

1. INTRODUCTION irradiation. Thereby, activated carbon
Activated carbon is considered as the prepared with microwave heating has
most commonly used and most effective been introduced as a substitute to
adsorbent due to its high specific surface conventional heating and has unique pore
area. In recent years activated carbon structure. In addition, both reduction of
production via microwave heating has the processing time and selective heating
paid attention because the advantages of raw material and activating agent
related to decrease production costs. would lead to a reduction in energy
consumption for the activation process
Microwave induced heating processes are [Kubota et al, 2009; Zaini and
different from the conventional ones in Kamaruddin, 2013].
the way the heat is generated. In the
microwave  heating  device, the In the activated carbon production
microwaves supply energy directly to the numerous studies have also been devoted
carbon bed. Energy transfer is not by to investigate the effects of several
conduction or convection as in activating agents on pore development.
conventional heating, but energy is Whereas, a few of chemical agents such
readily transformed into heat inside the as phosphoric acid, =zinc chloride,
particles by dipole rotation and ionic potassium hydroxide has been widely
conduction in the case microwave heating accepted from the feasibility point of
[Yagmur et al., 2008]. As a consequence, view of the production process.
bulk temperature of the material rises In the presented study, boric acid
rapidly and uniformly by microwave activation together with microwave
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radiation is performed to investigate
activating effect of this agent. Because it
is well known that boric acid inhibits the
release of combustible gases from
burning cellulosic materials and is used
as flame retardant due to this feature.
The primary flame retardant mechanism
of boric acid consists of the formation of
an impenetrable coating on the solid
surface, which traps the volatile pyrolysis
products, hinders oxygen diffusion and
prevents the propagation of exothermic
combustion reactions. Also boric acid is
known to increase the amount of char
formed upon acid catalyzed dehydration
reactions during carbonization [Blasi et
al., 2007].

Because of the reasons stated, the
objective of this study is to produce of
chemically activated carbon from an
agricultural waste using boric acid using
microwave radiation and is to investigate
the effects of different parameters.
Besides, the preparation conditions of
activated carbon were optimized for the
methylene blue adsorption using response
surface methodology (RSM). There are

several researches carried out for
optimization of influential factors on
activated  carbon  production  via

conventional methods. Whereas there is
not enough published work using RSM
along with microwave radiation for
activated carbon production [Hesas et al.,
2013].  Considering the lack of
optimization of factors affecting
microwave assisted activated carbon
production, RSM applied and methylene
blue uptake and BET surface areas of the
produced activated carbons  were
evaluated as responses.

&9

2. EXPERIMENTAL

2.1. Preparation of Activated Carbon
The walnut shells were selected as
precursors to be experimented, crushed
and sieved in order to get a standardized
particle dimension prior to carbonization
and activation steps (Figure 1).

Ground and sieved walnut shells were
treated with boric acid with in different
impregnation ratios. The impregnation
ratio was calculated as the ratio of the
weight of boric acid to the weight of the
precursor and varied between 0.25 and
1.25 (wt. / wt.) After mixing of the shells
with boric acid and deionized water,
microwave treatment were done for 2 to
10 min in order to investigate effects of
microwave time and impregnation ratio.

After microwave treatment, carbonization
and activation of shells were performed
in a fixed bed stainless steel reactor and
heated in a furnace to 500 °C under
N, flow of 100 cm’/min for 1 h. After
cooling the resulting activated carbons
were then washed by hot distilled water
and dried overnight at 105 °C.

The dried products were then kept in
tightly closed bottles for subsequent
characterization and adsorption
experiments.

Soap film meter

Thenmocouple

Ice cooled traps
Power supply I

Tume and temperanue
conmoller

Fixed-hed
eactor

Figure 1: Experimental set-up for
carbonization and activation experiments

to the atmosphere



2.2. Characterization Methods

For observing the thermal behavior of
raw walnut shells, thermogravimetric
analysis of were performed by a TGA
(Seteram Labsys Evo) which performed
under N, atmosphere with a heating rate
of 10 °C/min up to 1000 °C.

N, adsorption isotherms of produces were
measured using a surface area analyzer
(Quantachrome-Autosorb) at 77 K.
Samples were outgassed at 200 °C for
approximately 6h to remove any
moisture or volatiles within the existing
pores of the material. The specific surface
area of the samples were then determined
from the adsorption isotherm using the
multipoint BET (Brunauer, Emmett, and
Teller) theory.

2.3. Batch Adsorption Studies

In order to evaluate adsorptive properties
of produced carbon, methylene blue
(MB) was chosen as a model adsorbate to
study in batch adsorption.

MB (Figure 2) is an organic dye which
has a heterocyclic aromatic chemical
structure with a formula of C;¢H;sN3; and
a molecular weight of 319.85 g/mol.
Stock solution of MB were prepared by
mixing lg of the solid with 1 liter of
double-distilled water. The stock solution
was diluted as required to obtain standard
solutions.

N
S =
HaC__ = - | P _CHy| C©I"
N s N
| ' |
CHs CHs

Figure 2: Chemical structure of

methylene blue

Adsorption experiments on prepared
carbon were conducted using known
masses of each sample (0.3 g) mixed with
200 ml of 200 mg/l MB solution. After
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the adsorption process, all the samples
were  filtered and the  residual
concentrations of methylene blue in the
filtrate were found by detecting the
absorbance by a double-beam UV—visible
spectrophotometer.

The adsorbed MB per unit mass of AC,
q: (mg/g), and % removal of MB were
calculated according to:

_(C-C)
W (1
Adsorption(%) = M (2)

C

l

Response surface methodology (RSM) is
then used as an empirical statistical
modeling technique to evaluate the
effects of microwave time and
impregnation ratio on the quantitative
data obtained from the methylene blue
adsorption experiments.

3. RESULTS AND DISCUSSION

Boric acid impregnated shells were
primarily evaluated in terms of methylene
blue uptake or in other words the
adsorbed MB per unit mass of carbon.

Accordingly, best result was obtained
using carbon produced with an
impregnation ratio of 1.25 (wt./wt.) and
microwave time of 6 min. Maximum %
removal and q. values were obtained as
47.1 % and 62.8 mg/g, respectively. And
hence, effect of activation temperature
was investigated using 1.25 (wt./wt.)
impregnation ratio and 6 min microwave
time as constants. It is concluded that
increasing activation temperature tend to
increase methylene blue adsorption
amount and at 700 °C methylene blue
adsorption efficiency had reached a
maximum value.

Characterization of products revealed the
pore formation due to boric acid



activation. According to SEM analysis
(Figures 3a-b), products have a porous
network with channels. In the micrograph
of raw walnut shells’ a non-porous,
heterogeneous surface is noticeable. On
the other hand, the products’ BET surface
areas exceed 700 m”/g due to boric acid
activation.

Moreover, an experimental design was
done to study the effects of two variables
on activated carbon  production:
microwave radiation time and
impregnation ratio.  Through process
optimization, methylene blue uptake and
BET surface area were evaluated as a
model sorbate on the produced carbons
and three-dimensional graphics of
response surface were interpreted (Figure
4).
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Figure 4: Effect of activation temperature
on methylene blue uptake

Figuré 3a:
walnut shells (1000X)
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Figure 3b: SEM micrograph of boric acid
activated carbon (1000X)

4. CONCLUSIONS

All in all, this study revealed the potential
of boric acid as a suitable candidate for
activating agent in activated carbon
production using microwave activation
which needs to be further developed by
studying the effects of different
production conditions.
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ABSTRACT: Cellular lattice structures are of high interest, due to their high strength in
combination with low weight, and can be used in various industries such as aerospace and
automotive. Besides, if a biocompatible material is utilized, these cellular structures can be
employed for load bearing applications in tissue engineering. Accordingly, assessing their
manufacturability, repeatability and mechanical properties are very important. In this
paper, these issues are investigated for Polylactic Acid as a biocompatible and
biodegradable material. A cellular lattice structure with more than 90% porosity is
fabricated by fused deposition modeling (FDM) process. To do so, some benchmarks are
designed and fabricated to find suitable manufacturing processing parameters as well as the
structure dimensions. A number of fabricated cellular lattices are then tested in
compression to obtain the force-displacement curves. These curves are very similar to each
other with a good resolution indicating the repeatability of the mechanical properties of the
manufactured structures. The elastic modulus of the built structure and its load-carrying
capacity are found to be about 43 MPa and 150 kg respectively whereas its weight is about
5.2 gr. Accordingly, this paper suggests a method to fabricate strong and lightweight
cellular lattice structures with a laboratory low cost FDM machine.

1. INTRODUCTION 1996; Yan et al., 2012; Cerardi et al.,
Cellular lattice structures (CLS) have 2013]. In addition, , these techniques can
been receiving considerable attention for be used to fabricate prototypes as well as
few decades due to their significant end-use parts having acceptable
benefits over dense materials including mechanical properties and geometrical
high strength accompanied by relatively details [Yan et al., 2012; Cerardi et al.,
low mass, and highly porous internal 2013]. Consequently AM processes have
structure [Gumruk et al., 2013]. CLS are been applied to fabricate lightweight and
extensively used in various engineering strong porous structures which are of
and medical application areas such as interest in several industries [Murat tekin,
energy absorbers, packaging, automotive 2009; Cerardi et al., 2013].
parts, scaffold in tissue engineering , heat
exchanger, heat transfer, sound and Kooistra et al. [2004] fabricated lattice
thermal insulation [Kooistra et al., 2007; structures using perforated aluminum
Wadley et al., 2007; Babaee et al., 2012; alloy sheets and carried out some
Yan et al., 2012; Gumruk et al., 2013]. experimental compression tests. A
number of Ti6AL4V scaffolds were
Nowadays, additive manufacturing (AM) fabricated through selective laser melting
processes allows to obtain innovative (SLM) and characterized mechanically
parts with complex geometries directly and geometrically to investigate their
from three-dimensional computer aided repeatability [Bael et al., 2006]. Kooistra
design (3D CAD) models [Sun et al., et al. [ 2007] introduced a new method to
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use sheet material in making lattice
structures  efficiently. Wadley and
Queheillalt [Wadley et al, 2007]
investigated hollow truss structures to
improve the mechanical strength as well
as the efficiency of heat transfer
capability. To assess the influence of
processing parameters on the mechanical
properties of lattice structures, Tsopanos
et al. [Tsopanos et al., 2010] fabricated
BCC micro-lattice structures using SLM
and reported the stress- strain curve of the
micro struts. These curves were
calibrated  using finite element
simulations. Three different cellular core
types, fabricated in the University of
Liverpool, were investigated by Labeas
and Sunaric [Labeas et al, 2010]. A
methodology was also developed to

predict mechanical properties and
deformation behavior of the structure
using finite element method. The

obtained results were compared with
experimental measurements [Tsopanos et
al., 2010]. The influence of unit cell size
on the possibility of manufacturing and
mechanical properties of lattice
structures fabricated by SLM were
investigated by Yan et al. [Yan et al,
2012]. Ceradi et al. [2013] derived a
correlation between yield strength and
relative density of parts fabricated by
selective laser sintering (SLS) process.
Gumruk and Mines [2013] investigated
mechanical properties of stainless steel
lattice structures fabricated by SLM
process.

The catastrophic failure of space shuttle
Columbia on February 1, 2003, shows
that the manufacturability of cellular
materials is very important [Altenbach et
al., 2010]. One of the most important
issues, which can affect  the
manufacturability, is the complex internal
structure of lattice structures. Such
complexity may cause the need of
support structures to prevent overhanging
and deformation. Removing these
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temporary structures are very difficult
and time-consuming [Yan et al., 2012].
Accordingly, it is very important to
investigate limitations of the process
before designing and fabricating parts
[Santorinaios et al., 2006].

In this study, the manufacturability and
repeatability of a biocompatible and
biodegradable material, Polylactic Acid,
BCC-Z  cellular lattice  structures
fabricated by fused deposition modeling
(FDM), an  extrusion-based @AM
processes, are investigated. Initially,
some benchmarks are designed to obtain
the minimum value of strut diameter,
diagonal struts angles and fabrication
speed. Based on the findings of
benchmark studies, a number of BCC-Z
CLS's are then fabricated and tested in
mechanical compression to assess their
repeatability. The results show that these
specimens have almost the same stress-
strain curves.

The fabricated CLS is capable of carrying
about 150 kg compressive load at its
ultimate point while its weight is about
52 gr. So, this paper presents a
lightweight structure with a high load-to-
weight ratio which can be manufactured
with a low cost process. Such a lattice
structure can be used in sandwich panels
for aerospace and automotive industries.

2. MATERIALS AND METHODS

2.1. Specimen Design and Fabrication
To evaluate the manufacturability of
FDM for fabrication of Polylactic Acid
CLS, first a BCC-Z lattice structure is
modeled. This structure is used to have a
good performance due to vertical struts
which enable the structure to carry higher
loads [Smith et al., 2013]. The structure
is generated through ABAQUS 6.11-1
software using a set of vertexes and
connections among which (



Figure 1). It should be noted that, in this
model, no diameter has been assigned to
the struts and the appropriate diameter
will be found in the following steps.

Generally a BCC-Z CLS is defined by the
strut distances, angle of diagonal struts,
diameter of the struts, and the whole
structure height. Its manufacturability,
however, depends on the strut distances,
diameter of the struts, and angle of
diagonal struts.

Figure 1: The lattice cellular structure
designed in ABAQUS.

RAPMAN 3.2 FDM machine, a low-cost
laboratory desktop AM apparatus, with 5
mm Polylactic Acid polymer filament is
used to fabricate the CLS. The processing
parameters used in this study are as
follows: the layer thickness is 0.125
millimeter; the maximum extrusion
temperature for material is 195°C, and the
laboratory temperature is about 25 °C.
Considering the model presented in
Figure 1, three types of benchmarks are
designed and fabricated with FDM. The
first benchmark is designed to obtain a
suitable diameter for vertical struts. It
contains six columns of struts whose
diameters are 1.5, 2, 2.5, and 3
millimeters (Figure 2 (a)). The second
benchmark is designed to find the
achievable strut diameter and
corresponding angle for diagonal struts.
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Four columns of struts with the angles of
35, 40, 45, and 50 degrees respect to the
horizontal axis were fabricated (Figure 2
(b)) for each strut diameter obtained
using the first benchmark. Accordingly,
proper angle and diameter are determined
using these two benchmarks.

The fast movement of the machine nozzle
may cause severe vibration leading to
difficulties during the fabrication.
Another benchmark is designed to find
suitable parameters in which the effects
of vibration are negligible. This
benchmark has two unit cells with the
obtained dimensions as illustrated in
Figure 2 (¢).

A plate is designed under the benchmarks
as well as the CLS to repel the poor base
attachment of the struts and the raft (Two
layers fabricated by FDM under the part
that allows the operator to separate it
from the base plate of the machine).
Although fabrication of less inclined
struts is easier, fabrication time increases
by increasing in the total height of the
structure. Since the FDM machine is
designed for laboratorial purposes, it is
necessary to consider the overall built
time of the test parts. As result, it is
preferable to design the diagonal struts
with the minimum possible angle,
because the higher strut’s angle causes
higher structure’s height.

Figure 3 shows the final version of the
structure with the finalized dimensions
obtained based on the benchmarks
outputs. The final STL file is generated
through Autodesk Inventor Professional
2012 commercial software. This file is
then used as the input file of AXON 2.0
for generating the G-CODE to be used by
the FDM machine.
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Figure 2: Three designed benchmarks to obtain a) the minimum diameter, b) the minimum

angle of struts, and c) the processing parameters
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Figure 3: The dimensions of the final
version of the cellular lattice structure

Three specimens with the dimensions of
36*36*30.21 mm”® are built on the base
plate and then are cut off from the base
plate using a removal tool.

Figure 4 depicts one of the final
fabricated CLS's.

Figure 4: Cellular lattice structures
fabricated by the FDM.

2.2. Mechanical Characterization

The capacity of carrying the mechanical
compression loads is the most promising
characteristics of the cellular structures.

So, the compression tests are carried out
to obtain the stress- strain curves of the
CLS's. The measurements are carried out
on a tension and compression test
machine (SANTAM, STM-50). The first
CLS is tested with the strain rate of about
10* (S". But the deformation is
localized near the moving platen
indicating that the loading on the
structure is dynamic. So, the velocity of
the upper platen should be decreased. For
other specimens the strain rate has been
reduced to 10” (S™) and a more uniform
deformation in the struts of the structure
is observed meaning that the loading is
quasi-static. The compression tests are
carried out using this value of strain rate
for all specimens, and the average stress-
strain curve is reported.

3. RESULTS AND DISCUSSION

3.1. Mechanical Properties
The CLS specimens are compressed at

£=10"1/s. The force- displacement of
the structure (not presented here) shows
the load carrying capacity of the structure
is about 150 kg, which is impressive
compared to the weight of the fabricated
CLS that is about 5.2 gr.

Figure 5 shows the stress- strain curve of
the CLS. The stress is calculated by
dividing the applied force to the area
parallel to the loading direction, and the
strain is calculated by dividing the
deformation of the CLS in the loading
direction by the CLS’s height.



As the obtained curves are nonlinear even
in small strains, the method presented in
ASTM D695 which is suitable for
elastomeric foams with high nonlinear
stress- strain curves is used [Kinney et
al., 2001]. In this method, a piecewise
polynomial is fitted to the stress-strain
curves. Then the maximum value of the
derivative of the polynomial is assumed
to be the Young’s modulus. Using the
above-mentioned method, the elastic
modulus is calculated to be about
ECLSZ43.O7:|:0.13 MPa.

———sample 1
—+—sample 2
| | ——average

a 0.m 0.0z 0.03 0.04 0.05 0.06 007
&l

Figure 5: Stress- strain curve of the CLS

3.2. Porosity Measurement

The CLS porosity is measured using the
Archimedes’ principle [Yan et al., 2012].
In this paper, one specimen is used to
measure the porosity. This specimen is
tested three times and the average value
of the porosity is obtained to be about
90% while the CAD model predecits the
amount of 92.68%.

4. CONCLUSIONS

In this study, the manufacturability and
repeatability of polyamide BCC-Z CLS’s
fabricated by FDM is investigated. To do
so, some benchmarks are designed to
obtain the suitable value of strut
diameter, diagonal struts angles and
fabrication speed. Three BCC-Z CLS’s
are fabricated using the reults of the
benchmarks. The mechanical
comperession test is performed on CLS’s
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and the stress- strain curves are obtained.
The results show that these specimens
have almost the same stress- strain curves
which illustrate the repeatability of the
fabrication process. Furtherore, the elastic
modulas is calculated using the method
presented for elastomeric foams to be
about 43.07 MPa.

The force- displacement curve shows the
fabricated CLS is capable of carrying
about 150 kg while its weight is about
Sgr as well. So, this paper suggests a
method to fabricate strong and
lightweight cellular lattice structures with
a laboratory low cost FDM machine.
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ABSTRACT: The present research work is devoted to study of structures, properties ol
mineral raw materials, development of structure and technology of reception magnesium
containing of electro ceramic materials on their basis. With the purpose of development of
structure steatite, forsterite, cordierite of electro ceramics on the basis of local mineral raw
materials.

On the basis of raw materials kaolin, bentonite, talk, burnt talk, kuartzcontaining of a
withdrawal  (waste) the structure steatite of ceramics is developed.
By researches is established, that samples steatite of ceramics burnt at optimum
temperature have dense fine-grained structure. The basic crystal phase is metacilikate
magnesium (MgO-Si02) his (its) contents makes 50-55 %, besides structure of a
researched material contains quartz, kristobalite, forsterite and some grains mullite, and
about 30-35% glassy a phase.

Established, that the received material has dense, homogeneous structure, contained 80-82
of % forsterite (2MgO+Si02) size of grains 1-18 microns, Ng = 1,668; Np = 1,636, glassy
a phase 10-18 % and magnesium met silicate, quartz, mullite in insignificant
quantity.Besides on a basis kaolin, bentonite, pegmatite, aluminum and quartz we develop
a high-voltage electro ceramic material on which properties meets the requirements the
standard

1. OBJECT AND METHODS OF

THE STUDY

As object of the study us are chose talc on polarization microscope on sample in
Sultanuizdagskogo, kaolin Angrenskogo, the manner of transparent sections and
bentonite Kattakurganskogo, Leykokrato powder by way to immersions.

granitest Ingichkinskogo field,

quartzcontained departure. At study Rentgenofazovyy analysis conducted on
characteristic experienced masses others diffraction-metre Dron-4 with copper
and sample used the traditional methods radiation and nickel filter.
physico-chemical analysis chemical, Termograficheskoe study were conducted
petrografical, rengenografichesky, on hungarian derivatograf Erdey-Poulik.
electronic-microscopic,differential- Electronic-microscopic  analysis  were
termal, accounting and others. conducted electronic-microscope

"Emma-4".
Petrograficheskoe study were executed
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2. RESULTS OF RESEARCHES
AND THEIR DISCUSSION

The present research work is devoted to
study of structures, properties ol mineral
raw materials, development of structure
and technology of reception magnesium
containing of electro ceramic materials
on their basis.

Chimical-mineralogucal composition,
property, the physic-chemical processes
occurring at firing of mineral raw
materials investigated comprehensively.
In the table Nel the chemical structures of
raw materials are given. The purpose of
the present work was the development of
structure magnesium containing electro
ceramic materials on a basis of the above
given raw materials.

Table 1 The chemical composition of raw materials

Naimeno | Oxide content, %

va-set of | SiO, | Al, |Fe; |CaO |MgO |Na, |K,O | P, |nnn Ti | SO;

indicators 0; 03 0] 0Os O,

Angren 51,0 35,7 [0,28 [0,44 | 0,14 0,12 (0,24 | - 11,85 | - -

kaolin

Kattakurg | 59,6 | 17,6 | 3,68 | 0,69 | 1,9 1,44 1192 | 0,1 |12,01 {09 |-

an-sky 3 0 1 0

bentonite

Talc 38,0 (7,69 [7,95 |42 |27,35 [0,57]0,18 |- 13,03 | Cn | Cn.
6 )

Quartz- 81,4 | 13,7 | 1,68 | 1,42 | 1,25 0,34 | 0,15 | - 0,23 |- 0,24

bearing 0 6

waste

Leykokrat | 73,3 | 12,0 | 0,71 | 2,2 0,36 3,26 [ 4,25 | - 3,18 |- 0,01

0 8 4

granitest

Dolomite

deposits 36,8 | - 0,98 | 19,6 | 16,0 0,01 { 0,01 |- 27,18 10,0 | -

of the 1

"Sypko"

Glinozem | 0,37 | 85,9 0,07 | 1,53 |0,64 Cn |(Cn |- 11,56 | Cn | 1,48

So- 5

containin

g waste

With the purpose of the decision of the
put task we were based on known of
literary data the diagram of a condition 3
component of system Mg0-A1,0;- Si0,.

With the purpose of development of
structure steatite, forsterite, cordierite of
electro ceramics on the basis of local
mineral raw materials, were based on
their chemical structures, hoped it
structures in the field of concerning
steatite, forsterite, cordierite of materials.
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On the basis of raw materials kaoline,
bentonite, talk, burnt talc, quarts
containing of a withdrawal(waste) the
structure  steatite of ceramics s
developed. The skilled weights and
samples from them are prepared, the
ceramico- technological properties of the
dried up and burnt samples are
investigated, which results are given in
table 2. As is known from the table 3,
molding the humidity of weight makes



20-21 %, the firing shrinkage 9,6-9,8 %.
On the ceramic - technological properties

samples from weight M-4, M-5, M-6
differ.

Table 2. Ceramic-technological properties of prototypes soapstone electro ceramics
ijallgg;’tvo B B [ M (M My My (M5 [ M My
Humidity % 20 21 20 20 21 21 21
aAtlg Oss_t;rllg%‘gge % 132 13,0 |13,6 |137 |135 |137 |I138
The — firing |,/ 96 |97 9,5 9,8 9,8 9,9 9,8
shrinkage
Flexural MIla 194 182 186 190 192 194 182
Water
absorption % 0,012 10,023 |0,016 |0,009 |0,012 |0,016 |0,014
Bulk density r/em’ 2,60 2,62 2,62 2,63 2,65 2,66 2,60
Density r/em’ 2,82 2,83 2,84 2,86 2,86 2,86 2,84
The dielectric
loss 20°S -10* 22 23 19 218 |20 21 19
\S/(Izleucrflecelectric '10%ou

: "M 6,2 6,1 6,3 6,2 6,5 7,0 6,4
resistance
Dielectric
strength KBIMM. | 4 40 39 38 39 40 38
Resistance to
thermal shock | °C 130 129 128 131 125 124 129

(MgO Si0,) his(its) contents makes 50-55 %,

Dielectrically of property steatite of besides structure of a researched material

materials depends on many factors. Is
established, with increase of temperature
ookmra the specific volumetric electrical
resistance decreases, that with increase of
temperature the specific volumetric electrical
resistance of a material decreases, that these
properties are increased with increase of
temperature and decrease with increase of
frequency of a current.

Operational properties electro ceramics of
materials depends on their phase structure,
therefore skilled samples were exposed
petrografichesky, rengenografichesky, and
differentially ~ -thermal  analyses. By
researches is established, that samples steatite
of ceramics bumnt at optimum temperature
have dense fine grained structure. The basic
crystal phase is met silicate magnesium
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contains quartz, kristobalite, forsterit and

some grains mullite, and about 30-35 %
glassy phase. Contained metasilicate
magnesium gives steatite to ceramics high
durability and low dielectrical of loss.

From the references it is known, that
metasilicate magnezium has polymorphic
transformations, and there are 3 updatings:
protoenstatite, klinoenstatite and enststite. At
researched samples metasilicate magnezium
is present as protoenstatite by the size of
grains 2-6Mkm, with a parameter of refraction
N=1,520.

In the table 1 are given settlement chemical
structure of skilled samples steatite of
ceramics. On the basis of the received results
is developed the following technological




circuit of reception steatite of electro
ceramics.

In the second part of research the basic
purpose was the development forsterite of

Table 3 Ceramic-technological properties of

electro ceramics on a basis kaoline, bentonite,
talk, magnezite.

In the table 3 the ceramic-technological
properties of skilled samples forsterite of
electro ceramics are given.

rototypes forsterite electro ceramics

I:fallflr;fg:t‘; i‘sset Exmm | @-1 ®-2 ®-3 -4 ®-5 ®-6 ®-7
Humidity % 20 20 21 21 20 20 20
Air shrinkage | % 13,5 12,2 12,0 12,6 12,7 12,5 12,4
;rl?reinkage firing | 10,6 10,7 10,5 10,8 108 199 9.8
Flexural MIla | 204 202 200 190 192 179 174
X:ﬁ;tion % 0,017 |0,028 |0018 |0005 |0,006 |0012 |0016
Bulk density /e’ 200 |295 |296 296 |298 |30 3.0
Density r/em 292 292 |289 [294 292 |286 |2.86
gfglzrclttrlc loss | | g4 2.3 2.2 2.0 2.1 2.1 2.0 2.0
Permittivity 5.6 54 5.8 6.2 6.8 6.9 6.9
Specific volume | *10"om

el.soprotivlenie | ‘cm 4 6 5 8 9 10 12
];;ng;w kB/MM | 34 34 35 36 37 39 40
Thermal

coefficient of

linear expansion | °C” 7,4 7,6 7,7 78 7,7 7.8 7,9
of 10°

Established that by high parameters
ceramic - technological and dielectrically
of properties samples from weight ®-4,
®d-5, O-6 have.

The results of the differentially - thermal
analysis have shown, that on JITA of
curve weight ®-5, at heating at
temperature 125-175°C is observed weak
endothermic effect, it is connected to
removal (distance) hygroscopic of a
moisture, thus occurs losses of weight of
weight, and exothermically of effect is
not observed.

Phase structure forsterite electro ceramics
were investigated petrografical and
rengenografichesky by methods of the
analyses, as a result of which is
established, that the received material has
dense, homogeneous structure, contained
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80-82 of % forsterite ( 2 MgO Si0,) size
of

grains 1-18 microns, Ng =1,668;
Np=1,636, glassy phase 10-18 % and
metasilicate magnezium, quartz, mullite
in insignificant quantity (amount).

In the third part of researches the works
till  development of structure and
technology of reception cordierite of
electro ceramics with use of local raw
material are carried out (spent).
Cordierite ceramics use basically for
manufacturing details high- voltage of
switches with magnetic blast, high-
voltage air of switches, low-voltage
equipment etc.

Cordierite the ceramics has low meaning
(importance) TKJIP, therefore is widely



applied as a heat-resistant element. To
raw materials for cordierite of electro

ceramics it
requirements
uniformity

of structure

is required
concerning

the

rigid

stability,

and

their

cleanliness. Taking into account these
requirements as initial raw material have

chosen:

Table 4: Ceramic-technological properties of prototypes cordierite electro ceramics

kaoline,

bentonite,

talk,

cremnizium
withdrawal(waste)

leykokrato granitest.

In the table 4
technological of property of skilled
samples cordierite of electro ceramics.

containing

of an

industry,

are given ceramic-

Nambe of mass

Naimenovas E
et of | ** K |k |k |k |k
indicators - K-1 K-2 | K-3 | K4 5 1 12 13 14 K-15
M
. /e 23 123 |23 [23 |23 [23 |23 [23
density I 2,25 0 5 3 5 5 4 1 0 2,28
. 62 161 |60 (60 |79 |77 |70 |7.8
0 9 b 9 9 b b 9 b
humidity % | 5,81 1 6 9 3 5 ] 1 9 7,93
Water . 15, [15, |15, |15, |16, |14, |12, | 9.6
absorption | 7 |46 137 137 137 |5 |1 g g |0 |DF
Total M 83, |80, |79, |72, 89, |88, |81, |78,
shrinkage  |Tla | °>° |8 |8 |9 |o |7 |6 |2 |4 |73
. 11, |12, |12, |12, |11, |11, |12, [12
0 9 b 9 9 9 b 9 b
porosity % | 11,5 ] 0 5 ) 7 3 ) 4 12,2
Flexural °c 1550 |525 | 565 | 570 38 595 | 610 | 605 | 610 | 614
Thermal
coefficient of
SQEZ;sion of C 130 28 13,1 127 129 3,0 |31 32 |33 |34
10°°
ggfcglc )| ag |14 (1415 (14, 15 15 15 |15, | .,
g MM | 2 |6 |5 8 |2 |6 |5 |4 ’
Resistance to
gﬁfﬁal 23 22 |24 |23 |24 |20 |21 |20 |22 |22
Specific 1% 0
volume el |51 45 |6 |54 |58 |62 |64 |68 |66 |69
soprotivlenie
CM
g;zrgttﬁw 6,8 65 |64 |70 (69 |71 |72 |69 |68 |7.1
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As it i1s visible from the table 4, the
application 4 % bentonite in structure of
skilled weights in exchange 18 %-fire-
resistant clays is provided sufficient
plasticity and dried samples have sufficient
mechanical durability. The high plasticity
of weight facilitates process molding of
large-sized products. Dried and burnt
samples on ceramic -technological and
dielectrical to properties meet the
requirements the standard.

The analysis of the received results show,
that skilled samples have low Water
absorption, high density and mechanical
durability at temperature 1200- 13000C,
the  maximal  meanings(importance)
dielectrical of properties have samples
burnt at 13000C. Is established, that skilled
samples from weight K-1, K-2, To - 11, To
- 12 have high parameters of properties and
optimum temperature burnt 1200-1300° C.

Phase structure of burnt skilled samples
were defined (determined)
petrografichesky and rengenografichesky
by the analyses.

Samples burnt at 1200°C have non-
uniform, coarse-grained structure, the
plenty pores contains. In structure contain
metakaolinit, metatalk (Ng =1,575;
Np=L540), quartz with Ne = 1,552; No=
1,540, oxide calcium and magnezium.
Oxide calcium and magnezium is formed at
the expense of disintegration dolomite.

Samples burnt at 1250°C  have non-
uniform  grained, porous  structure.
Structure contains glassy phase, grains
mullite by the size 2- 3 MM, quartz by the

size 25-35mkM, cordierite in  small
quantity(amount).
Cordierite  has 2 updatings: high-

temperature - and low-temperature The
form. In researched samples cordierite has.
The form with Ng =1,524; Np=1528;
grains of quartz Ne =1,552; No=1,540 at
high temperature passes in a - kristobalite.
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At temperature 1250°C  magnezium oxide
it is not revealed, they joining with
metasilicate magnesium is spent for
formation (education) cordierite.

Samples burnt at temperature 1300°C have
grained non-uniform structure, decreased
pores, 50-55 % cordierite by the size 1-
2mkM (Np=1,528) contains, seldom meet
metasilicate magnesium, also quartz,
kristobalite, glassy phase.

Besides on a basis kaolin, bentonite,
pegmatite, aluminum and quartz we
develop a high-voltage electro ceramic
material on which properties meets the
requirements the standard.

By research is established, what skilled
samples burnt at temperature 1250°C
contain in the structure. Quartz, kristobalite,
mullite. The contents of quartz decreased,
crystal lattice feldspar disruption.

In samples burnt at 1300°C the part of
quartz passed in kristobalite (d = 0,314;
0,243), quantity(amount) mullite  were
increased, i.e. intensity of peaks mullite
were increased.

In samples burnt at temperatures 1350°C
the quantities (amount) of quartz decreased
at the expense of transition in kristobalite,
the quantities (amount) mullite  were
increased.

3. CONCLUSIONS

Thus, on the basis of the carried out (spent)
researches it is possible to make the
following conclusions:

tg & by increase of temperature up to 300°C
grows slowly, is higher 300°C  grows by
the accelerated rates;

- Dielectric the permeability of
skilled samples is increased of directly
proportional dependence on temperature:

- With increase of the contents of
clay materials in structure of weight,



decreases tgd. At the expense of increase of
the contents alkaline oxide:

- The specific volumetric electro
resistance decreases with increase of
temperature:

- Dialectical the permeability
decreases with increase of frequency of an
electrical current up to certain temperature,
then is increased:

- The structure and technology of
reception steatite, forsterite, cordierite of
electro ceramics is developed on the basis
of local raw material:

- Skilled samples of the created
electro ceramic materials on the properties
answer the requirements of the standard:
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- The created technology of
reception of electro ceramic materials gives
economic benefit at the expense of
decrease (reduction) of temperature burnt.
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SYNTHESIS OF MANDELIC ACID FROM BENZALDEHYDE USING
THIRD-LIQUID PHASE SYSTEM WITH IMMOBILIZED PEG
PHASE TRANSFER CATALYZED UNDER ULTRASONIC
IRRADIATION COMBINATION
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ABSTRACT: Mandelic acid has cosmetic, pharmaceutical, and antibacterial activities and
is used in urinary antiseptic medicines. The present work focuses on synthesis of mandelic
acid by L-L-L PTC reaction of chloroform with benzaldehyde in the presence of PEG and
PEG supported with silica gel. The effects of parameters such as amount of PTC and
sodium hydroxide, temperature, without and with ultrasonic irradiation and stirring
combinations, reactant mole ratio on the reaction rate will be study.

1. INTRODUCTION

Phase transfer catalysis (PTC) has been
used in more processes, particularly as
liquid-liquid (L-L) and solid—liquid (S—
L) systems for the past 40 years.
However, only recently the importance of
liquid-liquid-liquid (L-L-L) PTC has
been demonstrated as a powerful method
in the relation to biphasic PTC in
commercially relevant reactions. The
conversion of L-L PTC into L-L-L PTC
gives several benefits. [1]

In L-L-L PTC, the middle phase is the
catalyst-rich phase which is the main
locale of the reaction into which both
aqueous and organic phase reagents are
transferred from the two interfaces. A
typical L-L-L PTC consists of an
organic phase dispersed as spherical
drops, surrounded by a thin film of
catalyst phase, within an aqueous
continuous phase. There could be another
situation where the inner phase is
aqueous and the outer phase organic
depending on density difference. The
reaction rate  depends on  the
concentration of the reacting species in
the organic droplet and in the catalyst
film at the middle at any instant of
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consideration. L-L-L. PTC facilitates
easier recovery and reuse of the catalyst-
rich phase, enhancement in reaction rate,
improvement in selectivity, and also
reuse of the aqueous phase, leading to
considerable reduction of waste and
overall process intensification. [1]

The current work focuses on the
production of mandelic acid by L-L-L
PTC reaction of dichlorocarbene with
benzaldehyde. Dichlorocarbene is
generated in situ by the reaction of
chloroform and sodium hydroxide in the
presence of poly ethylene glycol (PEG)
as the catalyst. Mandelic acid is an
important ingredient in urinary antiseptic
medicines. Further, its cosmeceutical and
antibacterial properties make it a product
of considerable commercial significance.
PEGs and their derivatives have been
extensively used as phase transfer agents.
PEG is very cheap, non-toxic and easily
biodegradable. PEGs are also more stable
at higher temperature and show higher
stability to acidic and basic conditions
than quaternary onium salts. [2,3]



2. EXPERIMENTALS

2.1. Materials

Benzaldehyde, chloroform, hexane, m-
xylene, benzene, sodium hydroxide, and
hydrochloric acid (37%) and PEG 800,
1000, 4000 and 6000 were obtained from
Sigma-Aldrich Chemie, Turkey.

Synthesis of mandelic acid using L-L-L
PTC was studied in a spherical jacketed
glass batch reactor with a 500 cm’ total
capacity and 5 cm inner diameter.
Typical runs were conducted at 55°C
with  organic phase (0.025 mole
benzaldehyde, 0.05 mole chloroform, 10
pL  m-xylene as internal standard
dissolved in hexane to make the volume
of organic phase to 50 cm’) and aqueous
phase (0.4 mole sodium hydroxide
dissolved in water to make up volume of
aqueous phase to 50 cm’) with 0.00175
mole PEG as the catalyst.

Firstly, the sodium hydroxide solution
was heated to 55°C with a stirring and
then the PEG and organic phase added to
the reactor respectively. The reactor was
equipped with atmosphere opened
condenser and magnetically stirrer stick.
Typically the reaction was carried out at
55°C and under atmospheric pressure for
90 minute, after that the organic phase
was removed from aqueous phase and
catalyst-rich middle phase. The reaction
was continued another 2 hours between
catalyst rich phase and aqueous phase
which was improve the selectivity of the
mandelic acid. The last procedure was
done because the conversion of a-chloro
acid to a mandelic acid was slow.
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The product mandelic acid appeared in
the aqueous phase as sodium salt of
mandelic acid. The aqueous phase
neutralized with SN HCI solution and
evaporated at 60°C under vacuum
through the overnight. Then the solid
mixture of mandelic acid was extracted
from NaCl with hot benzene. The
mandelic acid is separated from the
ammonium chloride by extraction with
hot benzene.

This was best done by dividing the solid
mixture into four approximately equal
parts. One of these portions was placed in
a flask with 400 cm’ of boiling benzene.
After a few minutes the hot benzene
solution was decanted through a suction
funnel. The filtrate was cooled in an ice
bath and the mandelic acid that
crystallizes was filtered with suction. The
benzene is returned to the extraction flask
containing the residue from the first
extraction, and a new portion of the
sodium chloride-mandelic acid mixture
was added and extracted as before. The
process was repeated until the mandelic
acid is completely removed from the
sodium chloride.

After the product purification, mandelic
acid analysis with NMR. Spectrum is
shown in Figure 3.1. Mandelic acid MNR
spectrum is very similar to the literature
spectrum [5]. These procedures were
done for each of PEGs (PEG 600, 1000,
4000, 6000) and for immobilized PEG
4000 with silica gel.
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Figure I: Mandelic Acid NMR spectrum

2.2. Synthesis of Silica gel supported
PEG

Silica gel was activated by treatment with
HCI (5N) and dried in vacuum at 120°C.
PEG was heated at 80°C under vacuum
for 30 min before use to remove traces of
moisture.

An oven dried 250 mL flask equipped
with a magnetic stirrer is charged with
dried activated silica gel (20g) under
nitrogen atmosphere. Then freshly
distilled SOCIl, (45 mL) was added
slowly to the flask through an addition
funnel and the reaction mixture was
stirred at room temperature. Evolution of
copious amounts of HCI and SO,
occurred instantaneously. After stirring
for 4h, the excess unreacted thionyl
chloride was distilled out and the
resulting grayish silica chloride was
flame dried, stored in airtight container
and used as it is for the reactions [4].

To a well-stirred silica chloride (20g) in
dry CH,Cl, (40mL) was added dropwise
PEG (10g) under nitrogen atmosphere
and at room temperature. HCl was
instantaneously evaluated. After stirring
for 2h, the obtained silica gel supported
PEG was removed by filtration. For
elimination of any additional PEG, the
PTC was washed several times by
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acetone (3x30 mL). Silica gel supported
PEG was dried in a vacuum oven
overnight.

Cl

OH L
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OH

Cl

Silica ge Activated
silica gel Silica chloride

OPEG () PEG-300

PEG-400
PEG-600
(4)  PEG-1000

PEG-OH _ )
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(

OPEG

Silica gel supported
polyethylene glycol

Figure 2: Preparation of silica-grafted
PEG [4]

3. RESULTS AND DISCUSSIONS

Several experiments were conducted to
understand the critical parameters for
maintaining three immiscible phases at
55°C temperature with a different
agitation speeds (rpm) from 300 to 1000.
The formation of third phase occurred
between the aqueous phase, which was
saturated with sodium hydroxide and
organic phases of hexane as solvent,
when the catalyst concentration was
beyond a critical concentration. During
agitation, the reaction mass had droplets
of organic phase surrounded by a thin
film of catalyst-rich phase in a pool of



aqueous phase, which was the continuous
phase.

Experimental data are given at Table 4.1
and from there it can be easily decide the
maximum yield of mandelic acid reached
at 1000 rpm agitation and with PEG 4000
catalyst. Yield were practically the same
at PEG 4000 and PEG1000-SiO,. But it
is very low increases of yield between
PEG 1000 and immobilized PEG 1000.

Table 1: Yields % of the Mandelic Acid
with different PEGs and agitation speeds

PEG Agitation Speed (rpm)
300 500 700 1000
600 55 62 76 82
1000 60 68 79 88
4000 68 72 83 90
6000 65 70 81 89
PEG1000SiO, | 63 71 83 91

Ultrasonic irradiation effects on yield is
examined in presence of PEG and
immobilized PEG phase transfer catalyst.
Results are given in Table 3.2. It shows
that irradiation effect is not strong
compared from under agitation. The yield
of the mandelic acid in presence of PEG
and immobilized PEG was very close to
which was found without irradiation.
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Table 2: Yields % of the Mandelic Acid

with ultrasonic irradiation and
immobilized PEG

PEG4000 84

PEG1000-S10, 92

4. CONCLUSION

Synthesis of mandelic acid with L-L-L
PTC is more convenient then the L-L
PTC and the PEG also most useful then
ammonium salt as catalyst because of
their renewable capability, non-toxicity
and low cost. Separation of catalyst was
very easy and it could be reused several
times. There is 92% yield of mandelic
acid due to the creation of the third phase.
The creation of third phase allows high
conversion with high yield and quality.
Also using the PEG as catalyst the
environmental problems can be forgotten
from the point of view of catalyst waste.
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ABSTRACT: Acidic Cs salt, Cs; sHysPW 204, exhibits high catalytic activity for various
kinds of acid-catalyzed reactions. This excellent catalysis of Cs; sHosPW 204 is attributed
to the strong acidity, hydrophobicity, unique pore structure, etc. In this study, acidic
cesium salts, Cs, sHo sPW 2040, were prepared by the impregnation method. Then obtained
acidic cesium salts have been characterized by X-ray powder diffraction (XRD), Fourier

transform infrared spectroscopy (FT-IR) and BET analysis.

1. INTRODUCTION

Nanoparticles  have  emerged as
sustainable alternatives to conventional
materials, as being robust, high surface
area heterogeneous catalysts and catalyst
supports [1]. The nano-sized particles
increase the exposed surface area of the
active component of the catalyst, thereby
enhancing the contact between reactants
and catalyst dramatically and mimicking
the homogeneous catalysts. However,
their insolubility in reaction solvents
renders them easily separable from the
reaction mixture like heterogeneous
catalysts, which in turn makes the
product isolation stage effortless. Also,
the activity and selectivity of nano-
catalyst can be manipulated by tailoring
chemical and physical properties like
size, shape, composition and
morphology [2].

Catalysis by heteropoly acids (HPAs)
and related polyoxometalate compounds
is a field of increasing importance,
attracting increasing attention
worldwide, in which many new and
exciting developments are taking place
in both research and technology [3].
Interesting acidic cesium salt of
heteropoly compounds,
Cs,.5sHosPW 2040, has high surface area
and thus acidic Cs salt, ,
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Cs2:sHo.sPW 1,040, exhibits high catalytic
activities for various kinds of acid-
catalyzed reactions [4-6]. This excellent
catalysis  of  Csy.sHp.sPW2,040 18
attributed to the strong acidity,
hydrophobicity, unique pore structure,
etc. [7]. It was demonstrated that many
reactions were effectively catalyzed by
CSZ,5H0.5PW12040 in a SOhd-lqu.ld
reaction system. Cs;sHpsPW 204 is an
interesting candidate for use as a ‘water-
tolerant” catalyst because of its
insolubility in organic and aqueous
media, in contrast with H;PW 2040 [8].
Aim of this study, determine the best
method  for  synthesis of  12-
tungstophosphoric acid cesium salt (Cs-
TPA).

2. EXPERIMENTALS

2.1. Materials

The chemicals used in the preparation of
catalysts, 12-tungstophosphoric  acid
hydrate (H3PW,040xH,0) were
purchased from Merck and cesium
carbonate (Cs,COs3) were also purchased
from Alfa Aesar. Distilled water used in
the preparation of solutions.

2.2. Synthesis of Cs-TPA
0.1 M aqueous solution of Cs,COs and
0.08 M aqueous solution of 12-



tungstophosphoric acid hydrate were
prepared. Then, aqueous solution of
Cs,CO; (20 cm’®) was added to aqueous
solution of 12-tungstophosphoric acid
hydrate (20 cm®) with a constant rate of
about 1 cm’/min and 0.1 cm’/min at
room temperature, under vigorous
stirring. Applied methods for each flow
rate is shown in Table 1.

2.3. Characterization of Cs-TPA

The crystallinity and the phase purity of
synthesized samples were analyzed by
X-ray diffraction (XRD) patterns using
X-ray diffractometer (Rigaku Rind 2000,
Japan), and Cu-Ka (1.54 A°) radiation.
The BET (Brunauer—-Emmett-Taller)
specific surface area was obtained from
N,  adsorption—desorption  isotherm
measured at 77 K in an automatic
adsorption  apparatus  (ASAP2010;
micrometritics). Prior to measurement,
samples were degassed at 100°C for
about 2 h. FTIR studies of the catalysts
were conducted by using a Bruker IFS-
66 single channel Fourier transform
spectrophotometer.

3. RESULTS and DISCUSSIONS
3.1. X-ray Diffraction Analysis (XRD)

All synthesized Cs-TPA and TPA have
been characterized by using XRD

Table 1: Different synthesis methods for
Cs-TPA

Flow rate

Number Sample Name Synhtesis Method

(ml/min)
01G50E 0.1 aging overnight
1 drying with drying-oven
1G50E 1 at50°c
01G50V 0.1

aging overnight
2 drying  with
oven at 50°C

1G50V 1

01G110V 0.1
aging overnight
3 drying  with
oven at 110°C

1G110V 1
01110V 0.1 drying with  vacuum
4 oven at
1110V 1 Hoe
01110V473K | 0.1
drying with  vacuum
5 oven at 110°C

calcination at 200°C
1110V473K 1

patterns due to basic analytical
techniques. Diagrams obtained from
analysis is shown in Figure 1.
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Figure 1: XRD diagrams for a) synthesized catalysts with Iml/min flow rate
b)synthesized catalysts with 0.1 ml/min flow rate

Fig. 1 shows that the powder XRD
patterns of all synthesized Cs-
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tungstophosphoric acid salts is in the 20
range of 5-80°. It is seen that all Cs-



TPAs are identical with each other. The
patterns for the Cs salts,
Cs,.5Hp sPW 12040, exhibit the
characteristic lines of HPW structure and
are in agreement with published data
[9,10]. It can be seen that the location of
XRD peaks of Cs-TPA is very similar to
that of pure TPA; indicating that the Cs
salt has similar crystalline structure as
the pure TPA. However, the main peaks
depicting TPA are shifted toward
slightly higher angles in Cs-TPA [11].

3.2. Fourier Transform-Infrared
Spectroscopy Analysis (FT-IR)

Cs-TPAs was characterized by using FT-
IR to investigate structure of catalysts as
shown in Fig. 2 Basic structure of
synthesized Cs-TPAs were tried to
explain by comparing with TPA

1080.01

absorbance bands using FT-IR analysis.
FT-IR bands of pure TPA seen at Fig. 2,
have six characteristic peaks of its
Keggin structure observed at 1080 cm’™
(P-O in central tetrahedral), 990 cm’
(W=Or terminal oxygen in the Keggin
structure), 882 cm™ and 804 cm™ (W-O,-
W), 582 and 516 cm'l, which coincides
with those referred in the literature
[10;12-15]. The FT-IR spectrum of Cs-
TPA salt exhibits similar characteristic
bands compared with bands of bulk acid
TPA. Also, all Cs-TPAs have very
similar FT-IR bands with each other.
However, the typical vibration of the
W=0=990 cm’ on acidic form splits
into two components at 985 cm’'.

Figure 2: FT-IR spectrums for a) synthesized catalysts with 1ml/min flow rate b)

synthesized catalysts with 0.1 ml/min flow rate

This shows the interaction of Cs' ions
with W=0 (Dogan et al., 2010). From
the FT-IR results, it can be inferred that
the Keggin structure remains intact
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during the incorporation of cesium into
the heteropoly cage structure [16].



3.3. BET Analysis
Single and multipoint BET
average pore diameters and pore

areas,

Table 2: N, adsorption analysis results of Cs-TPA catalysis

volumes determined by N, adsorption
analysis results is given in Table 2.

Surface Area Pore Diameter Pore Volume
Sample (m’/g) A) (cm’/g)
Name BET BET SBJH dadsorp(ion dBJH Vt V VBJH

(multi point) (single point) (single point)
1G50E 88.739 143.399 | 95.983 57.671 |40.961 | 0.01608 | 0.12794 | 0.09829
01G50E 93.482 140.106 | 98.523 59.658 | 45.651 | 0.01759 | 0.13942 | 0.11244
1G50V 90.644 147.895 | 94.975 64.874 | 48.307 | 0.01939 | 0.14701 | 0.11469
01G50V 96.801 148.538 | 102.054 54.599 |40.013 | 0.01903 | 0.13213 | 0.10208
1G110V 91.641 147.005 | 99.964 59.143 | 42.236 | 0.01623 | 0.13549 | 0.105552
01G110V 87.850 137.023 | 93.640 67.918 | 51.998 | 0.01696 | 0.14916 | 0.12172
1110V 87.685 145.033 | 95.307 76.338 | 57.351 | 0.01748 | 0.16734 | 0.13665
01110V 58.166 90.570 64.395 55.583 |39.491 | 0.00999 | 0.08083 | 0.06357
1110V473K | 86.401 142.792 | 94.750 60.552 | 42.739 | 0.01524 | 0.13079 | 0.10123
01110V473K | 91.918 140.328 | 99.613 54.431 |39.449 | 0.01544 | 0.12508 | 0.09824
It is seen that surface areas, pore Acknowledgements: Special thanks to

volumes, average pore diameters,
obtained Cs-TPAs by different synthesis
conditions have different values. The
sample coded by 01G50V showed the
highest surface area in all synthesized Cs-
TPA. Although the sample coded by
01110V is obtained by the same methods
the results of BET analysis is not
correspond to our expectation. Therefore,
it is thought that BET analysis of this
sample has to be repeated.

4. CONCLUSIONS
In this  study, synthesis and
characterization of acidic cesium salt of

12-tungstophosphoric acid is
investigated. The XRD and FT-IR

analysis show that there is no significant
difference between synthesis methods of
all synthesized Cs-TPA’s. However, the
differences have been observed at the
results of N, adsorption/desorption
isotherms analysis. The highest BET area
have been found for the sample coded by
01G50V.

of
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ABSTRACT: Titanium and its alloys which are widely used in aerospace, biomedical and
chemical applications, producing very good combination of properties, including high
specific strength, low density, good corrosion resistance and exceptional biocompatibility.
Nowadays, it is possible to fabricate Ti alloy components by powder injection molding
(PIM) technique for unique mechanical properties. However, the use of titanium alloys in
sliding applications is restricted because of their poor tribocharacteristics. In this study, the
wear behavior of Ti6Al4V (Ti64) alloy was investigated under dry sliding condition
against 100Cr6 steel. In the first stage of the study, Ti64 powders spherical in shape was
injection molded with wax based binder. After molding and debinding stage, all samples
sintered at 1150 °C, 1200 °C and 1250 °C for lh under high vacuum level. The
microstructures of sintered samples were determined with optical microscope. In the
second stage, wear tests were carried out using “ball-on-disc” type tribometer. In the wear
test, the load, total distance and sliding velocity were selected as 20 N, 500 m and 1 m/s,
respectively. All worn surfaces were examined by scanning electron microscope and wear
characteristics were evaluated as a function of sintering temperatures.

1. INTRODUCTION

Titanium and its alloys which are widely Despite all the attractive characteristics,
used in aerospace, biomedical and the application of titanium and its alloys
chemical applications, exhibit an to large, high load bearing structures has
excellent combination of properties, been limited due to difficulties associated
including high specific strength, low with making titanium into large structural
density, good corrosion resistance and shapes. Nowadays it is possible to
exceptional biocompatibility [Sidambe et produce Ti alloy components by
al., 2012 and Sarkar er al, 2011]. fabrication technique for highly required
Currently, Ti6Al4V alloy is the most mechanical  properties  with  cost
widely used titanium alloy among others advantages.  Although Ti allooys
in the world, and no other titanium alloys produced by conventional techniques
can threaten its dominant position such as casting, wrought (forging/milling
[Casalina et al., 2005]. Ti6Al4V alloy from ingots), powder metallurgy,
presents very attractive properties with relatively new processing methods by
inherent workability which provides it to direct digital manufacturing such as
be produced in all kinds of mill products, direct metal laser sintering (DMLYS),
in both large and small sizes and these laser-engineered net-shaping (LENS) and
can be made in to parts with complex ultrasonic  consolidation (UC) has
shapes. [Bayha, 2001]. emerged [Murr et al., 2009 and Shi-bo et

al., 2006]. Between these methods,
powder injection molding (PIM) which is
derived from plastic injection molding is
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highly useful for producing Ti alloys with
complex shapes and more homogeneous
microstructure [Gonzalez et al., 2006 and
Alagic et al., 2011].

However, the use of titanium alloys in
sliding applications is restricted due to
their low resistance to plastic shearing
and the low protection exerted by the
surface oxides. Thus, the application of
these alloys in the areas related with wear
and friction can be limited. [Straffelini et
al, 1999 and Alam et al., 2002]. In this
study, the wear behavior of Ti6Al4V
(Ti64) alloy was investigated under dry
sliding condition against 100Cr6 steel.

2. EXPERIMENTAL STUDY

2.1. Materials

The spherical shape Ti64 powder (Ti-
5.9A1-3.9V-0.19Fe-0.120-0.01C-0.0IN-
0.004H) provided by SOLEA Corp.
(France) was selected as the experimental
alloy. Specimens were fabricated by
Powder Injection Molding for obtaining
homogeneous  microstructures.  Ti64
powders spherical in shape were injection
molded with wax based binder. After
molding and debinding stage, all samples
sintered at 1150 °C, 1200 °C and 1250 °C
for 1h in an atmosphere controlled
vertical recrystallised alumina tube
furnace under high vacuum level (107
Pa). The microstructures of sintered
samples were determined with optical
microscope. The densities of the sintered
samples were measured by means of the
Archimedes water-immersion method.
The densities of the samples produced
were measured as %93.5, %95.9, % 96.4
respectively.

2.2 Wear Test Under Dry Sliding
Condition

For tribological characterization wear
tests were performed under dry sliding
condition. 100Cr6 steel ball was used as
counterpart material. Friction behaviour
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and wear characteristics were then
determined based on wear-induced loss
amounts. Wear tests were realized using a
“ball-on-disc” type tribometer (Nanovea).
Related test parameters are listed in Table
1.

Table 1: Parameters used in wear tests.

Counterpart material 100Cr6
Counterpart hardness 65 HRC
Friction Velocity 0,1m/s
Normal load 20N

Total sliding distance 500 m
Surronding atmospehere | Ambient air
Lubrication method None

3. RESULTS AND DISCUSSION

3.1. Microstructural Examination
Figure 1 shows the microstructures of
produced from spherical Ti6Al4V alloy
powder in 100x magnification, etched
with Kroll reagent.

Due to the increase in sintering
temperature, the amount of the porosity
in the samples decreased, as seen from
the result of the densities. The sample
sintered at 1250 °C is characterized by
the highest relative density of %96.37
while the sample sintered at 1150 °C is
characterized by the lowest relative
density of %93.5.
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Figure 1: The microstructures of
produced from spherical Ti6Al4V alloy
powder alloy in 100x magnification,
etched with Kroll reagent (3 ml HF, 6 ml
HNO; in 100 ml H,O); (a) sample
sintered at 1150 °C, 1 h., (b) sample
sintered at 1200 °C, 1h., (c¢) sample
sintered at 1250 °C, 1h.

3.2. Evaluation of Wear Test Data

The results were evaluated using the
friction coefficient-distance diagram and
loss in weight. Table 2 shows the loss in
weight of the sintered samples before and
after wear tests. The lowest loss in weight
was obtained as 16.6 mg for the sample
sintered at 1250 °C.

Figure 2 shows the friction coefficient
values as a function of sliding distance
for the samples sintered at 1150, 1200
and 1250 °C. In the diagram a, friction
coefficient value was obtained within the
range of about 0.14-0.20. For the diagram
b, friction coefficient value directly
increased from 0.12 to 0.18. For the
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diagram c, friction coefficient value
increased and then came to steady-state
within the range of from 0.14 to 0.18.

Table 2: Loss in weight of the samples
before and after wear tests.

Sample |Initial |Final Loss in
Sintered |weight |weight |weight
at (2 (2 (mg)
1150°C  |11.3980 |11.3786 [19.4
1200 °C  |11.5251 |11.5027 ]19.9
1250 °C  |18.2068 |18.1906 |16.2

Friction coefficient, "

10
0,00 100,00 200,00 300,00

Total sliding distance, m

L~
o
N—
o

Friction coeffcient, p

300,00 400,00

Total sliding distance, m

(c)

Figure 2: The diagrams showing the
friction coefficient as a function of
distance for the samples; (a) sintered at
1150 °C, (b) sintered at 1200 °C, (c)
sintered at 1250 °C.



SEM  microstructures of the worn
surfaces are given in Figure 3. Abrasive
layers takes place on the worn surfaces of
the samples sintered at 1150 °C (Figure
3a). As it can be seen in the Figure 4b
and 4c, in addition to abrasive layers, in
the direction of sliding some wear debris
adhering to the worn surfaces.

Figure 3: The SEM microstructures of
powder injection molded Ti6Al4V alloy
produced from spherical Ti6Al4V alloy
powder in 500x magnification after wear
test. (a) sample sintered at 1150 °C, 1 h.,
(b) sample sintered at 1200 °C, 1h., (c)
sample sintered at 1250 °C, 1h.
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4. CONCLUSIONS

The effects of the sintering temperature
(1150, 1200 and 1250 °C) on the wear

properties of Ti6Al4V (Ti64) alloy
produced by PIM technique were
investigated in  this study. The

conclusions can be given as follows:

e The densities of the samples
sintered at 1150, 1200 and 1250
°C were measured as %93.45,
%95.91, % 96.37 respectively.

e The lowest loss in weight was
obtained as 16,6 mg for the
sample sintered at 1250 °C.

e The sample sintered at 1150 °C
has the friction coefficient value
within the range of about 0.14-
0.20 while the sample sintered at
1250 °C has the friction
coefficient value within the range
of from 0.14 to 0.18.
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ABSTRACT: The main objective of this study was to investigate the processing of SiC-C
based ablation material and optimization potential of the properties by the addition of highly
porous expanded silica gel beads. SiC powders were bonded by Phenol formaldehyde type
Novolac resin with hardener Hexamethylenetetramine (Hexamin) under single axis pressing.
Samples were cured at 200 °C and graphitized at 1300 °C. To increase the carbon yield of the
resin after graphitization, carbon flakes were added to the mixtures. Expanded silica gel beads
which have different size and porosity were added to the mixtures at different amounts.
Physical and mechanical properties of the composite were examined. Microstructural
development were investigated and related with properties. Ablation rate of the samples were
also measured under high velocity oxy-gas flame. Lowest bulk density of 1.56 gr.cm™
composites were produced by this method. Addition of the porous expanded silica gel beads
decreases the ablation rate of the composite. However, this behaviour strongly depends on the
mineralogical composition of the beads especially cristobalite content.

1. INTRODUCTION chemical stability. In the field of advanced
Ceramics being used for aerospace and composite materials, phenolic based
missile take off area must withstand high composites are known for their excellent
heat fluxes thus ceramic composites with flame resistance and are excessively used
good oxidation and thermal shock in the rocket industry because of their
resistance, dimensional stability and ablative characteristics [Srebrenkoska et
ablation resistance are requested. Ablation al., 2009 Novolac type phenol-
is an erosive phenomenon with a removal formaldehyde resin binder is extensively
of material by a combination of thermo- used for the refractory applications at high
mechanical, thermo-chemical, and thermo- temperatures due to the high carbon yield
physical factors from high temperature, during service [Aneziris et al., 2007].
pressure, and velocity of combustion flame Silica gel is a granular, vitreous, highly
[Yan et al., 2009]. Silicon carbide-Carbon porous form of silica made synthetically
composites (designated as C/SiC) possess from sodium silicate. Despite its name,
good high temperature strength, high silica gel is a solid. Silica gel is fireproof
hardness, low thermal expansion, high and highly heat resistant, chemically stable
thermal conductivity, good thermal shock, and, highly hygroscopic and has a large
especially outstanding ablation resistance specific surface area. Because of these
property up to 1700 °C due to the characteristics, silica gel is often applied as
formation of a layer of protective Si02 a drying agent and catalyst carrier.
glass that inhibits ablation atmosphere Although silica gel has a very high melting
diffusion to the parent materials [Wang et temperature (1600 °C), it loses its

chemically-bound water molecules and
al.,2010]. Phenolic resins are known for hygroscopic properties when heated above
their excellent thermal properties and 300 °C. Sodium silicate, the main raw
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material for the silica gel, is intumescent.
Otaka and Asoka, 2002 proved that
intumescent materials swell as a result of
heating. Expanded silica gel (ESG) beads
are highly porous and refractory spherical
granules which can be used for several
purposes [Bagpimar and Kahraman, 2011].
The main purpose of this study was to
investigate the processing of SiC-C
composite which was produced from SiC
powder and phenol formaldehyde type
Novolac resin as a binder phase. Since the
porous expanded silica beads have heat
sink potential, effect of its addition on the
technical properties of the SiC-C
composite and ablation behaviour were
investigated.

2. EXPERIMENTAL

The expansion process of the silica gel
beads were discussed in detail in previous
study [Baspinar and Kahraman, 2011].
The density of the beads strongly depends
on the heating regime. In this study, 1-3
mm beads were used which were expanded
at 1100 °C. The mineralogical structure of
the beads were mainly amorphous silica
and cristobalite. Properties of the beads
like mineralogical structure and density-
strength depends on the expansion process.
The bulk density of the beads which were
used in his study were measured as 0,217
gr.em™. 240 Grit 240 (ANSI) SiC particles
(average particle size 47-53um) were used
in the samples preparation. Chopped
carbon fibers (grade 400 gr/km, 1,78
gr.cm™) were used. SiC particles, graphite,
hexamine, beads and resin were mixed in
Hobart type mixer until homogenous
mixture was obtained. Then the mixtures
were put into the cylindrical steel mould.
All of the samples were pressed to 40x40
mm (diameter x height) under 10 MPa
pressure. Shaped samples were cured at
200 °C for 1 hour. Samples were
graphitized at 1300 °C for 1 hour under
normal atmosphere but samples were put
into the alumina crucible and covered by
both graphite and SiC powders. Density of
the samples decreased after the
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graphitization process. Table 1 shows the
base composition and the test results of the
sample series. Bulk density of the samples
were measured from simple weight-
volume ratio after graphitization. Thermal
conductivity values were derived after the
measurement of effusivity values of the
samples. Ablation rate of the samples were
measured by exposing the samples to the
oxy-acetylene flame where the flow rate of
the oxygen and acetylene fixed constant at
each test. Each sample was exposed to the
flame for 20 sec. Surface temperature of
the samples were also measured under
specially design heating set-up. Than
percent weight loss of the samples were
measured and normalized to 1 minute
exposure time.

3. RESULTS AND DISCUSSIONS
Physical and mechanical properties of the
samples were given n Table 1.

Table 1: Base composition of the series
(Wt%) and properties. (BD: bulk density,
CS: compression strength, Thermal
conductivity, AR: ablation rate, mass loss
%.min™")

Series and Properties
Components | A B C D

SiC 75 170 87,4 | 82,4
Resin 10,4 | 104 |52 |52
Graphite 13,5/ 13,5 168 |68
Hexamin 1,1 [ 1,1 0,6 0,6
ESG - 5 -—- 5
C-Fiber - 10,12 |- 10,12

BD (grem™) | 1,80 | 1,56 | 2,07 | 1,83
CS (MPa) 27,1 119,35 | 21,3 | 9,44
TC (W/mK) | 5,57 | 4,50 |4.61|3,76
AR

%oss%.min' 0,84 [ 0,52 | 1,04 1,30

Experiments showed that the pressing
pressure greater than 10 MPa resulted in
the cracking of the beads in the sample.
Fractured surface of the sample is given in
Figure 1.



Figure 1: Fractured surface of the sample.

Ablation measurement set-up is given in
Figure 2. Samples were put into the
refractory board and fixed. Temperature of
the cold site was measured and recorded.
Temperatures were measured between the
range of 225 to 262 °C (20 sec. results)
depending on the sample type.

Figure 2: Ablation test set-up.

SEM images showed that the beads and the
resin bonded SiC matrix are in good
contact and there isn’t any gaps between
them. Figure 3 shows that graphite phase
provides good bonding of the beads with
matrix.
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structure of the

Interface

Figure 3:
samples.

The difference between A and B series is
the binder resin content. When the resin
content decreased bulk density increased.
However, strength and thermal
conductivity of the samples decreased with
decreasing resin and graphite content.
Ablation rate increased with decreasing
resin and graphite content. When expanded
silica gel beads were added to the samples
with C fibers, bulk densities of the samples
were decreased drastically. Refractory
porous silica based beads addition are very
effective for the conductivity decrease.
Addition of the C fibers was not able to
compensate the conductivity decrease.
When the expanded porous silica gels were
added to the lower resin sample C, strength
was decreased drastically. Lowering the
carbonaceous phases and introducing the
refractory beads lead to decrease in the
thermal conductivity in sample D.
Combined effect of decreasing the binder
phase and introducing the silica beads
increased the ablation rate drastically.



SEM investigation after the ablation test
showed that nano sized C fibers were

grown over and between the SiC grains.
Figure 4 shows the fibrous formations on
the SiC surface after flame exposure.

It was thought that; the nano carbon fiber
formations during the flame ablation test
useful for the thermal conductivity.
However, transformation of carbonaceous
matrix to the weak fiber matrix is thought
to be negative effect on the ablation rate
due to the loss of bonding between the SiC
grains. Addition of porous expanded silica
gel beads found to be useful for decreasing
the ablation rate. However, when porous
beads used carbonaceous binder phase
amount must not be decreased.

4. CONCLUSIONS

Defect free SiC-C composite with lowest
bulk density of 1,56 grem® were
successfully produced by wusing resin
binder and followed by graphitization
process. It was concluded that the amount
carbonaceous phases is the key factor for
the properties of the ablation material.
Addition of the porous silica gel beads
decreased the ablation rate when the
carbonaceous phases presents in proper
amount. It was concluded that heat sink
behaviour of the porous expanded silica
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which have closed pore
structure, are the main reason for the
decrease in the ablation rate. Sudden
absorption of the heat in the beads resulted
in the decrease of the carbonaceous binder
phase and prevent oxidation. For the
improved ablation resistance, addition of
antioxidants to the SiC-C system can be
studied in the future studies.

gel Dbeads,
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ABSTRACT: Cellular metals, particularly aluminium (Al) foams, have great potential to
be used in various engineering applications due to their high specific stiffness and strength,
fire resistance, noise reduction, vibration damping and cost efficiency. The microstructural
properties as well as densification behavior significantly affect the mechanical
performance of Al foams under various loading conditions. In this study, the mechanical
characterization of the ALULIGHT-AFS™ panels with three different thicknesses (8, 20
and 30 mm) was carried out by uniaxial compression, tension and shear tests. Based on the
compression test results of as-received Al foams, the specimens with higher elastic
modulus usually exhibited higher collapse strength for each thickness set of foams. It was
found that the foam thickness increase generally resulted in collapse strength decrease. As
the thickness increases, the structural defects are expected to increase and the lower
strength values of thicker foams are attributed to this. Similar trend was also observed for
the tension and shear test results and 8 mm foams showed the highest strength values. The
foams mentioned above were also integrated with skins composed of Al sheet and glass
fiber reinforced polypropylene (GFPP) composite fibre/metal laminates. The mechanical
characteristics of these composites fabricated with different techniques were also
investigated within this study.

1. INTRODUCTION sandwich structures such as good
Sandwich structures are the combination stiffness and strength to weight ratios,
of different materials that provide good sound damping, electromagnetic
stiffness and strength with a lightweight wave absorption, high thermal insulation
composition compared to the traditional and non-combustibility. Among the
materials. The distinctive properties of metallic foams, the popularity of
the sandwiches are obtained by the aluminum foams is growing up in
contribution of each component’s transport (aerospace, ship building, etc.),
superior feature into the whole system. sport and  biomedical industries.
Characteristically, sandwiches consist of Relatively recent studies related with
three main components: the face-sheets aluminum foam have revealed the impact
(skin), the core and the adhesive for the performance of sandwich structures with
integration of constituents [Sarzynski and composite  skins. The researchers
Ochoa, 2003]. The main goal of the core observed that the significant impact
material is to enhance the flexural energy is absorbed through buckling and
stiffness of the sandwich structures. crushing of cells throughout the foam
Usually, core materials have lower core [Styles, 2008]. Under compressive
density in order to decrease the total loads, aluminum (Al) foams show
weight of the sandwich panel [Gupta, characteristic ~ stress-strain  behavior.
2003]. Metallic foams have various Compressive stress-strain curve consists
remarkable features for acting as cores in of three distinct regions: linear elastic

123



region, collapse region and densification
region [Gibson and Ashby, 2000]. The
present work reports the microstructural
characterization of as-received aluminum
foams with various thicknesses (8, 20 and
30 mm). Uniaxial compression, tension
and shear properties of these foams were
evaluated according to the corresponding
standards. The FML systems including
Al metal layer and glass fiber reinforced
polypropylene (GFPP) composite were
integrated with Al foams to manufacture
the sandwich panels. Both compression
and flexural behavior of Al foam based
sandwiches were investigated and their

energy absorption capacities  were
determined. The flexural characteristics
of the Al foam sandwiches were

evaluated as a representative case in this
paper.

2. MATERIALS AND METHODS
Aluminum (Al) sheet and aluminum
foam with various thicknesses were used
to produce sandwich structures in this
study. The physical and geometrical
properties of the materials used in the
experiments are tabulated in Table 1. The
closed-cell aluminum foam material
(supplied by Shinko Wire Company™
Ltd., Austria) with the trade name
ALULIGHT-AFS® was employed as core
material, as shown in Figure 1.The non-
crimp commingled glass fiber/PP fabrics
(0/90° biaxial glass) were used to
manufacture thermoplastic based
composite structures. Polypropylene (PP)
and glass fibers were used as a matrix and
reinforcement components, respectively.
The non-crimp fabrics used in this study
were developed in collaboration with
TELATEKS™ A.S.

2.1. Production of Layered Structures

The non-crimp fabrics consisting of co-
mingled glass and polypropylene fibers
(GFPP) with a glass fiber volume fraction
of 34.5 % were stuck between Al sheet
and Al foam as an intermediate layer for
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producing hybrid Al sheet/GFPP/Al foam
sandwich structures. In the present study,
the adhesion at the composite/metal
interface was achieved by surface
pretreatment of Al components with
amino based silane coupling agent,
incorporation of PP based film containing
20 wt. % a maleic anhydride modified
polypropylene (PP-g-MA). In order to
increase the effect of bonding between
the components of the sandwich samples,
the combination of silane treatment and
PP-g-MA/PP based film addition was
also investigated.

Table 1: Physical and geometrical
properties of materials used in
mechanical test (mean value + standard
deviation)

Thickness Density

(mm) (gr/cm’)

(+/- std. | (+/- std.

dev.) dev.)

8(0.2) 0.409 (0.006)
Al Foam | 20 (1.05) 0.395 (0.003)

30 (0.1) 0.456 (0.007)
GFPP 0.65 (0.2) 1.254 (0.04)
Al Sheet | 2.01 (0.2) 2.7 (0.01)

|

Figure 1:

As-received ALULIGHT™

AFS Al foam panels with 8, 20 and 30
mm thickness.

2.2. Mechanical Testing of Foams and
Foam Based Sandwiches

The flatwise compression tests were
applied to the samples in order to
characterize the compression behavior of



as-received Al foams. Tensile tests were
performed according to the ASTM C
365-03 standard to determine the flatwise
tensile properties of the foams parallel to
the skin. The specimens were adhesively
bonded to a specially prepared T-shape
steel sections using Bison” bond epoxy
adhesive. Both compression and tension
test samples were prepared with about 50
mm x 50 mm by sectioning from larger
panels. The shear properties of the Al
foam cores were determined for each
thickness and the test coupons had a
constant rectangular cross-section and the
length-to-thickness ratio was 12 as
recommended by ASTM C273-61. The
specimens were adhesively bonded to
specially prepared Al/Cr alloy plates by
Bison® high bond epoxy matrix. At least
three specimens were tested and force
versus stroke values was recorded. All
tests were conducted at room temperature
with 250 kN loading cell using the
Schimadzu™ universal test machine. The
crosshead speed of compression test
specimens was 2 mm/min while the
tensile and shear tests were performed at
0.5 mm/min. The three point bending test
(3PB) according to the ASTM C 393-62
standard was applied to the prepared
sandwiches in order to measure the
flexural properties such as core shear
strength, face-sheet strength and collapse
loads. At least three specimens for each
type of bonding were tested and force
versus stroke values was recorded using a
100 kN capacity Devotrans® universal
test machine at a crosshead displacement
rate of 2 mm/min.

3. RESULTS AND DISCUSSIONS

The compressive stress-strain behavior of
as received (monolithic) Al foams up to
60% deformation were recorded and
typical representative data for each
thickness set of foams are plotted in
Figure 2. It is obvious from the Figure 2
that the stress-strain curves initially
increase almost linearly up to a specific
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value of the compressive stress and then
the stress remained almost constant up to
a certain value (plateau region). The
densification region started as the
completion of the plateau region. The
collapse of foam cells ends and they start
to densify at a specific strain.

—s—Foam 8 mm
-8— Foam 20 mm
—+ — Foam 30 mm

Stress (MPa)

0 01 0.2 03 0.4 05 0.6

Strain (mm)

Figure 2: Compressive stress vs. strain

curves of as received Al foams.
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24 = — Foam 30 mm | 4 =

Stress (MPa)

0 0.01

0.02 0.03 0.04 005 006 007

Strain (mm/mmy)

Figure 3: Tensile stress vs. strain curves
of as received Al foams.

The typical tensile stress-strain behavior
of Al foams are shown in Figure 3. Based
on this figure, the curves show linear
elastic behavior at a strain rate of roughly
0.01, smaller than in compression
followed by plastic yielding. For the



closed cell Al foams, bending of cell
edges are accompanied by stretching of
the cell faces during compression.
However, in tension test, the foams show
local fracturing and failed at low applied
strains due to the highly defective and
thin cell faces.

1.4

—e—Foam 8 mm
-e— Fopam 20 mm
1.2 —— Foam 30mm - S -

0.8

0.6

Stress (MPa)

04

0.2

L 1 | 1
0 0.01 0.02 0.03 0.04 0.05

Strain (mm/mm)

Figure 4: Shear stress vs. strain curves of
as received Al foams

As it is known, the generation of pure
shear is rather difficult on the cellular
materials. In this study, the shear stress
testing was performed by the application
of tensile stress from the loading plates
and Figure 4 shows the typical stress-
strain relationship of tested Al foams.
The foams showed an initial linear
behavior followed by yielding with a
subsequent peak load. After the material
reaches its peak load, the load carrying
ability drops dramatically. A small group
of shear samples exhibited a short stress
plateau after reaching the peak load,
however, high percentage of foams
showed a sharp drop in load after initial
failure. The modulus and collapse/yield
strength values of Al foams with respect
to their thickness were tabulated in Table
2. The foam thickness increase resulted in
the increase of compressive -elastic
modulus for the as-received Al foams. It
was found that the foam thickness
increase generally resulted in collapse

strength decrease. As the thickness
increases, the structural defect probably
increases and the lower strength values of
thicker foams are attributed to this. For
tension test, it was found that the foam
thickness increase resulted in the
decrease of yield strength and increase of
elastic modulus. As compared to the
compressive strength results, the ultimate
tensile strength magnitudes decreased for
each thickness set of foams. The shear
strength and shear modulus values of the
8 mm Al foams are significantly higher
as compared to the thicker foams (20 mm
and 30 mm). The increase of foam
thickness led to the decrease of yield
strength between the magnitudes of 30%-
60% compared to the tension test.

Table 2: Physical and geometrical
properties of as-received Al foam test
samples (average values are given with
standard deviations).

8 mm |20 mm |30 mm
foam foam foam

Compressive | 29.06 | 36.21 54.61

Modulus (4.79) | (4.48) (10.85)
(MPa)

Tensile 92.58 | 170.65 239.7
Modulus (47.3) |(52.4) (22.61)
(MPa)

Shear 51.12 | 18.57 20.02

Modulus (9.68) | (6.60) (3.22)
(MPa)

Comp. 2.07 1.11 1.15
Collapse (0.46) | (0.06) (0.66)
Strength

(MPa)

Tensile 2.01 1.21 0.87
Yield (0.3) (0.19) (0.15)
Strength

Shear 1.21 0.83 0.39

Strength (0.21) | (0.02) (0.01)
(MPa)

The flexural response of sandwich
structures bonded with PP-g-MA/PP
based film after silane treatment is plotted
as a representative case in Figure 5. The




sandwiches exhibited an initial linear
elastic region with a subsequent non-
linear part resulted in the decrease of
slope near to the maximum force. The
foam thickness increase led to the
increase of both equivalent flexural
rigidity and the slope of linear elastic
region. The force level after maximum
force values showed some differences
among the samples. Regardless of the
bonding type and the core thickness,
some sandwich structures showed a
smooth force drop while some of them
exhibited a sudden drop followed by a
plateau region in which the foams fail by
buckling of the cell walls and edges.

7000 T T T T
i | —»—AFSfoam 8 mm

Y | -8— AFS foam 20 mm
I | = — AFS foam 30 mm

- L
6000 K

5000

4000

3000

Force (N)

2000

1000

0
0 2 4 6 8 M0 12 14 16

Displacement (mm)

Figure 5: Force-displacement graphs of
Al foam sandwiches bonded with PP-g-
MA/PP based adhesive film after silane
surface treatment of Al surfaces.

4. CONCLUSIONS

Based on the compression test results of
as-received Al foams, the specimens with
higher elastic modulus usually exhibited
higher collapse strength for each
thickness set of foams. It was found that
the foam thickness increase generally
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resulted in collapse strength decrease. As
the thickness increases, the structural
defect probably increases and the lower
strength values of thicker foams are
attributed to this. Similar trend was also
observed for the tension and shear test
results and 8 mm foams showed the
highest strength values. The flexural
behaviors of Al foam based sandwiches
integrated with PP-g-MA/PP  were
characterized by three point bending test.
The samples modified with silane
coupling agent and consolidated with PP-
g-MA/PP based film showed the highest
performance among all the bonding
types. The damage progression appeared
to be steady and consistent with the
increase of displacement and the core
shear and debonding were found to be the

major failure mechanisms observed
during the flexural tests.
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ABSTRACT: In this work, the sandwich structures using thermoplastic fiber/metal
laminate (FML) skins and metal foam cores were manufactured for the anti-blast
applications. The FML system consists of glass fiber/PP fabrics (GFPP) and aluminum
(Al) metal sheet act as the skin component and closed cell Al foams with various
thicknesses act as the core component in the sandwich panels. The blast responses of the
sandwiches were predicted by the application of “simulated blast test”. The principle of
this test allows us to simulate the blast loading effects on the panels. For the air blast
analysis, the applied force shows dynamic characteristics, however, in the simulated blast
test the sandwich panel was assumed as a single-degree of freedom mass spring system to
include the dynamic effect. Based on this approach, the light-weight sandwich composites
were subjected to compression loading with a very special test apparatus. Liquid soap
filled rubber sack below the sandwich panels simulated the characteristics of blast loading
with simply supported boundary conditions under quasi-static compressive forces. Based
on the pressure-time graphs of the blast waves depending on the explosive amount and
stand-off distance, the blast characteristic time (7) was determined. By the calculation of
natural frequency (@) of the panel and characteristic time parameters, the f(7®) product
was determined. The peak deflection (dyear) of the sandwich structure under blast loading
was predicted by considering the dimensionless deflection (Jpeak / Jsrasic) - f(T®) graph.

1. INTRODUCTION

In the recent decade, the application of 2008]. Andrews et al., (2009) focused on
composite sandwiches as anti-blast the situation of air blast loading of
systems has been increasingly growing. lightweight foam core sandwich panels.
The performance of such material The compressive quasi-static loading was
systems has great importance in order to carried out and dynamic effect was
sustain the safety and survivability. There included in the analysis by considering
are a number of studies dealing with the the panel as a single degree of freedom
response of composite structures under mass-spring system. Variable design
dynamic loading. Both experimental and parameters such as sandwich thickness,
numerical characterizations of these skin/core thickness or core density can be
systems are investigated by many altered and this analysis can help
researchers in the literature. Ballistic designers to evaluate these differences
pendulum is generally used to generate with a relatively easy way. This approach
micro-scale blast loading in order to was based on the theory described in the
determine the performance of materials. book written by W. Baker and his co-
In addition, drop tower tests are workers. The damage response of a
commonly employed for the evaluation loaded structure is almost always
of energy absorption characteristics of dynamic. Thus, the structural response or
structures. However, the presences of damage usually depend on both static and
these equipment’s are not as common as dynamic properties of the applied system
quasi-static loading test machines [Zhu, such as the magnitude of the amplitude
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(peak overpressure) of the blast loading,
the loaded area, mass or inertia of the
structure and the duration of the transient
pressure loading. These concepts can be
adopted into simple dynamic mechanical
systems as shown in Figure 1 [Baker et
al., 1983].

@ . ..
I-L pltidt = p'7
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.

gty pe T

T

Figure 1: Linear oscillator loaded by a
blast wave [Baker et al.,1983].

In the present study, prediction of the
blast response of the prepared sandwich
systems were investigated by applying
“simulated blast tests”. In this test,
compressive quasi-static loading was
carried out and the sandwiches were
assumed as single degree of freedom
mass-spring systems in order to include
the  dynamic  effect. The  blast
performances of hybrid material systems
were predicted based on the modified
formulations presented by Baker et al.,
(1983) and Andrews et al., (2009).

2. MATERIALS AND METHODS

In this study, the Fiber-Metal Laminates
(FMLs) containing glass fiber reinforced
polypropylene (GFPP) and aluminum
(Al) sheet were bonded together with Al
foam cores for composing the sandwich
panels. A closed-cell aluminum foam
material (supplied by Shinko Wire
Company Ltd, Austria) with the trade
name ALULIGHT-AFS® was chosen as
the core material. The foam panels
contained about 0.6 mm thick non-porous
Al skin that was produced during
manufacture of the foam. The Al
sheet/GFPP FML system and Al foam
were integrated with PP-g-MA/PP based
film under 200°C and 1.5 MPa pressure.
The sandwich panels with 30 mm

129

thickness are given
specimens in Figure 2.

as representitive

Figure 2: 30 mm thick Al/Al foam /
GFPP sandwich panels fabricated.

2.1. Experimental Set Up for Panel
Analysis under Simulated Blast
Testing

In this study, the quasi-static loading was
applied to the sandwich panels with three
foam thicknesses (8, 20 and 30 mm). The
500 mm x 500 mm Al foam structures
were sectioned from larger panels and the
Al sheet/GFPP FML system was
integrated with PP based film under
200°C and 1.5 MPa pressure. The
produced sandwich structure was cut with
a jigsaw and divided into four equal parts
with the dimension of 250 mm x 250
mm. The sandwich was considered as a
single degree of freedom mass-spring
system that allows simulating the effect
of blast loading on the panels. The simply
supported boundary conditions were
assumed in the analysis. The system had
three main components: upper support
frame, a liquid soap filled rubber bladder
and a lower frame. The sandwiches were
located in the lower frame and the
support frame acting as simple support
boundary condition to the samples. The
liquid soap filled rubber bladder was
placed under the aluminum foam
sandwich to  provide  uniformly
distributed load over the surface of the
panel. The linear variable differential
transformer (LVDT) was used in order to
detect the central deflection of the panels
under compressive loading. An extra



apparatus was manufactured to protect
the LVDT measurement system and
placed upon the upper support frame. A
rigid steel plate was also located on to the
LVDT  protection  apparatus for
homogeneously distribute the load from
the compression test head to the whole
system and the manufactured test rig is
shown with its components in Figure 3.

compression
test head

apparatus

Figure 3: Simulated blast test apparatus

2.2. The Blast Response Evaluation of
Sandwich Panels under Simulated
Blast Test

In the simulated blast test analysis,
natural frequency (w) for the lowest
mode of the panel should be considered.
Other parameters like € and p* can be
calculated by using the equations (1) and
(2). The constants L; and L, E; h; he,
d, v G, p. and pr represent panel
dimensions, face-sheet elastic modulus,
face-sheet thickness, core thickness, face-
sheet and core thickness summation,
face-sheet Poisson ratio, core modulus,
core density and face-sheet density,
respectively.

2
2 E hyd 0
* 4 2,
:”2[[L2j +1] 2p L, (1 VZAf) .
L
1 1+ﬂ20{[142J +1}
Ll
E hh .
o=— 1% pi=ph +2ph, (2)
2G.L,°{1-v,?

Compliance expression of the panel has
critical importance and this term is
defined as the ratio between the central

test monutor
—
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deflection of the panel and corresponding
applied pressure, which is called as p.
The effective compliance of the panel
denoted as C, can be formulated by
implementing both bending (wp) and
shear deflection (wy) terms as in equation
(3). In our analysis, total deflection terms
(w;) of the panels were determined from
the sensitive LVDT measurements and
these results were used to determine the
final deflections under blast loading
conditions [Andrews et al., 2009].

Cp — (Wb+ws):ﬂ
Po Do

3
Based on the analysis of the differential
equation controlling this simple system,
the peak deflection Jpex Of the panel
under the dynamic pressure loading is
equal to the quasi-static deflection that
would be seen under the blast pressure
Phias, multiplied by f (Tw) product. The
“T “is the blast characteristic time and the
static deflection, Jsusic, can be determined
from the panel compliance and the known
blast pressure Ppj,g.. Thus we may write
the peak deflection as in equation (4)
[Andrews et al.,2009]. The dimensionless
deflection dpear/Jsiasic (function f) is plotted
as a function of the product 7w and
shown in Figure 4.

5peak = 5static f(TC()) (4)

Deflection Ratio Speak/dstatic

0.01
0.01 0.1 1 10 100
Tw Product

1000 10000

Figure 4: Characteristic function of
SDOF system under blast loading
[Andrews, 2009].



3. SIMULATED BLAST TEST

ANALYSIS OF SANDWICH PANELS

The peak deflections of the panels under

blast loading were predicted based on the

analysis described below.

e Identification of the failure pressure
(Priy) and  corresponding  failure
deflection (wy;) under quasi-static
compression test.

e Evaluation of the panel compliance (C,)
by means of LVDT measurements.

e Determination  of panel natural
frequency (w).
e Determination of maximum blast

pressure (Pp,s) and blast characteristic
time (7) parameters depending on the
TNT amount and stand-off distance.

e Calculation of panel deflection (Ogic)
under maximum blast pressure (Pps)
by considering panel compliance.

eEvaluation of T product and
determination of peak deflection (Jpeqr)
under maximum blast pressure.

The central deflection-force data of Al
foam sandwich panels during quasi-static
tests were recorded and the stress was
calculated by considering the area acting
over the support frame. The typical
sandwich panels for each thickness set of
foam based sandwiches were selected as
representative cases and their stress
versus deflection behavior are given in
Figure 5. For 8§ mm Al foam sandwich,
three distinct regions are visible on the
graphs. In the first region, a linear
deflection behavior is observed at low
pressures. In the second zone, in spite of
the stress increase, the central deflection
is almost constant and in addition, thicker
Al foam sandwich structures (20 mm and
30 mm foams) show extra regions. In the
plots, the sample with 20 mm Al foams
continue into 4™ region at around 1.5
MPa pressure and the central deflection
value is slightly changing. Similarly, the
panel with 30 mm core exhibited five
different zones during the test.
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Figure 5: Stress vs. central deflection
graph of Al sheet/GFPP/Al foam
sandwiches with various thicknesses
during simulated blast test.

Core shear and core crushing were the
main failure mechanisms observed in the
panels after simulated blast tests. In spite
of the debonding between the FML
components during the initial stages of
the test, the protection of the core was
performed by  GFPP  composite.
Therefore, debonding of FML is not
considered as the dominant failure
mechanisms such as skin wrinkling or
core shear. Independent of core thickness,
all the samples exhibited similar type of
deformation patterns and 8 mm foam
sandwich panel is given in Figure 6 as a
representative case. Both front face and
back face views are presented and 8 mm
foam structures showed relatively
uniform deformation profile. The back
face of the samples exhibited dome-
shaped deformation moving out from the
center, changing a more quadrangular
shape towards the supported edges.

The effective compliance (C,) term of
structures were determined by
considering the central deflection (w,) and
compressive stress (Cait) values
associated with core-crushing failure.



core shear debonding of Al and GFPP

core crushing
{a)

dome shaped
deformation
profile

(b)

Figure 6: Deformation patterns of
Al/GFPP/Al foam sandwich panel with 8
mm Al foam and loaded up to 200 kN:
(a) front face view (b) back face view.

The real central deflection values of the
samples were calculated by subtracting
the compliance deflection values of
individual bladder and sandwich system
from the simulated blast test deflection
values. Core  material  properties
significantly  affected natural
frequency of the structures. The
maximum  natural  frequency  was
calculated as 3283.8 N/m.kg for 8 mm Al
foam sandwich panel. The numerical
analyses performed by LS Dyna
CONWEP module were wused to
determine the pressure-time (P-f) history
of the blast loading according to the
explosive amount and stand-off distance
parameters. Eight different TNT weights
(12, 10, 8, 6, 4, 2, 1.37 and 1 kg) and six
stand-off distances (0.2, 0.3, 0.4, 0.5, 0.6
and 0.7m) were selected as representative
cases for the determination of blast
parameters. Both blast characteristic time
(I) and maximum blast pressure (P°)
were obtained based on these analyses
and the maximum blast pressure was
calculated as 15.645 MPa for 12 kg TNT
explosive. The increase of TNT amount
led to the increase of blast pressure, static
and peak deflection parameters, as
expected. The 20 mm and 30 mm Al
foam sandwich panels showed the highest
peak deflections of 241.049 mm and

the
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219.720 mm for 12 kg TNT explosive,
respectively. However, the deflection of 8
mm sandwich structure for the same
weight was calculated as 181.546 mm.
The maximum blast pressure was
calculated as 14.89 MPa when the
distance between the panel and the
explosive center was 0.2 m. The increase
of stand-off distance resulted in the
decrease of blast pressure, as expected.
The 20 mm Al foam panel exhibited
highest peak deflection of 226.619 mm
when the stand-off distance was 0.2 m.
The minimum deflection was calculated
as 24.163 mm for 8 mm foam structure at
0.7 m stand-off distance.

4. CONCLUSIONS

Core shear and core crushing were the
main failure mechanisms observed in the
panels after simulated blast tests.
Independent of core thickness, all the
samples exhibited similar type of
deformation patterns. As compared with
the static and peak deflections of the
panels for the same explosive weights or
stand-off distances, the 8 mm foam
sandwich panel showed minimum values
while the panel with 20 mm foam
exhibited maximum deflections.
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ABSTRACT: There has recently been an increase in interest in the use of cellular
materials in various structural and functional applications. Syntactic foams defined as a
composite material with hollow or porous ceramic particles embedded in a continuous
polymer or metal matrix. Metal matrix syntactic foams are a relatively new class of
material with higher densities than traditional open or closed-cell metallic foams produced.
They are not only used for structural applications but also used in functional applications
such as low density heat sink and heat exchangers. In this study, the processing of
aluminum-based syntactic foams by a newly developed vacuum casting method was
studied. Macroscale (larger than 1 mm diameter) fillers (space holders) were used rather
than the powder fillers of previous syntactic foam studies. This paper presents SiO,-based
porous expanded silica gels used as fillers in the processing of syntactic foams by a
vacuum-based infiltration method. Effect of cell-size (space holder diameter) on the
density-strength relations and energy absorbance behaviour were investigated. Lowest
relative density was measured as 0.31 gr.cm™. It was concluded that; expanded silica gel
density and size determines the strength-density relation. It also effect the cell wall
thickness and shape.

1. INTRODUCTION phase added into the metal and polymer
Today, growing industrial needs and new matrixes. Syntactic foams were first
research and development studies introduced in 1960s. [Chittineni 2009].
resulted in new material groups. Most Syntactic foams are some kind of
recent subject of materials science is the composite materials where the matrix and
metallic foams and several researches are a second functional phase exist [Egidio et
conducted on it. Although metallic foams al.  2000]. Syntactic foams usually
are not natural materials, due to the defined as matrix with low density fillers

similar structure of the foam it is called as [Chittineni 2009]. Filler materials can be
foam. There has recently been an increase glass, ceramic or metal with different
in interest in the use of cellular materials sizes [Ashida 1995]

in various structural and functional

applications. Banhart [2001] detailed 2. EXPERIMENTAL

metallic foam production by a variety of Silica gel is a granular, vitreous, highly
casting and powder metallurgy routes. porous form of silica made synthetically
Syntactic foams are recently developed from sodium silicate. Despite its name,
materials. These foams are different than silica gel is a solid. Silica gel is fireproof
the conventional metallic foams. Density and highly heat resistant, chemically
of the foam reduced by addition of the stable and, highly hygroscopic and has a
second materials which are very low large specific surface area. Because of
density. Usually micro scale second these characteristics, silica gel is often
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applied as a drying agent and catalyst
carrier. Although silica gel has a very
high melting temperature (1600 °C), it
loses its  chemically-bound  water
molecules and hygroscopic properties
when heated above 300 °C. Sodium
silicate, the main raw material for the
silica gel, is intumescent. Bagpinar and
Kahraman [2011] showed that it is
possible to produce foam-like, very low
density, high temperature resistant and
spherical functional filler materials from
ordinary silica gel. The density and
strength of the expanded silica gel depend
strongly on the processing conditions
used (heating-cooling regime and
expansion temperature). Industrial grade,
non-indicating, non-toxic, food and drug
quality, 1-3 mm diameter silica gel beads
(2.1 gem™) were selected to produce
expanded light weight beads. The SiO;
content of the silica gel is over 99.5%.
Because expanded silica gels are fragile
and have very thin and dense outer shells,
a different expansion regime than that
used in a previous study conducted by
Baspinar and Kahraman [2011] was used.
Therefore, the collapse of silica gels
during high temperature vacuum casting
process was prevented. A heating rate of
10 °C.min" was used. Silica gels were
held one hour at the maximum expansion
temperature, before being cooled in the
furnace. Differential scanning
calorimetric (DSC) analysis showed that
12.5 % weight loss was observed upon
heating up to 1200 °C. Absorbed free
water left the granules at 100 °C with a
corresponding endothermic peak in the
DSC profile. A continuous and broad
exothermic peak was observed to
commence at 1000 °C. XRD studies
showed that the original crystal structure
of the silica gel was amorphous.
However, a cristobalite phase was
formed due to the heat input to the
system during the expansion process.
Because such amorphous to crystalline
phase changes are exothermic, a broad
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exothermic peak was observed in the
DSC analysis. Expanded silica gel has a
very low density, lower than that of
water, which is why conventional water
immersion techniques are inadequate for
measuring the silica gel bulk density.
Because the expanded silica gel granules
were almost spherical in shape, bulk
density of the granules were calculated by
simply measuring their weight and
dividing it by the volume of the spheres.
The lowest density granules were
produced by processing at 1100 °C.
Higher expansion temperatures resulted
in increased densities due to increased
sintering activity at higher temperatures
for a given expansion conditions. After
the expansion process, expanded silica
gels were classified according to their
particle size by simple screening process.
-4 mm, +2 mm, -4,75mm,+4mm, -5,6
mm+4,75mm size range particles were
used for the sample preparation. Figure 1
shows the casting system and the moulds.
After making some trials on the vacuum
level, -0,6 bar was used for the suction of
the molten metal into the expanded silica
gels. Figure 1b shows the effect of
increasing vacuum level on the size of the
successful sample production. Al-12Si
alloy was used. Before the casting both
mould and the gels were preheated to
different temperatures according to the
gel size.

Figure 1: Vacuum casting system and
casting mould.

Table 1 shows the series codes and used
expanded silica gel sizes. Compression
test applied to the samples. Relative



densities of the samples were calculated
and presented.

3. RESULTS AND DISCUSSIONS

Table 1 shows the strength and density
relations of the different foams. When the
diameter of the gels increased plastic

collapse  strength  (op)  decreased.
Compression tests shows that produced
syntactic foams shows similar

deformation behaviour as in the case of
regular metallic foams (Figure 2).

As the expanded silica gel diameter
increased, the density of the foams
decreased. Depending on the increase in
the gel sizes, the cell wall thicknesses
were decreased (Figure 3).

Table 1: Series and the properties.

) Gel Gp Relative
Series | Size (Mpa) Density
(mm) p*/ps
2,00-
AS 241 4,00 22 0.37
4,00~
AS 471 475 19 0.35
4,75~
AS 561 5,60 16 0.31
3‘3 " AS 241
5 AS 471
| AS 561
o ok o1 air 35 b ﬂ';_ ) u& T e or om %
Gerinim %

Figure 2: Stress vs Strain diagram during
the compression test.

135

(c)

Figure 3: Cell structure and size of the
produced syntactic foams. (a: AS241, b:
AS471, c: AS561)

According to the compression test,
densification region was not observed.
Densification regions in the deformation
curves are usual behaviour. In this
experiments, samples were broken until
50% deformation due to the fragile nature
of the cell walls. It was concluded that,
such a behaviour should be due to the
dissolution of the silica in aluminum
matrix. Therefore cell wall compositions
changed to the higher content of silicium.



4. CONCLUSIONS

New production technology for the
production of syntactic foams were
successfully introduced. Cell size and the
density of the foam strongly depending
on the expanded silica gel density and
size. Minimum relative density of 0,31
gr.cm™ was obtained. Although this value
is higher than the conventional metallic
foams (its around 0,2-0,25 gr.cm’3),
reached densities were much lower than
the conventional syntactic foam densities.
As a conclusion, expanded silica gels
found to be effective for the production
of metallic foams.
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MICROWAYVE ABSORPTION PROPERTIES OF CO,MN SPINEL
FERRITE-ACRYLATED EPOXY NANOCOMPOSITES
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ABSTRACT: We have investigated the electromagnetic (EM) characteristics of CoxMn;.
«Fe204 spinel ferrite (where x = 0.0, 0.5 and 1.0) nanoparticles (NPs) / acrylated epoxy
nanocomposite material at 8-20 GHz. CoxMn;<Fe,O4 NPs. have been synthesized by
cetyltrimethylammoniumbromide (CTAB) assisted hydrothermal route using NaOH. A
reflection loss (RL) of —=59.60 dB was found at 12 GHz for an absorber thickness of 2 mm.
CoxMn, <Fe,O4 may be attractive candidates for EM wave absorption materials.

1. INTRODUCTION

In recent years, the number of
applications of electromagnetic (EM)
wave in the high GHz ranges, which are
wireless telecommunication  systems,
radar, local area network, medical
equipment, etc., [1-4]. With together
applications of electromagnetic (EM)
wave in the high GHz ranges, the
electromagnetic  interference  (EMI)
problems have been attracting more
attention recently due to the extensive
growth in the application of electronic
devices and security such as computer
local area networks, mobiles phones,
laptops, microwave oven etc[5-7].
Ferrites serve as better electromagnetic
interference (EMI) suppressors compared
to their dielectric counterparts on account
of their excellent magnetic properties.
Ferrite materials exhibit various electrical
and magnetic properties of which the
complex permeability and the complex
permittivity, in particular, are important
in determining their high frequency
characteristics [8—13].

2. EXPERIMENTAL

2.1. Preparation of Nano-Particles
Coymn;_xfe,04

Nanoparticles of CoxMn;4Fe,O4 have
been prepared nanoparticles using

surfactant-assisted hydrothermal process
by using CTAB. According to this
method, 0.003 mol. surfactant
cetyltrimethylammonium (CTAB) was
dissolved in 35 ml. deionized water to
from a transparent solution. The
synthesize processes have been presented
in detail by Bayrakdar [7].

2.2. Coymn;.xfe;04 Nanoparticles and
Acrylated Epoxy Composite Process
Powders of  CoMn;Fe;Os and
Acrylated epoxy are taken in weight ratio
of 5:xx:1 (x is not disclosed) and
thoroughly mixed powders, Acrylated
epoxy and silver hexafluoroantimonate,
which  was used initiator  for
polymerization process, in the glass
bottle in the oven at 150°C. It was mixed
and waited 2 days for polymerization
process. After his polymerization process
was  finished, this polymer was
homogenized in mortar and then poured
in the mould which is a = 19.4 mm, d
(cross section length) = 21.5 mm and ¢
(thickness) = 2 mm and waited 20 min. at
room temperature [7].

3. MICROWAVE MEASUREMENTS
Measurements were made rectangular
waveguide technique. Samples was put
into a rectangular shape of size a = 19.4
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RL (dB)

-104
-204
-304
404
.50

-604

mm, d (cross section length) = 21.5 mm
and c¢ (thickness) = 2 mm to fit in
rectangular waveguides and connected
between two waveguides [7,12]. Figure
shows the measured absorption spectra
for prepared polymer. In the present
studies, optimized thickness is 2 mm for
sample. This sample shows maximum
reflection loss of -59.60 dB. The
reflection loss for sample thickness of 2
mm in the frequency range of 820 GHz
was made for prepared these composites
[7,12].

10+ CoyMn_yFeoOy / Acrylated Epoxy

g8 9 10 11 12 13 14 15 16
Frequency (GHz)

Figure 1: Absorption spectra of samples.

4. CONCLUSION

It has been successfully synthesized
ferrite-polymer nanocomposite structures.
These microwave absorbers are using
synthesized prepared composite has been
fabricated, and successfully demonstrated
for a maximum reflection loss of -59.60
dB at 12 GHz with a bandwidth of
approximately 2 GHz in a sample
thickness of 2 mm. Our results indicate
that the nanocomposite structures exhibit
good absorption performances. This
reflection loss is measured very high and
this bandwidth is higher than normally
reported. It can be said that this samples
will  provide great benefits for
electromagnetic applications and EMI
shielding characteristics.
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ABSTRACT: We have synthesis ferrite nanoparticles and ferrite-polymer nanocomposite
structures, theoretically and experimentally investigated magnetic and dielectric behavior
of ferrite nanoparticles. Variation of complex dielectric permittivity at room temperature
with frequency in the range 1MHz-3GHz has been studied. Magnetization measurements
showed that coercivity increasing with decreasing temperature and with increasing some

particles.
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1. INTRODUCTION

The physical properties of ferrites are
related the structure of solids. They
belong to a large class of compounds
which have spinel structure. The spinel
unit cell consists of a cubic array of 32
oxygen anions, 16 Fe™ ions 8 Fe™ ions.
A total 24 metal cations are distributed
among eight tetrahedral interstices and
sixteen octahedral interstices [Gorteret
al., 1954; Selimet al., 1999].

Ferrites have vast applications, from
microwave to radio frequencies. They
exhibit relatively high resistivity at
carrier frequency, sufficiently low losses
for microwave applications and a wide
range of other electric properties [Shinde
and Jadhav, 1998; Sawatakyet al., 1968].

The technological importance of AFe;O4
(A = Ni, Co, Zn, Mn....ext) has
motivated several studies on the synthesis
as well as the physical properties of this
material. Shortly, ferrite nanoparticles
have been prepared by mechanical-
milling  [Rondinoneer al, 2000],
hydrothermal method [Pallaiet al., 1996;
Skomski, 2003; Ramankutty and
Sugunan, 2001; Reddy and Manorama,
1999], microwave route [Candlishet al.,

1992; Skandanet al., 1994; Kishimotoet
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al., 1994; Li et al., 2004], sol-gel method
[Goya and Rechenberg, 1999], surfactant-
assisted route [Kasapogluer al., 2007,
Baykal et al., 2008].

Spinel  ferrites are technologically
important group of materials. So, they
can be easily used optical, magnetic,
electrical and electromagnetic absorbing
materials. To give some examples for
these materials to use as electrodes in
energy storage devices, in magnetic
storage devices, as catalysts, RADAR
absorbing media, etc. [Sertkolet al., 2009;
Bayrakdar, 2011; Bayrakdar and Pier,
2012; Bayrakdar and Esmer, 2010].

In this work, we have synthesis,
theoretically and experimentally
investigated magnetic and dielectric
behavior of ferrite  nanoparticles.

Theorical and experimental investigations
of dielectric properties of samples were
investigated using LCR Meter.

2. SYNTHESIS
NANOPARTICLES

NPs of CoxMn;_<Fe;O4 (Where x=0.0, 0.5
and 1.0) were prepared using the
surfactant-assisted hydrothermal process
using CTAB. According to this method, a
0.003 mol surfactant CTAB was
dissolved in 35 ml deionized water to
from a transparent solution. The synthesis

OF



processes are presented in detail by
reference [Bayrakdar, 2011; Bayrakdar
2012; Bayrakdar and Esmer, 2010].

3. CHARACTERIZATION

3.1 Magnetization measurements

The influence of different hydrolyzing
agents on the particle size and magnetic
behavior of Co.Mn;_Fe;,O4 NPs were
investigated. This method is very useful
for solid state powder technology. XRD
results of powders of CoxMn;_Fe,O4
showed that nanoparticles indicate high
phase purity, crystalline and inverse
spinel ferrites. Magnetization
measurement of CoxMn;_Fe,O4 sample
hydrolyzed by NaOH was performed
using the VSM technique and the M-H
curves of the sample were investigated at
room and 10 K. Coercivity and the
magnetization of CoxMn,;_Fe;O4 NPs
increase with the decrease in temperature.
Also, the  coercivity and  the
magnetization decrease with the increase
in Co. These results can be explained that
Co content attributed to the anisotropic
properties of Mn. These samples can be
used very successfully the magnetic
recording, electromagnetic  absorbing
technologies applications.

3.2. Dielectric measurements

The complex dielectric permittivity, &=
g'—ie", where ¢’ is the reel part, and " is
the imaginary part of dielectric constant,
was measured by Agilent 4287 A RF
LCR Meter at room temperature in the
frequency range of 1 MHz-3 GHz. The
real part of dielectric constant was
calculated from the equation
g'=C,d /(g,4), where C, is the parallel
capacitance, d is the inter electrodes
distance, &, is the permittivity of free

space, A is cross-sectionalarea (the space
area).
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4. CONCLUSIONS

Thedielectricresponse of CoxMn; «Fe;O4
NPshavebeenstudied in
thefrequencyrange of 1MHz to 3 GHz
and at roomtemperatures. Dielectric
measurements showed that the complex

permittivity ~ of  composites  was
significantly modified by the
incorporation of nanoparticles with

different Co/Mn ratios. With increasing
Co/Mn ratio, the increase of the real and
imaginary part of permittivity as well the
resonance peak of real and imaginary part
of permittivity shifts to  higher
frequencies. We observed a resonance
peak in the curves of both the real and
imaginary parts of complex permittivity
can be interpreted as different
compositions of Mn—Co ratio that is
atomic polarization.

1004 CoyMnq_,Fe,0y
804 10K

604 o /
404 ——x=05
201 ——x=1
0
-204
-404
-60 4

-804
-100

Moment (emu/gr)

~10000 0 10000 20000

Magnetic Field (Oe)

~20000

Figure = 1:  Magnetizationloop  of
CoxMn,;_,Fe;O4 NPshydrolyzedbyNaOH
at 10K.

(2)

—m—x=1
—o—x=0.5
x=0
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realandimaginarypart of permittivity on
frequencyfor (a) and (b).
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SYNTHESIS AND ELECTROMAGNETIC ABSORBING
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ABSTRACT: We have synthesis ferrite nanoparticles and ferrite-polymer nanocomposite
structures, theoretically and experimentally investigated electromagnetic propagation,
absorption properties of these nanocomposite materials at 8-20 GHz in microwave guides.
Microwave absorbing measurements was made by transmission line method for an
absorber thickness of 2 mm. These nanocomposites can be attractive candidates for

microwave absorption materials.

Keywords:Nanocomposites, Microwave properties, Electromagnetic Interference, Microwave propagation

1. INTRODUCTION

The technological importance of AFe;O4
(A = Ni, Co, Zn, Mn....ext) has
motivated several studies on the synthesis
as well as the physical properties of this
material. Shortly, ferrite nanoparticles
have been prepared by mechanical-
milling [Pallai et al, 1996], hydrothermal
method [Skomski, 2003; Ramankuttyand
Sugunan, 2001 Reddy et al, 1999],
microwave route [Candlish et al.,
1992;Skandaner al., 1994; Kishimotoet
al., 1994; Li et al., 2004], sol-gel method
[Goya et al., 1999], surfactant-assisted
route [Kasapoglu et al., 2007; Baykal et
al., 2008].

Spinel  ferrites are technologically
important group of materials. So, they
can be easily used optical, magnetic,
electrical and electromagnetic absorbing
materials. To give some examples for
these materials to use as electrodes in
energy storage devices, in magnetic
storage devices, as catalysts, RADAR
absorbing media, etc. [Sertkol et al.,
2009; Bayrakdar and Pier, 2012].

In this work, cetyltrimethylammonium
bromide (CTAB) assisted hydrothermal
route using NaOH was used to synthesize
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CoxMn; Fe,04, nanoparticles (NPs) and
prepared CoxMn;Fe;O4 / Paraffin
nanocomposite materials. The
synthesized nanocrystalline samples were
characterized the electromagnetic
properties of samples were investigated
using Network analyzer.

2. EXPERIMENTAL

2.1. Preparation of nano-particles
Coanl_xFe204

Nanoparticles of Co,Mn;_Fe,O4 have
been prepared nanoparticles using
surfactant-assisted hydrothermal process
by using CTAB. According to this
method, 0.003 mol. surfactant CTAB was
dissolved in 35 ml. deionized water to
from a transparent solution. Then ferric
chloride hexahydrate (FeCl;.6H,O) of
0.004 mol. added to solution and mixed
10 min. After 10 min. stirring,
stoichiometric amount of CoCl,.6H,0O
and MnCl,.6H,O was introduced into
mixed solution under vigorous stirring.
Deionized water added to make the
solution for a total volume 40 ml. and pH
of the solution mixture was adjusted to
11. Before being transferred to teflon
lined auto clave of 50 ml. capacity, the
solution mixture was pretreated under an
ultrasonic water bath for 40 min.



hydrothermal synthesis was carried out at
130°C for 15 h. in an electric oven
without shaking or stirring. Afterwards,
the autoclave was allowed to cool to
room temperature gradually. The black
precipitate collected was washed with
distilled water several times in an
ultrasonic bath to remove any possible
impurities. The solid was then heated at
100°C and dried under vacuum for 5 h
[Bayrakdar, 2011; Bayrakdar and Pier,
2012].

2.2. Composite preparation

Powders of CoxMn;4Fe,O4 and paraffin
are taken in weight ratio of 5:x:1 (x is not
disclosed) and thoroughly mixed powders
and paraffin in the glass bottle. The mix
was homogenized in mortar and then
poured in the mould which is a = 19.4
mm, d (cross section length) = 21.5 mm
and ¢ (thickness) = 2 mm and waited 20
min. at room temperature[Bayrakdar,
2011; Bayrakdar and Pier, 2012].

3. ELECTROMAGNETIC
ABSORBING MEASUREMENTS

Measurements were made rectangular
waveguide technique. Samples was put
into a rectangular shape of size a = 19.4
mm, d (cross section length) = 21.5 mm
and c¢ (thickness) = 2 mm to fit in
rectangular waveguides and connected
between two waveguides. Figure shows
the measured absorption spectra for

prepared nanocomposites [Bayrakdar,
2011; Bayrakdar and Pier, 2012].

4. CONCLUSION

It has been successfully synthesized
ferrite-polymer nanocomposite structures.
Theoretically and experimentally were
investigated the electromagnetic
propagation, absorption properties of
these nanocomposite materials at 8-20
GHz in microwave guides. The
microwave absorption, magnetization,
EMI shielding, of spinel ferrites/ paraffin
nanocomposite were analyzed. These

143

microwave  absorbers are  using
synthesized prepared composite has been
fabricated, and successfully demonstrated
for a maximum reflection loss of ~-50 dB

at 12 GHz with a bandwidth of
approximately 2 GHz in a sample
thickness of 2 mm.
101 . Co,Mn,_,Fe,0, / Paraffin
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Figurel:Absorption spectra of

nanocomposite samples.
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ABSTRACT: In this study, silver and zinc oxide powders were processed by mechanical
alloying and powder metallurgy techniques to obtain Ag8ZnO composite, and the green
density, porosity and microhardness values of this composite at different compaction
pressures were investigated. Planetary type ball mill was used to achieve homogeneous
distribution of the reinforcement (zinc oxide) in the matrix (silver). For this reason, particle
size and morphology at different milling times were determined, and the relationship between
particle size and milling duration was examined. The optimum ball-milling time is
approximately 0.5 h. In addition, four different pressure values, namely 40, 60, 80 and 100
bars, were selected to investigate the effect of compaction pressure on green density, hardness
and porosity ratio. The compaction was performed separately for each pressure level, and the
green compacts produced by this way were analyzed by using SEM coupled with energy
dispersive X-ray spectroscopy (EDX). The experimental results showed that the highest green
density and microhardness values were obtained with the compaction pressure of 100 bar.
Besides, the porosity ratio constantly decreases with increasing compaction pressure, and
reaches its minimal at 100 bar. The EDX map characterization showed that zinc oxide
distribution was homogeneous in the silver matrix.

1. INTRODUCTION

Electric contact, which is mainly used for such as relays and contactors. However,
electrical and electronic applications and silver has some drawbacks such as low
responsible for controlling one or more melting and boiling points, low mechanical
electric circuits by making or breaking the strength, possible contact welding and a
circuit, is one of the most important tendency to form sulfide films (tarnishing)
components of electromagnetic switches. [Braunovic et al, 2006]. Due to the
Electrical contact materials should possess reasons mentioned above, it is necessary to
a good combination of electrical and form a composite containing metal oxide
thermal conductivities, wear performance in order to increase strength against arc
and resistance to erosion and welding. erosion and minimize welding. Hence,
Otherwise, the contact erosion which is different types of silver-based composite
defined as the material loss at the contact electrical contact materials have been
surfaces, for example, due to material developed in order to meet the
evaporation by an arc, will occur requirements for various applications
[Gurevich, 2005]. However, none of the [Swingler et al., 2011]. The most common
materials may have all of these properties metal oxides used in electrical contacts are
by itself, and there is no such thing as a cadmium oxide (CdO), tin dioxide (SnO,)
universal contact. Fine (unalloyed) silver is and zinc oxide (ZnO).

a soft, malleable and ductile metal, and it

has the highest electrical and thermal The main aim of this study based on
conductivities among all the metals developing novel materials for electrical
[Schwartz, 2002]. Therefore, it is used contacts used in electromagnetic switches
extensively in electromagnetic switches is to optimize the manufacturing process
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parameters for a specific electrical contact
material. In this content, conventional
powder metallurgy technique is combined
with mechanical alloying process. The
main reason of using the MA process is
just for improvement of homogeneity with
finer particle sizes.

In this study, the influence of compaction
pressure on the microstructure and physical
properties such as density, porosity and
hardness of Ag8ZnO composites is
investigated.

2. EXPERIMENTAL PROCEDURES
Silver was used as the matrix material and
zinc oxide as the reinforcement for this
study. As starting materials, very fine
commercial elemental silver having
particle size of 45 pm and 99.99 % purity
and zinc oxide having particle size of 45
pum and 99.999 % purity powders were
used for mechanical alloying experiments.
Both silver and zinc oxide powders were
supplied by Goodfellow Corporation.

The morphology of the starting powders
was investigated by means of scanning
electron microscopy (SEM) by Zeiss Evo
LS 10 (Fig.1).

as-received

Fig. 1:
powders: a) Silver powder, b) Zinc oxide
powder

Morphology of

\Planetary type ball mill (Fritsch
Pulverisette 6) is used to carry out the
milling experiments. Both the milling
container and the grinding balls are made
of tungsten carbide (WC). The diameter of
the balls (@) is 10 mm. ZnO powders were
added to silver powders in the amount of 8
% in weight. The milling was carried out at
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a speed of 300 rpm and a ball-to-powder
ratio (BPR) of 10:1. No process control
agent (PCA) was used during milling. The
starting  powders  were  ball-milled
separately for six different test durations
between 0.5 to 10 h. For each test, the
fresh powder charge was installed into the
vial. After each test, the powder samples
were taken for particle size measurements.
Particle size distribution of the powders
was analyzed using Malvern Mastersizer
2000. The variation of average particle
sizes with milling duration was also
investigated by using SEM. After MA
experiments, the composite powders were
processed to bulk solid pieces by
conventional powder metallurgy route. For
this reason, the Ag8ZnO composites were
consolidated in the form of green compacts
of approximately 6 mm diameter and 2 mm
thickness by hydraulic press under the
various pressure levels of 40, 60, 80 and
100 bars in a single action steel die.

The microstructure of the Ag8ZnO
composite produced by MA was
characterized by using SEM. The green
compacts pressed at different compaction
pressures were also studied by both
secondary and backscattered electron
modes of SEM to determine the porosity
ratio for each condition. Hardness
measurements were carried out by using a
Microvickers hardness tester applying load
of 4904 N and loading period of 15
seconds. The EDX map characterization

was  performed to evaluate the
homogeneity of the green compacts.
3. RESULTS AND DISCUSSION
3.1. Particle Size Evaluation and

Morphology of Milled Powder

The effect of milling time on the average
particle size of the Ag8ZnO composite
powders is shown in Fig. 2. The analysis
report containing average particle sizes for
all specimens is presented in Table 1.



Fig. 2: The variation of average particle
size with milling duration for Ag8ZnO

composite powder

Table 1: Average particle sizes of the

powders milled.
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0 11.243 | 22.879 | 44.757
0.5 2.641 16.544 | 54.265
1 4.485 16.495 | 51.744
2 6.058 18.653 | 105.916
4 7.926 26.957 | 224.279
7 12.095 |94.352 | 345.285
10 16.019 | 87.435 | 303.769

It can be seen from Fig. 2 and Table 1 that

the average particle size was reduced in the
first test duration (0.5h), and slightly
increased up to 3 h, and then increased
significantly. It is known that the powder
charge contaminates with the prolonged
milling durations [Suryanarayana, 2004].
Taking into account all of these factors,
approximately 0.5 h of milling duration
was determined as optimum milling time.
However, the same process should be
repeated for any specific composition as
the optimum milling time depends on
initial particle sizes of both matrix and
reinforcement, and of course the MA
conditions [Zoz et al., 1999; Rehani et al.,
2009; Soni, 1999].

Particle size distribution and SEM
micrograph of the Ag8ZnO composite
formed after 0.5 h of milling duration is
given in Figs. 3-4, respectively. It can be
seen from Fig. 3 that average particle size
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(APS) of Ag8ZnO composite powder is
16.544 um (d(0.5)).

dodr 264 um dos): 16544 um 03} 54265 um

Particle Size Distribution

volume (%
R S )

a1 01 1 10 10
Particle Size (pm)

1000 3000

Fig. 3: Particle size distribution curve of
Ag87Zn0 composite powders

Fig. 4 represents that the Ag and ZnO
powders being the constituents of Ag8ZnO
composite are homogeneously mixed after
the milling duration of 0.5 h.

—
i & Matecias Enginsering

Fig. 4: Microstructure of the Ag8ZnO

composite powders produced by ball-

milling for 0.5 h.

3.2. Green Density of the Samples

The green density values of the samples
increased with the increasing compaction
pressure, and maximum value (9.307
g/cm®) was obtained at the pressure of 100
bar as seen in Fig. 5. During densification
in the die compaction, the compaction
pressure increases as the resistance of the
metal powder compact increases. Since
particle sliding is dominant mechanism at
low compaction pressures, large increases
in density occur. As compaction continues,
particle deformation takes place, and high
pressures are required to exceed flow stress
of the powder particles. Therefore, the rate
of densification reduces with increasing
pressure at further pressure levels. Hence,
the increase in the green density is not
remarkable above 100 bar pressure level.



Consequently, the pressure levels above
100 bar are deliberatively eliminated.

9,2 7
86

40 60 80

(g/cm?)
00
[(e}

Green Density

100

Compaction Pressure (bar)
Fig. 5: The variation of green density vs.
compaction pressure

It is known that the characteristic of green
strength is very important [Upadhyaya,
1998]. The green compacts should
maintain their size and shape during
handling prior to sintering. Therefore, the
pressure levels below 40 bar are
deliberatively eliminated as the pressure
levels below 40 bar are insufficient to
maintain the original shape. On the other
hand, green density is also related to the
size reduction and homogenization of
composite powders. Reducing the average
particle size increases particle surface area,
and thus provides more sites for
mechanical interlocking. Considering all
pressure levels, the total contact area
between powder particles is maximum at
100 bar. Furthermore, the green density is
increased by minimizing surface oxidation
and contamination. The contamination of
the powders is macroscopical in the long-
term milling. That is why the powders
were no longer milled. Hence, the milling
duration of 0.5 h at which the minimal
particle size and contamination
determined, was selected to manufacture
green compacts.

3.3. Porosity

The porosity ratio gradually decreases and
reaches its minimal at 100 bar as well (Fig.
6). At this pressure level, the porosity ratio
calculated as approximately 5 %.
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Fig. 6: The wvariation of porosity vs.
compaction pressure

The porosity distribution of the samples
was also characterized by using SEM in
the backscattered electron mode as seen in
Fig. 7. The SEM micrographs in Fig. 7 also
confirm the decrease in porosity ratio with

(c) (d)
Fig. 7: SEM backscattered images of
porosity  distributions of  Ag8ZnO

composites pressed at different compaction
pressures: a) 40 bar, b) 60 bar, ¢) 80 bar, d)
100 bar.

3.4. Hardness

It can be seen from Fig. 8 that the hardness
increases  gradually with increasing
compaction pressure. The highest value of
hardness was determined at 100 bar, and
measured as 94.25 Vickers (HVN). This is
because, the hardness of the silver matrix
is increased by reinforcement phases via
dispersion  hardening.  These  brittle
secondary phase particles minimize the
welding phenomena of the contact surfaces
by reducing the silver-to-silver contact
area.



80704

30

20 70 120

Compaction Press

Microhardness
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Fig. 8:The variation of microhardness vs.
compaction pressure

3.5. Chemical Analysis (EDX)

The EDX map -characterizations were
investigated for assessing homogeneity of
the composites produced at different
pressures. It was determined that the ZnO
distribution was homogeneous in each
condition. As example of this, the EDS
analysis and mapping report of Ag8ZnO
compacts pressed at 100 bar were given in
Figs. 9 and 10, respectively.

cps/eV.
25— OK

AGIA KA
20—
15—

JAg zn A zn
10—

5

EJ' J A

o— TR AL o B B s s B e B
2 4 6 8 10 12 14

Fig. 9: EDS analysis of Ag8ZnO green
compact pressed at 100 bar.

s MEE

d)

(b)
Fig. 10: Mapping analysis report of the
Ag87Zn0O composite: a) selected area for

(©)

EDX mapping, b) Ag element
mapping, ¢) Zn element mapping, d) O
element mapping
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4. CONCLUSION

The following conclusions can be drawn

for this investigation:

1. Mechanical alloying allows obtaining
fine and homogeneous dispersion of
the reinforcement (zinc oxide) phase
in the matrix (silver).

2. Green density values increases with
increasing compaction pressure.

3. Porosity ratio decreases up to 5 % with
the increasing compaction pressure.

4. Hardness of the specimens increases

with the increasing compaction
pressure.
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ABSTRACT:In this study, Al12024 composite reinforced with B4C particles was produced
by mechanical alloying. A12024 and B4C powders were mixed mechanically and milled at
different times (0.5, 1, 2, 5, 7 and 10h) to achieve Al2024-5 wt.%B4C, Al2024-10
wt.%B4C and Al12024-20 wt.%B4C composite powders.The microstructure of Al2024-B4C
composites was investigated using a scanning electron microscope. The mechanical and
physical properties of the composite specimens were determined by measuring the density,
hardness and tensile strength values. The results showed that relatively homogeneous
distribution of B4C reinforcement in the matrix was obtained by mechanical alloying
technique after Sh. The hardness of the composites increased with increasing the weight
percentage of the B4C particles, while the relative density of the composites decreased with
increasing the weight percentage of the B4C.

1. INTRODUCTION
Al alloys with superior mechanical and

physical  properties are  promising
materials for several industrial
components  where lightweight is
required. One of the emerging

technologies for the production of these
alloys is the development of Al matrix
composites. Mechanical properties of Al
composites can be improved by
dispersion of ceramic particles into the
metal matrix [Hernandez Rivera et al.,
2012;Wang et al., 2010].Several methods
such as squeeze casting [Miserez et al.,
2002], semi-solid mechanical stirring
[Qin et al. 2004] and mechanical alloying
[Tousi et al. 2009] have been used for the
production Al-based composites.
Mechanical alloying (MA) has been
proved to be a process that overcomes
some drawbacks (for  example
segregation phenomena) that commonly
occur in composites produced from liquid
processes [Arik, 2008; Sivasankaran et
al., 2010; Alizadeh and Aliabadi, 2011].
The aim of this study was to produce
Al2024 alloy matrix reinforced with B4C
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by the mechanical alloying technique.
B4C reinforced Al2024 alloy matrix
composites were synthesized at milling
durations up to 10h and their
microstructural  characterization  and
mechanical properties were investigated.

2. EXPERIMENTAL PROCEDURE
To produce Al2024/B4C composites,
Al2024 powders with average particle
size of about 75um and B4C powders
with particle size of Sum were used. The
mixtures were milled using a planetary
ball mill (Fritsch “Pulverisette 7,
Premium line”) at different milling times
0.5, 1, 2, 5, 7 and 10 h). A ball to
powder weight ratio of 10:1 was kept
constant in the tungsten carbide vials.
Methanol (2 wt.%) was used as a process
control agent. The rotational speed was
controlled at 400 rpm.

The above mixtures milled 0.5, 1, 2, 5, 7
and 10h were loaded into a steel die and
cold pressed at 200MPa and then hot-
pressed at 400 ‘C at a pressure of

400MPa. The  microstructure  of
composites was characterized by means
of scanning electron  microscopy



(SEM).The density (6) of compacts was
determined by the Archimedes method.
The hardness of all samples was
measured by the Brinell hardness method
and mean of at least five readings was
taken at a load of 31.25 kgf. Tensile test
was performed using an MTS model 45
electromechanical test instrument at room
temperature on plate specimens with a
cross-head speed of 0.5 mm min”. At
least three samples were tested for each
material.

3. RESULTS AND DISCUSSION

3.1. Microstructure

The presence of reinforcement particles
mixed with Al2024 alloy powders
changes the mechanical alloying/milling
classification to a ductile/ brittle
component system [Fogagnolo et al.,
2003; Canakci et al., 2012]. It is proposed
one possible scheme of the mechanical
alloying process of this system in Fig. 1.
To evaluate the distribution of B4C
particles in Al2024 matrix, SEM images
were used. Fig. 2 shows the distribution
of B4C particles in Al2024 matrix in the
powders containing 20 wt.% B4C.
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Starting Powders Fragmentation

Fracture

Random Welding
Orientation

Steady
State

Equiaxed Particle Formation

Fig. 1:The various stages of a ductile-

brittle  system  during mechanical
alloying.
It was observed that B4C particles

accumulated in the regions between the
Al2024 matrix powders in the first stage
of 0.5h milling (Fig. 2a). Fig. 2b shows
the milling time less than 5h is not
suitable to produce uniform composite.
Therefore to investigate the particle
distribution, the 10h milled samples are
studied and the effect of weight
percentage of B4C is investigated. It was
showed that increase in milling time
resulted in the fragmentation of hard
particles due to the impacts of balls.
Moreover, the increase in milling time
caused the homogenous distribution of
reinforcements in the matrix (Fig. 2b).
Finally, there was a balance between
welding and fracturing of powders
resulting in the homogenous distribution
of particles (Fig 2c and 2d).
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Fig. 2:Secondary electron images of the A12024-20 wt% B4C composite: (a) 0.5h, (b) 2h,

(c) 5h, (d) 10h.

3.2. The Properties of the Composites
As can be seen in Fig.3a, the relative
density of the composite decreased with
increasing B4C content. The presence of
reinforcement particles decreased the
relative density in mechanically alloyed
composite. The relative densities for
pressed  samples  decreased  with
increasing milling time, until reached a
minimum value after 10h. Decreasing the
relative density is due to the work
hardening effect of MA and hence lower
deformation capacity during pressing.
MA promotes work hardening and
homogeneous dispersion of B4C particles
which in turn decrease the powder
deformation capacity.

Fig. 3b shows the hardness of the
consolidated specimens. The hardness of
the B4C-reinforced composites is higher
when compared to that of the
unreinforced  Al2024 samples. The
hardness was found to also increase with
increasing both milling time and B4C
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content. The increase in hardness of the
nanostructured composites compared to
nanostructured Al2024  samples s
ascribed to the Orowan strengthening
mechanism triggered by the B4C
particles. It can be seen from Fig. 3¢ that
ultimate tensile strength of the A12024-10
wt.% composites are higher than those of
the other composites and unreinforced
samples. With increasing the B4C content
from 0 to 10 wt.%, the tensile strength of
composites increased as a result of
increased interfacial area between the
matrix and B4C particles. In general, as
the volume fraction of the B4C particles
increases, the interfacial area between the
B4C particles and matrix also increases,
and more load can be transferred from the
Al2024 matrix to the hard B4C particles.
At the same time, the increase in the
volume fraction of the B4C particles also
nucleates more  thermal  induced
dislocations in the Al2024 matrix
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4. CONCLUSION

A homogeneous distribution of B4C
particles in the Al2024 matrix was
obtained by mechanical alloying
technique. Increasing the milling time
and B4C content caused the relative
density of composites to decrease.
Increasing the milling time and amount of
B4C particles brought about high
hardness in the consolidated samples. The
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tensile strength of composites was
improved as the milling time increased to
5h, and then decreased with further
increasing the milling time.

Acknowledgements

The authors are grateful to the Karadeniz
Technical University Research Fund for
financially supporting this research (No:
2010.112.010.4). The researchers would
also like to thank the GundogduExotherm

Service for providing the Al2024
powders.
REFERENCES

Hernandez Rivera, J.L., Cruz Rivera, J.J., Angel,
V.P., Febles, V.G., Alonso O.C., and M
Sanchez, R., 2012. Structural  and
morphological study of a 2024 Al-Al203
composite produced by mechanical alloying in
high energy mill, Materials Design, 37, 96.

Wang, Z., Song, M., Sun, C., Xiao,D. and He Y.,
2010.Effect of extrusion and particle volume
fraction on the mechanical properties of SiC
reinforced Al-Cu alloy composites, Materials
Science and Engineering A, 527, 6537.

Miserez, A., Stucklin, S.,Rossoll, A., MarchiC.S.,
and Mortensen A., 2002.Influence of heat
treatment and particle shape on mechanical
properties of infiltrated AI203 particle
reinforced Al-2 wt-% Cu, Materials Science
and Technology, 18, 1461.

Qin, X.H, Jiang D.L. and DongS.M.,
2004.Nanometer, submicron and micron sized
aluminum powder prepared by semi-solid
mechanical stirring method with addition of
ceramic particles, Materials Science and
Engineering A, 385, 31.

Tousi, S.S., Rad, R.Y., Salahi, E.,Mobasherpourl.
andRazavi, M. 2009. Powder Technology,
192, 346.

Arik H., 2008. Effect of mechanical alloying
process on mechanical properties of a-Si3N4
reinforced aluminum-based composite
materials, MaterialsDesign, 29, 1856.

Sivasankaran S., Sivaprasad K., Narayanasamy R.
and Iyer V.K., 2010.An investigation on
flowability and compressibility of AA
6061100 x-x wt.% TiO2 micro and
nanocomposite powder prepared by blending
and mechanical alloying. Powder Technology,
201, 70.

Alizadeh, M. and Aliabadi, M.M., 2011.Synthesis
behavior of nanocrystalline  Al-AlO;
composite during low time mechanical milling



process, Journal of Alloys and Compounds,
509, 4978.

Fogagnolo, J.B., Velasco, F., Robert and Torralba
JM., 2003.Effect of mechanical alloying on
the morphology, microstructure and properties
of aluminium matrix composite
powders,Materials Science and Engineering
A, 342,131-143.

Canakci A, Ozsahin S, Varol T., 2012.Modeling
the influence of a process control agent on the
properties of metal matrix composite powders
using artificial neural Networks, Powder
Technology, 228, 26-35.

154



EXAMINATION OF ABRASIVE WEAR BEHAVIOUR IN Al 2014-SiC
COMPOSITES

Niyazi Selguk CILASUN™, Recep CALIN? Osman BICAN?, Muharrem PUL?

'Kirikkale University, Department of Mechanical Engineering, Kirikkale, TURKEY
’Kirikkale University, Department of Metallurgical and Materials Engineering, Kirikkale, TURKEY
a. Corresponding author (niyazicilasun_s@hotmail.com)

ABSTRACT: In this study, the effects of reinforcement volume fractions on abrasive wear
behaviour were examined in Al-SiC reinforced metal matrix composites (MMCs) of 3%,
6% and 12% reinforcement — volume (R-V) produced by melt stirring. Abrasive wear tests
were carried out by 320 mesh sized Al,O; abrasive papers and pin-on-disc wear test
apparatus under 10 N, 20 N and 30 N loads at 0.2 m/s™' sliding speed. The mechanical
properties of composite specimens such as hardness and fracture strength were determined.
Subsequent to the wear tests, the microstructures of worn surfaces were examined by
Scanning Electron Microscope (SEM) and EDS analyses. While increased SiC
reinforcement volume fraction in the composite resulted increased hardness, fracture
strength was determined to decrease. Additionally, it was found that increased SiC
reinforcement volume fraction in the composite was accompanied with increased wear loss
and porosity as well as R-V were identified to be significant determinants of abrasive wear
behaviour.

Keywords : Metal matrix composite, SiC, Abrasive wear, Scanning electron microscopy

1. INTRODUCTION

In recent years, depending upon the fracture toughness [2, 3]. Production of
development of technology and the rising composites with Al matrix is realized
needs of industry, the number of research through casting, infiltration or the
and development studies about the techniques of powder metallurgy. Melt
production of composites have increased. stirring method which is one of the
There are several reasons for the increase production  techniques of Particle
in the area of use of composites which are Reinforced Composites with Metal
their ~ reproducibility at  different Matrix (MMCs) is preferred due to low
compositions and different cost at general purposed applications.
characteristics, their resistance feature for
fatigue, toughness and high temperature, Many researchers studied about the
and their high level of oxidation and friction and wear behaviour of
abrasion resistance [1]. composites with Al metal matrix.
Eventually, they identified that hard
Examination of wear behaviour of particle reinforced composites resist
composite materials is an important much higher degree of abrasion than
research subject. Use of reinforcing matrix alloy [4]. Wear ratio , slip
components in composite materials velocity, particle size, hardness, applied
increases toughness as well as strength by load are impressed by chemical
creating hard phases within the soft composition of matrix material and
structure. Abrasion resistance changes volume of reinforcing material and its
depending on the amount, dimension, distribution within the structure [ 5 - 8[1.
distribution of hard parties, hardness of In literature, it is stated that wear
matrix and reinforcing components, and increases with the increase in volume
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and particle size of hard phases [19 - 11].
In this study, the effects of R-V and
applied wear load on micro structure of
composites and wear behaviour in
composites produced at the ratio of 3%,
6% and 12% SiC Reinforcement-Volume
(R-V) has been studied with melt stirring
method.

2. EXPERIMENTAL STUDY

2.1. Production of Composite Samples
99.5% purity grade Aluminium (Al 2014)
as liquid matrix material and SiC as
reinforcing component have been utilised
for the production of composite samples.
Chemical compositions and mechanical
properties of the matrix material Al 2014
and reinforcing component SiC added
into the ladle at 92.3 um particle size are
shown in Table 1 and Table 2.

Table 1: Mechanical and chemical
properties of Al 2014
Density Tensﬂeh Rluptur§ IHardness
[ /Cm3] strengt’ elongation [VSD]
[MPa] [%]
2,8 186 18 45
Al [%] Cu [%] Si [%]
Content | 93.1 4.50 0.80
%% Mn [%] | Mg [%] Zn [%]
0.80 0.50 0.20
Table 2: Mechanical and chemical
properties of SiC
Density [ g/cm’] Hardness [mohs]
3.20 >9.5
SiC [%] | C [%] Fe, 05 Cl[%]
[%]
98 0.15 0.20 <50
ppm

For the production of composite samples;
the liquid matrix material Al 2014 has
been placed into the ladle and melting
process has been started, which is
continued until the temperature of liquid
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matrix material reached 800 °C. The
apparatus prepared for mixing the liquid
matrix material has been dipped into
liquid metal and mixing process has been
started. Increasing the mixing speed
gradually to 500 r/min; and the SiC
particles, of which amount is
predetermined as per reinforcing has then
been included into the liquid metal during
the mixing process. After the addition of
reinforcing component SiC into liquid
matrix material Al is complete, mixing
process has been continued at 500 r/min
for 4 minutes for the purpose of
providing homogenous distribution of
SiC particles inside the mixture. After the
mixing is complete, the ladle has been
taken out of furnace and poured into the
prepared mould and left to cool down at
room temperature. The same processes
have been applied separately for each R-
V.

Scanning Electron Microscope (SEM)
photographs have been taken for the
purpose of analysing the microstructures
of the obtained composite samples. The
view of the melt stirring testing apparatus
is shown in Figure 1.

Temparature control
device

Figure 1: Melt stirring testing apparatus

Afterwards, test samples of 6 mm
diameter and 25 mm length have been
prepared for the purpose of determining
the abrasive wear values of composite



materials produced at 3%, 6% and 12%
SiC R-V.

2.2. Abrasive Wear Tests

Wear tests have been conducted under
dry and unlubricated sliding conditions at
room temperature on pin-on-disc type
wear device by using aluminium oxide
(Aly03) abrasive sandpaper of 320 mesh
particle size. The composite samples on
abrasive sandpaper have been moved
perpendicular to  wear  direction,
providing constant contact of samples
with new sandpaper surfaces at all times.
Tests have been performed by applying
three different loads of 10 N, 20 N and 30
N at 0.2 ms "' sliding speed and 10 m
sliding distance. By applying three
different loads separately on composite
materials of 3%, 6% and 12% SiC R-V, a
total of 9 abrasion tests have been
conducted. By weighting on a scale with
0.1 mg measurement sensitivity before
and after each testing, the wear amounts
of composite samples have been
recorded.

SEM views corresponding to wearing
surfaces have been obtained and assessed
after the wear tests. The view of the
testing apparatus on which the abrasive
wear tests were performed is shown in
Figure 2.

Abrasive
® sandpaper
/

Sliding
direction

! Coposie
)

Rotating disc
— ‘- 3
Figure 2: The view during abrasion test
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3. RESULTS AND DISCUSSIONS

3.1. Assessment of Microstructures

The SEM views obtained for MMK
samples produced at different R-V
through melt stirring method are shown
in Figures 3 a), b) and c).

b)

&;g .__.7 ; : :;'.u.n-._. o ' C)
Figure 3: a) 3% SiC, b) 6% SiC c) 12%
SiC reinforced composite microstructure
views

Examining the SEM views, it is observed
that increasing the R-V also increases the
homogenous distribution of SiC particles
inside the produced composites. It is seen
that the reinforcing agent 1is not
distributed homogenously inside the 3%
SiC reinforced composite (Figure3 a)). It
is considered that this situation is brought
out by the sweeping of low R-V SiC
particles during mixture and their local
aggregations. It is also seen that the least
homogenous distribution is observed in



the sample with 3% R-V , the distribution
is somewhat improved with 6% R-V
(Figure 3 b)), and a homogenous particle
distribution near the desired level can be
seen with 12% R-V (Figure 3 ¢)). In a
similar study conducted by M. Pul et al.
[12], the same results have been obtained.

3.2. Assessment of Abrasive Wear Tests
The values corresponding to the abrasion
amounts of composite samples produced
with 3%, 6% and 12% SiC reinforcement
are shown in Table 3 and the graph in
Figure 4.

Table 3: The wear amounts from the wear
tests of composite samples

Applied Loads
ION[20N [30N
Reinforcement | Wear Amount (g )
Amount
3% SiC 0.054 | 0.094 0.079
6% SiC 0.051 | 0.040 0.019
12% SiC 0.072 | 0.053 0.009
0,1
__ 009 !\
2008
+— 0,07 \ \ 3
S 0,06 ANAAN —
=l Loads
£ 0,05 |
® 5,04 ——10N
50 N\
$ 003 —=-20N
= 002 N 30N
0,01 —
0
3% 6% 12%

SiC reinforcement - volume ratio

Figure 4: Wear amounts of composites
produced with 3%, 6%and 12% SiC R-V
in result of 4 minutes mixing at 500
cycle/min. and 800 °C temperature in
tests done with 320 mesh particle sized
abrasive under 10 N, 20 N and 30 N
loads

When Figure 4 is examined, it is
observed that volume loss increased in
tests conducted under 10 N load, while
the volume loss decreased in tests
conducted under 20 N and 30 N loads.
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This situation points out that the effective
wearing mechanism is abrasion at loads
up to 10 N, and adhesion at 20 N and 30
N levels. When the SEM views obtained
from surfaces worn in result of the tests
are examined, it is seen that more
smearing layers were formed on material
surfaces at 20 and 30 N loads. In other
words, the wearing particles adhere on
the Al layer smeared on surface at loads
over 10 N due to pressure effect and form
a further smearing layer along with Al
“JFigure 5 a), b) and c)[1. Therefore, a
certain decrease has been observed in the
loss of volume with increased loads.
Similar results have been revealed in the
study conducted by O. Bican [12].

: e C)
Figure 5: Wearing effect SEM views of
composites produced in result of 4
minutes mixing at 500 r/min, 800 °C
temperature and 6% R-V , under a)10 N,
b) 20 N and ¢) 30 N loads



4. CONCLUSIONS

The conclusions obtained in this study

are summarised below:

e It has been determined that, the
homogenous distribution of SiC
particles within the composites
increased with the increase of R-V
inside composite structure.

e It has been observed that volume loss
increased in tests conducted under 10
N load, while the volume loss
decreased in tests conducted under
20 N and 30 N loads. This situation
points out that the effective wearing
mechanism is abrasion at loads up to
10 N, and adhesion at 20 N and 30 N
levels.

e Considering R-V | the highest
wearing has occurred in 12% SiC
reinforced samples and the least
wearing has occurred in 3% SiC
reinforced MMC samples.
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ABSTRACT: The materials properties of conventional organic—inorganic hybrid materials
produced by mixing or dispersing inorganic materials in organic polymers are mainly
determined by the nature of the interface between the organic and inorganic components,
as well as by the size and dispersibility of the inorganic filler material. ZrO and
hydroxyapatita nanoparticles of various sizes have been incorporated by compounding in a
poly(methyl methacrylate) (PMMA) matrix to enhance its mechanical properties. SEM and
XRD were used to determine component and morphology of the composite. Results
indicated that HA and Zr particles were dispersed well in PMMA matrix, The mechanical
properties of the composite were evaluated by using flexural strength (LOYD LR5K Plus).
It was found that the flexural strength. The addition of HA can also reduce the ratio of
water absorption of composite, which postponed the retention of mechanical properties of
composite under moisture condition. The possibility of combining properties of organic
and inorganic materials have been explored some years ago. One aspect was the
development of composite membranes using a ceramic porous support and a selective top
layer of an organic or hybrid polymer.

1. INTRODUCTION

There have been many attempts using are mainly determined by the nature of
various techniques to develop high the interface between the organic and
performance organic—inorganic hybrid inorganic components, as well as by the
materials, which combine the features of size and dispersibility of the inorganic
inorganic and organic substances. Such filler material. [Laachachi et al., 2005]
hybrid materials have been investigated From the above reason, many researches
at various scales from the level of have enrolled with composites dealing
microscale order to molecular order. with the combination of ceramics and
[Zulfikar et al., 2006] Organic polymer polymers in order to improve some
materials exhibit excellent flexibility, properties, especially mechanical
toughness, moldability, and adhesiveness, properties. [Doyen et al., 1996], [Shen et
but their heat resistance properties are al., 1985]
inferior to those of inorganic materials.
[Landry et al., 1992], [Cheng et al, The purpose of the present study was the
1990], [Shen et al., 1985], [Cojocaru et preparation of  hydroxyapatite-ZrO,/
al, 2009]. poly(methyl methacrylate) (HA-ZrO,/
PMMA) composites by interpenetrating
The materials properties of conventional polymerization of methyl methacrylate
organic—inorganic  hybrid  materials (MMA) monomer in the nanoporous HA-
produced by mixing or dispersing ZrO; templates.

inorganic materials in organic polymers
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2. MATERIALS

Experiments were made on the obtaining
of nanoparticles HA-ZrO, through sol-gel
method (synthesized at UBB-ICCRR- Cluj-
Napoca). HA was prepared by co-
precipitation of calcium hydroxide
(Ca(OH);) and phosphoric acid (H3POy).
The sol of ZrO, (35 % in water) was
added to the hydroxyapatite gel, reheated
to 120°C. The powders were annealed at
1000°C(2h).HA-ZrO,/poly(methyl metha
crylate) composites were prepared by
interpenetrating bulk polymerization of
methyl methacrylate (MMA) monomer in
porous structures. The porous HA-ZrO,
templates were prepared by mixing their
calcined powders with poly(vinyl
alcohol) (PVA) solution, shaping by
uniaxial pressing and then firing at
1000°C. The templates were soaked in
the solution mixture of MMA monomer
and 0.1 mol% of benzoyl peroxide (BPO)
for 24 h. The pre-composites were then
bulk polymerized at 85°C for 24 h under
nitrogen atmosphere. The flexural
strength was determined by using the
expression FS = 3xFx1/2xbxh?, where 1 is
the distance between props, b is the
thickness of the test piece and h is the
height of the test piece. The tests were
carried out on a universal testing system
LOYD LR5K Plus. The scanning
electron microscope (SEM) QUANTA
133 from FEI Company was used for the
examination of the samples by electronic
microscopy.

3. RESULTS AND DISCUSSION
Polymers capable of forming spherical
structures in solution has been shown
critical in forming these films. [Widawski
et all., 1994]

The mechanical properties are the
improved with the increase of the filler
concentration and vary according to the
composition of the filler.  This
improvement of the  mechanical
properties is due to a good insertion of
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hydroxyapatite and zirconium nano
particles in the polymeric matrix, as well
as to the creation of chemical bonds
between the organic phase and the
inorganic one. In figure 1. we have a
values flexural strength for 5 samples: 1.
20%wtHA-ZrO/80%wtPMMA; 2. 30%wt
HA-ZrO/70 %wt PMMA; 3. 65 %wt HA-
ZrO / 35 %wt PMMA; 4. 40%wtHA-
7Zr0/60 %wt PMMA; 5. 50%wt HA-ZrO
/50 %wtPMMA;

™

Samples
w

.|l J

70 75 80 85 90 95 100

MPa

Figure 1: Flexural Strengh Values

Method for synthesis of nanoscopic
particles is very important. For example,
mesoporous hydroxyapatite agglomerates
which is generally very hygroscopic in
nature and contain adsorbed water, so the
connection between nano-fillers and
organic matrix may be compromised. The
results of this study showed differences
in flexural strength values of composites
when experimental variation between
HAZrO/PMMA  under the same
polymerization conditions. The high
values are obtained for samples 3 to 65%
by weight of HA-ZrO could be explained
by a good bond between the polymer and
filler particles, and the particles
hydroxyapatite appropriate the filler
content, size, type, and distribution, as
well as coupling between particles and

matrix are factors that influence
mechanical properties.
SEM  micrographs of the obtained

samples are shown in Figure 2. Scanning
electron microscopy (SEM) was used to



size and size

monitor the particle
distribution.

Figure 2: (a) SEM micrograph of as-
received PMMA particles; (b) sample 1;
c¢) sample 3; d); sample 5

Generally, a uniform distribution of
macro porous throughout the polymer
matrices is found, but a solid film of
polymer (skin layer) is observed over the
majority of the sample surface. SEM
pictures have shown that no external
porosity was apparent in the beads (Fig.
2), although no accessible internal
porosity is likely present. On the
contrary, PMMA polymer modified with
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MMA macro monomer have shown
external porosity clearly evidenced by
visual observation of SEM micrographs
(Fig. 2b,c,d ). Possibly, the presence of
the macro monomer reduced polymer
mobility and partially prevented the
formation of the outer skin.

The mixing of nanofillers and polymers
is difficult to achieve due to the large
surface energy of nanometric particles.
Zirconia (ZrO;) is an important
biomaterial due to its excellent
biocompatibility and high mechanical
strength. Hydroxyapatite (HA) is a major
inorganic component consisting of
human hard tissues, such as bones and
teeth, and its content determines their
microstructures and physical properties.

However, this mechanical mixing would
cause low sintering density and/or non-
uniform zirconia phase distribution in the
sintered HA matrix due to the large
particle size and/or segregation of
zirconia particles. Non-uniform
distribution of the zirconia phase in the
HA matrix would seriously deteriorate
the mechanical properties of HA/ZrO,
composites. On the other hand, the
chemical co-precipitation technique can
allow the preparation of a homogeneous
mixture of nanoscale HA and ZrO,
nanoparticles, which would be the most
suitable approach for the preparation of
HA/ZrO, composites with superior
mechanical properties. Improvement of
the mechanical properties can be
achieved by the incorporation into
resistant oxide phase, e.g. Zirconia
partially stabilized by calcia. The
preparation of homogeneously distributed
zirconia- hydroxyapatite composites can
be accomplished using a co-precipitation
process of precursor reagent solutions.

HA-ZrO, nanoparticles behave as load
carriers leading to good mechanical
properties if they are distributed
homogeneously in the cement. The shape
and the size of the particles have a



preponderant influence on the charging

degree, which is  experimentally
determined so as to ensure an adequate
consistency and  obvious  plastic

properties for the nanocomposite mixture.
We may specify that the bond between
the filler and the organic matrix is the
most important for a nanocomposite with
appropriate properties, and, from this
point of view, it is easy to justify why the
break of the bond between the fillers and
the organic matrix could be the first
destruction mechanism that appears in the
process of composite degradation
However their low strength and brittle
nature limits their potential applications
to principally non-load-bearing
applications. The mixing of nanofillers
and polymers is difficult to achieve due
to the large surface energy of nanometric
particles. Evidently, the concurrent
occurrence of the different steps in the
final process will induce differences in
the obtained composite material.

4. CONCLUSIONS

The use of inorganic fillers consisting of
rational mixtures of fractions with
different particle size increase packing
density and filler content, improve the
good flexural strength. The possibility of
combining properties of organic and
inorganic materials have been explored
some years ago. One aspect was the
development of composite membranes
using a ceramic porous support and a
selective top layer of an organic or hybrid
polymer. With the help of SEM a series
of biofilms and nanocomposites have
been characterised. To investigate the
role of HA-Zr in mixing with PMMA,
causes the significant changes of
nanocomposites structure. The addition
of HA-Zr to PMMA (up to 65 wt%) did
not changed significantly the flexural
properties.
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ABSTRACT: In this study, the synthesis of BNNTs are acieved from a boron ore and Fe
catalyst under NHj3; atmosphere for the first time. The synthesized BNNTs have single
crystalline hexagonal boron nitride lattice, multi-walled and randomly oriented at uniform
structure at 10-30 nm outer diameter and 5 nm wall thickness. High-resolution transmission
electron microscopy revealed that the distance between the BNNT walls is 3.4 A.

1. INTRODUCTION

Boron nitride nanotubes (BNNTSs) known
as the structural analogues of carbon
nanotubes (CNTs) are more superior than
CNTs due to their robust structure that
resists to high temperature and harsh
chemical conditions [Golberg et al., 2010],
high hydrogen storage capacity [Okan et
al., 2012] and electronic properties that
depend on ionic nature of B-N bond.

First obtained BNNTs by Chopra et. al in
1995 were synthesized with arc-discharge
method [Chopra et al., 1995]. Up to date,
several methods were developed for the
synthesis of BNNT. The arc-discharge,
chemical vapor deposition (CVD) and laser
ablation can be given as examples to these
methods. In most of the synthesis
methods, amorphous boron, boric acid,
borazine or CNTs were used as starting
materials [Huang ef al., 2011]. The use of
BNNTs is foreseen in a wide range of
applications including preparation of
polymer composites, microfluodic devices,
superhydrophobic surfaces, and biomedical
devices [Wang et al., 2009].
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In this study, the BNNTs were synthesized
for the first time from a boron ore,
colomenite, with CVD method at 1280°C.
The reaction parameters such as the
amount of boron ore, the type and amount
of catalysts, the reaction temperature and
duration were optimized.

2. RESULTS

2.1. Effect of Catalyst Type to the BNNT
Synthesis

Boron ores can be used for the synthesis of
BNNTs since it contains B,Os; in its
structure (Figure 1).

Three types of catalyst, ZnO, ALO;,
Fe;04, and Fe,Os3, were investigated for
their performances and samples were
analyzed by scanning electron microscopy
(SEM). Iron oxides were used as the
catalysts, the formation of BNNTs was
dramatically improved to compare others
(Figure 2).



(Boron Ore)
AN

* NH,(g)
7

Figure 1: Direct sythesis of BNNT from boron ore.

2.2. Effect of Reaction Time to the
BNNT Synthesis

The reaction time on the yield and the size
of BNNTs were investigated. The reaction
was set to 30, 60, 120 and 150 min. Then,
the obtained BNNTs were analyzed by
SEM.

Figure 2: BNNT synthesis in the presence
of F6203.

We concluded that the ideal reaction time
for high yield BNNT formation was 120
min (Figure 3).
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Figure 3: BNNT synthesis in the presence
of Fe,O5 and reaction time 1s 120 min.

2.3. TEM and HRTEM Analysis

The structure of BNNTs was further
analyzed with TEM (Figure 4). As seen on
TEM images, the BNNTSs are multi-walled,
single-crystal and have an outer diameter
ranging from 10 nm to 30 nm. The Fe,O3
catalyst was not observed on the tip of
BNNTs and they were open-ended. The
wall thickness of these BNNTs ranges
from 5 nm to 6 nm. The diffraction image
of the selected area showed that the
distance between the walls was 0.34 nm
and the sidewalls were well-crystallized h-
BN (002).

The BNNTSs were analyzed with UV-Vis,
FT-IR and Raman  spectroscopic
techniques.

¥

Figure 4: TEM image of BNNT.



2.4. UV-Vis Analysis of BNNTSs

The UV-Vis spectrum of BNNT, a band-
gap transition peak at 200 nm was
observed. In addition, an absorption peak
in the form of shoulder that is caused by
Van Hove Singularities was detected at
273 nm (Figure 5).

oo
U U U i i

Absorbance

306 406
Wavelenght (nm)

206

Figure 5: UV-Vis spektrum of BNNT

2.5. Raman Spectroscopy Analysis of
BNNTs

The BNNTSs give a sharp peak at 1368 cm™
on Raman spectrum. This peak shows the
E»g in-plane model of h-BN structure and it
is due to the bond vibration between B and
N, which is located on the same plane
(Figure 6)
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Figure 6: Raman spektrum of BNNT.

2.6. FT-IR Analysis of BNNTs

The pure BNNTs were also analyzed by
FT-IR. The B-N-B in-plane bonding
vibration peak at 1327 cm” and the
secondary absorption peak at 758 cm’
were observed (Figure 7). It was consistent
with the reported FT-IR spectrum of
BNNTs in the literature [Zong et al.,
2011].
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Figure 7: FT-IR spectrum of BNNT

2.7. XRD-Pattern Analysis of BNNT
XRD pattern result of pure BNNT
indicates the presence of single and
dominant h-BN phase (Figure 8). Peaks
were observed 20 angles of 26.8° and 41.8°
belonging to hexagonal BN. There are not
any crystalline phase peaks originating
from substrate and Fe,Oj; catalyst.

(a.u)

Diffraction intensity

T T T T T T 1

30 50 70
Diffraction angle (20)
Figure 8: XRD pattern analysis of BNNT.

3. CONCLUSION

In our study, the BNNTs were synthesized
from directly a boron ore, colemanite, for
the first time in the presence of Fe,Os
catalyst and under the NH; atmosphere
1280 °C wusing CDV technique. The
finding suggests that for high-yield
synthesis of BNNTs boron ore/catalyst
ratio is 12/1 (w/w). In conclusion, large
scale and pure BNNTs can be obtained
using this novel synthesis approach. The
obtained BNNTSs are expected to be used in
many applications including specific ion
retention, hydrogen storage, improving
mechanical and chemical durability of
polymer composites.
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ABSTRACT: Iron aluminides are intermetallics composites that are potentially suitable
for applications such as high temperature corrosion. There are different manufacturing
methods which can be applied for this composite. From these, P/M could be remarked as a
highly effective and economic method compared with other alternatives. Sintering of
elemental powders of Fe and Al can be an alternative manufacturing method for Fe
aluminides. Nevertheless, the swelling problem is always observed in a stress-free reactive
sintering of iron-aluminum elemental powder mixtures, even in a microwave sintering of
iron—aluminum elemental powder mixtures. Present study on the stress-free vacuum quartz
tube sintering of Fe-26at. % Al compacts showed that the eliminating swelling behavior is
possible under vacuum.

1. INTRODUCTION

Lately, due to the cost of material and the possible cause of swelling problem
preservation of strategic elements, [Schneibel H.J., and Deevi S.C., 2004].
ordered Fe;Al intermetallic compound

were of interest to researchers [Change-Jiu, 2. EXPERIMENTAL PROCEDURE
Li. et al, 2008]. They exhibit less density The atomized iron powder (>99.9%
than steel and good strength for relatively purity, and average diameter about
high temperature up to about 600 °C, also 45um, and atomized aluminum powder
excellent oxidation and corrosion with purity of 99.9% particle size 75um
resistance owing to from the protective were purchased from Alfa Aesar for the
oxides scales in hostile environments present investigation.

such as oxidizing and sulfurizing

atmospheres [Chen-Ti, Hu. et al., 2005]. The The weighed Fe and Al powder according
iron aluminates have been produced by a to the composition of Fe-26 at [Kimura T.
number of processing methods, including et al., 2001]. Al were completely blended
melting-costing and mechanical alloying in a laboratory mixer at a speed of 90 rpm
[Lou Baiyang. et al., 1998]. In recent studies, for 60 min. The mixed powder were cold-
much attention has been paid to the rolled to 60% reduction in cross- section
powder metallurgy processing that has area with a rolling mill and put through a
the advantages of controlling heating process at various temperatures
microstructure and improving general by a vacuum Quartz tube. The maximum
properties. sintering temperatures of 550, 600 and

700 °C for min were selected to
investigate the phase transformation in

The present investigation intents to study the cold- rolled Fe 26at. %Al compacts
the dimensional change and thermal [Chen-Ti, Hu. e al 2004 ].

behavior during sintering of elemental

Fe-Al mixture in order to find out the The phase change of the variously heated

specimens was examined with X-ray
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diffractometer. The microstructural study
was conducted with SEM, and a solution
of 13 vol.% HCL, 7 vol. % HNO; and
balanced H,O was used as the etching
agent.

3. RESULTS AND DISCUSSION

Fe and Al powders were mixed and
compacted to obtain a high density
compact containing required amounts of
Fe and Al The SEM pictures show
morphology of Fe+at.%26Al compacts in

Fig. 1: The SEM micrographs of mixed
iron and aluminum powder

Class Wool eAl Pure copper wire

Fig. 2: Sintering at 550 °C for 60 min of
Fe-26, 30, 33 at% Al compacts in
vacuum quartz tube

Fig. 3: Sintering of Fe-26, 30, 33 at% Al
compact at 600 °C for 60 min in vacuum
quartz tube

Fig. 4: Sintering at 700C for 60 min of
Fe-26, 30, 33 at% Al compact in vacuum
quartz tube

Fig. 5 shows XRD patterns of the Fe-Al
composite  deposit  obtained  after
quenching from the temperatures of 600
°C and 700 °C. The result obtained after
the sintering at a temperature of 600 °C
indicated that the formation of
intermetallic phases, D03 and B, and
Fe,Als occurred. The temperature rising
to 700 °C, the intensive reaction between
Fe and Al took place because the liquid
Al phase quickly covered the free iron
surface through capillary action [Lou B.
Y.etal., 1999].
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Fig. 5: The XRD result of Fe-26 at% Al
compacts after heat treatments at 600 and
700 °C for 60 min.
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Fig. 6: The microstructure of Fe-26 at%
Al compacts sinter treated at 550°C for
60 min.

Fig. 7: The 600 °C 60 min sintered Fe-26
at% Al displays a weary porous and
sponge-like microstructure

AKU-TUAM
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Fig. 8: The 700 °C 60 min sintered Fe-26
at% Al displays a weary swelling sponge-
like microstructure
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ABSTRACT: Aluminum cooler panels were extensively used in micro scale electronic and
also in macro scale electrical power systems. Conventionally used aluminum cooler systems
fails under excessive heating and cooling cycles. Therefore, Al/SiC systems replaced instead
of it where critical conditions exists. Although SiC is good in heat conductivity, it lowers the
heat conductivity of the Al/SiC system. The main objective of this study was to investigate
the sintering behavior of Al/MoSi, where MoSi, is more conductive than SiC. Atmosphere
controlled microwave sintering technique was used for the sintering process. Two main
powder system were prepared with different SiC and MoSi, addition (5, 10, 15% vol.) with
aluminum. After the preliminary studies it was concluded that the wetting of the MoSi,
powder surface with aluminum is problem and non-homogeneous sintering surfaces was
obtained. In order to solve this problem MoSi, powder surfaces were coated with Ni by
electroless coating technique. It was concluded that Al/MoSi, powder system with Ni coating
has better sintering and densification behavior than the other powder systems.

1. INTRODUCTION

In order to effective working of Si Several advantages like low cost, easy
transistors in electronic packaging, it has to formation of a continuous and uniform
provide effective cooling to stay in the safe coating on the surface of substrate with
operating temperature limit. Effective complex shape, and capability of
cooling of the packaging increases the depositing on either conductive or
reliability of the components. Al/SiC plates nonconductive parts have attracted a lot of
are made for power modules and SiC gives interests from the academy and the
good thermal conductivity. Small scale of industry [1]. Early studies on the sintering
the cooler parts are produced by powder couple of Aluminum powder and MoSi,
metallurgy technique. However, sintering powders showed that, Wettability of the
products which are formed between Al and MoSi; powders with aluminum is not good
SiC interface is problem (AlsC; formation) [Ramasesha and Shobu, 1998]. Therefore,
[Rodrigez et al. 2006]. There exist many aluminum bubbles were occurred on the
solution for this problem. Coating of the surface of the samples after the sintering
SiC surfaces is one of the solution. By this under conventional sintering systems.
way, a diffusion barrier is formed at the Another approach for the prevention of the
contact interface of the aluminum and SiC interface product formation is using more
powders.  Electroless nickel plating has efficient sintering method like microwave
found wide uses in many fields, because sintering.  Microwaves (MWs)  are
the technique of electroless plating was electromagnetic waves with frequencies
invented and the high performance product ranging from 300 MHz to 300 GHz, and
with high hardness, wear resistance and wavelengths ranging from a few cm to a
corrosion resistance were produced. few mm. Unlike conventional heating, the
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penetration of microwaves into materials
gives rise to a volumetrically distributed
heat source. Consequently, microwave
processing makes it possible to rapidly
heat both small and large samples with
greater uniformity when compared with
conventional heating [Talas S., and
Cakmakkaya M., 2012]. The main objective of
this study was to compare the sinterability
of two powder system after coating of the
SiC and MoSi, powders with Ni as a
diffusion barriers.

2. EXPERIMENTAL
In this study, Aluminum powders, silicon
carbide (SiC, density: 3,2 gr.cm’3),

molybdenum disilicide (MoSi,, density:6,2
gr.cm™) were used. SiC powders with 10
um grain size and 99.5% purity, MoSi,
powders with -100pum grain size and
99.5% purity. The aim of this study was to
coat the SiC and MoSi, powders with Ni
and observe the sintering behavior in Al
powder system. It was thought that Ni
powders obtained through plating with
nickel chloride (NiCl,.6H,O) used in
electroless nickel plating bath. The
preparation of the samples consist of two
main part. In the first part SiC and MoSi,
powders were coated with nickel by
electroless plating technique. In the second
part coated SiC and MoSi, powders were
mixed with aluminum powders and set of
specimens were produced by powder
metallurgy routes. NiClL,.6H,O was used
for plating as a source of Ni. Electroless
plating bath conditions and chemicals used
are shown in Table 1. The ratio of
approximately 1:1 for Powder:Ni were
maintained for sets of specimens. Powder
mixtures were homogenized in rotational
mixer for 24 hour. Powder compacts were
shaped into cylindrical tablet shape (15
mm diameter, 5 mm height) under single
axial press with steel mould at 30 MPa
pressure without any pressing aid material.
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Table 1: The chemicals of Nickel plating
bath and their ratios

Chemicals Amount and
Ratio
MoSi, 10g
SiC 10g
NiCl,.6H,0O 40g
N>H4.H,O 20%
Distilled Water 80%
Temperature (°C) | 90-95°C
pH Value 9-10
The sintering of the specimens was

performed at the temperature of 900°C
under argon atmosphere (0.5 It/min gas
flow rate, 10 °C/min heating rate) both in
conventional and microwave furnace for
one hour. Following the sintering,
specimens were mounted with resin and
polished for electron microscopy. Samples
were coated with carbon to prevent
charging. Images were taken by LEO 1430
VP  Scanning Electron  Microscopy
equipped with Rontec EDX. Density of the
samples were calculated from the mass and
the volume ratio. In order to identify the
sintering effect, density of the samples
were first calculated according the simple
mixture rule.

3. RESULTS AND DISCUSSION
Density comparisons of the series are
given in Table 2. 3 density values were
compared in Table 2. Green densities of
the samples were measured after shaping.
Similarly densities of the sintered samples
were also measured by simple mass-
volume ratio. For the each series,
theoretical densities were also calculated
from the volume fraction and the densities
of the powders.



Table 1: Measured and calculated
theoretical density comparison (in gr.cm™).
Green | Sintered | Calculated

Series | Density | Density | Density

Al 2,26 2,32 2,7

ASi-5 | 229 2,33 2,73

ASi-10 | 233 2,42 2,75

ASi-15 | 2 41 2,50 2,78

AMo-5 | 2 52 2,71 2,88

%\/IO- 2,63 2,75 3,05

?51\40- 2,67 2,76 3,23

Defect free sintered samples were obtained
for all samples series. Previously
encountered Al leakage bubbles were not
observed in Ni coated MoSi, powders.
This showed that, Ni coating of the MoSi,
powders makes the surface properties of
the Al and MoSi, powders suitable for the
sintering. However, when the densification
behavior is discussed, one can say that
Al/SiC powder mixture sinterability is
better than the Al/MoSi, mixture.

SiC containing samples’ densities were
more closer to the calculated theoretical
densities than the MoSi, containing
samples. The main reason for this behavior
was thought to be due to the more
clustering of the MoSi, powders than the
SiC powders. Therefore, pores in the
powder clusters decreased the density. This
effect can also seen in the SEM
micrographs. Ni coated SiC surfaces
contain stable Ni layer (Figure 1).

Back scattered image of the polished
sample declares that the Ni coating layer
on the SiC is very stable. Grinding and the
polishing operations not affect the layer
very much. Mapping results showed that
there isn’t any Al-C compound formation
around the SiC powders.
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4266
MAG: 1000 x HV:15.0 kV  WD:21.3 mm

Figure 1: SEM image and element
mapping for Al/SiC samples

Opposite to the SiC containing samples,
MoSi, containing sample pictures showed
that the Ni coating layer is not stable
enough and worn from the surface after the
polishing operation. It is also evident from
the Figure 2 that the MoSi, powders in the
form of cluster and contains small pores. In
Figure 2, worn Ni layer is seen and Ni
atoms left only on the interface between Al
and MoSi, interface. Clustering and the
combined effect of increase porosity in the
MoSi, powders resulted in the lower
sintered density than the calculated
theoretical density.

When the densities in the Table 1 is
examined, one can say that depending on
the added powder density, composite
density changed. Denser MoSi, powder
addition increase the density more than the
SiC powder addition. However, when the
density differences of the SiC and MoSi,
powders considered, one can expect more



density increment when MoSi, powders
added to the aluminum powder.

4268
MAG: 1750 x  HV: 15.0 kv WD: 19.3 mm

Figure 2. SEM image and element
mapping for AI/MoSi, samples.

4. CONCLUSIONS

Defect free sintered samples were

obtained. Al bubbles on the surface of the
samples after sintering did not observed
when the MoSi, powders were coated with
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Ni. This shows that coated Ni layer act as a
good diffusion barrier. Electroless nickel
plating of the SiC and MoSi, surfaces can
be used as a good method for the creating
diffusion barrier. However, due the
aqueous nature of the process, powders are
always in the tendency of agglomeration.
Therefore, special care must be paid during
the coating operation. Clustering of the
powders prevents the targeted densities
after the sintering operation. Coating of the
SiC with Ni was found to be useful for the
prevention of the Al-C compound
formation between the SiC- Aluminum
interface.
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ABSTRACT: In this study, the Cu-Al/TiC composite materials were produced using hot
pressing process. Effect of TiC particle size (0.2, 4 and 44 pm) on microstructure and
hardness properties of these materials was investigated experimentally. Production of Cu-
Al/TiC composite was carried out under pressure of 35 MPa, at 700 °C, and for a sintering
time of 5 minutes. Optical microscopy studies showed that the TiC grains were relatively
homogeneously distributed in the Cu-Al matrix. With the decreasing of TiC particle size,
the hardness of composites increased. Moreover, the relative density of composites

increased.

1. INTRODUCTION

Nowadays, there is an increasing need
worldwide for the advanced materials in
order to obtain the desired properties.
This is because a single material
generally cannot meet the requirements
of harsh engineering environments. That
is why the need for composites with
unique properties is growing every day.
Metal matrix composites (MMC) are
widely used in different industries
because of their high mechanical
properties and wear resistance [Sevik and
Kurnaz, 2006 and Rahimian et al., 2010].

The particle reinforced metal matrix
composites can be synthesized by such
methods as standard ingot metallurgy,
powder metallurgy, disintegrated melt
deposition technique, spray atomization
and co-deposition approach. Different
method results in different properties.
The powder metallurgy (PM) processing
route is generally preferred since it shows
a number of product advantages. The
uniform distribution of ceramic particle
reinforcements is readily realized [Kim et
al., 2001; Zhang and Wang, 2005]. PM
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method consists of the steps of pressing
metal powders inside a mould, bonding

powder particles with each other, and
sintering. This method is also a large
process which several materials are
manufactured by pressing-sintering or hot
pressing. Not only simple cylindrical
shafts, bearings but also complex shaped

parts such as filters, gears can be
conveniently = manufactured  through
powder metallurgy method

[Narayanasamy et al., 2006].

Development of high conductivity and
high strength Cu alloys can be achieved
by uniformly dispersing fine ceramic
particles such as oxides, borides, carbides
and nitrides in the Cu matrix. Dispersion
strengthened Cu alloys are also known to
have better mechanical properties than
precipitation hardened Cu alloys at
elevated temperatures because of the
thermal stability of these dispersoids [Lee
et al., 2000].

In this work, TiC particles having 0.2, 4
and 44 pm size are used to reinforce Cu—



Al matrix. A hot pressing method is
carried out to prepare Cu-Al/TiC
composites. Some properties of the Cu—
Al/TiC composites are characterized.

2. EXPERIMENTAL STUDIES

Cu-Al alloys were prepared by blending
pure Cu powder (purity 99.9%, particle
size 10 um) and pure Al powder (purity
99.9%, particle size 10 pm) to form the
Cu-5 wt% Al The aim of Al powder
addition was to form a liquid phase and
aid in densification during hot pressing.
Composites based on Cu-5 wt% Al
matrix alloy and containing TiC (particle
sizes 0.2, 4 and 44 pm) powder were
mixed with the addition of a 1 wt.% of
paraffin wax, at a speed of 20 rpm, for 30
minutes in an o shape rotary mixer. TiC
powders were added to the Cu-Al matrix
at the amount of 5 wt.% percents. Then,
the mixture was hot-pressed in graphite
moulds for 5 min at 700 °C with an
applied pressure of 35 MPa on an
automatic hot pressing machine. Figure 1
illustrates the flow scheme for composite
production.

-

Hot pressing

PM material

Figure 1: Flow scheme for composite
production

The relative density and hardness of the
composites were determined. The relative
densities of composites were measured
by Archimedes’ principle. Microhardness
of composites was determined using a
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Leica model Vickers hardness instrument
under an applied load of 100 g. An
Optical ~ Microscopy and  X-ray
diffractometer ~ (Bruker AXS DS
Advanced System, Germany) were used
to  investigate the  microstructure
properties of composites.

3. RESULTS AND DISCUSSION

3.1. Microstructure

Cu-Al and Cu-AlTiC composites were
successfully produced using the hot
pressing method together with a 5-minute
sintering time at 700, under pressure of
35 MPa. Figure 2 illustrates optical
microstructure  of  Cu-Al  matrix.
Aluminum liquid phase formed due to
700 °C sintering temperature. Al liquid
phase is seen as islets in the Cu-Al
microstructure. This liquid phase fills the
pores in the microstructure. Besides, due
to the liquid phase, at the interface of Cu
and Al occurred the good wettability.

S

Figure 2: Optical micrograph of CuAl



Figure 3 shows the Optical micrographs
of CuAl-TiC composites with three types
of the particle size (0.2, 4 and 44 pm).
The TiC particles were relatively
homogeneously  distributed in the
microstructure. In  micrographs, the
reddish areas indicate Cu, the yellowish
areas indicate Al, and black and cornered
shapes indicate the reinforcement
component TiC. The TiC having 0.2 um
particle size distributed in the form of
clusters. This situation 1is due to
agglomeration of TiC powder during
mixing of powders.

Figure 3: Optical micrographs of CuAl-
TiC composites with different particle
size: (a) 0.2 um, (b) 4 um and (c) 44 pm
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Figure 4. XRD pattern of CuAl-TiC
composite

Figure 4 shows XRD patterns of the
CuAl-TiC composite. Cu, Al and TiC
phases are detected in the microstructure.
This implies that no chemical change
occurred in the sintered CuAl-TiC
composite at 700 °C temperature. As
shown in Figure 4, in the composite
oxidation was not observed.

3.2. Density and Hardness of
Composites

Table 1 illustrates the effect of TiC
particle size on densities of composites.
The sintered and theoretical densities of
composites were used to determine their
relative  density. When TiC was
introduced to the CuAl matrix, it
decreased the sintered density. This was
due to the fact that the density of titanium
carbide was lower than that of CuAl. The
density of TiC was 4.93 g/cm’, while the
density of CuAl was 8.62 g/cm’. Relative
density of composite decreased as the
TiC particle size increased. It can be
concluded  that  two concurrent
consolidation mechanisms act between
the ceramic phase and the metal one, in
which lower TiC particle size leads to the
less porosity is achieved. Moreover, large
TiC particles reduce the contact area
between the matrix particles. For this
reason, in the microstructure of
composite occurred high porosity. By the
addition of more coarse-grained TiC
particles to the matrix the relative density



of composites decreases because the
presence of porosity is related to density
[German, 1998; Min et al, 2005;
Rahimian et al., 2009].

Table 1: The effect of TiC particle size on
the densities of the composites

TheoreticalSinteredRelative

Samples density  density Density

(g/em’)  (glem’) (%)
M* 8.63 7.87 91.25
M/TiC - 0.2 um 8.43 743  88.18
M/TiC -4 um  8.43 739  87.67
M/TiC — 44 um 8.43 7.07 83.85
*M is CuAl

Figure 5 shows the effect of the size of
reinforcement particle on the hardness of
Cu-Al/TiC composites. Five
measurements for each composite
specimen were carried out in the hardness
test for reproducibility. The hardness of
Cu-Al without TiC was measured as 35.5
HVo;. The hardness of Cu-Al/TiC
composites was 51.9 HVy; for TiC
having 0.2 pum particle size, 45.5 HV
for TiC having 4 pm and 40.2 HV,; for
TiC having 44 um particle sizes.
Hardness was found to decrease with
increasing TiC particle size. This
phenomenon can be evaluated at various
viewpoints. Some researchers have
attributed this to greater interfacial area
between the reinforcement particle and
the matrix [Sevik and Kurnaz, 2006].
Furthermore, the defects in the coarse-
grained particles are more than the fine-
grained ones [Rahimian et al., 2010]. The
hardness of composites increases with
decreasing powder particle size according
to Hall-Petch equation which indicates
the relationship between the grain size
and strength [Angelo and Subramanian,
2008].
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Figure 5: The effect of TiC particle size
on composite hardness

4. CONCLUSIONS

» Cu-Al/TiC composites were
successfully produced using the hot
pressing method.

» The TiC particles were relatively
homogeneously distributed in the
CuAl matrix.

» Cu, Al and TiC phases are detected in
the microstructure according to XRD.

» With the decreasing of TiC particle
size, the hardness and relative density
of composites increased.
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ABSTRACT:Sintering is one of the most important step of the production of powder
metal parts, because it brings into desired values the mechanical properties of pressed
metal powder according to usage area. Generally sintering of powder metal parts is made
classical sintering furnaces. Induction sintering method is an important alternative of
classical sintering method because of lack of time and energy consumption in sintering. In
this study, changing of mechanical properties of induction sintered Fe
based components included Cu and Graphite were investigated according to the exchange
of sintering time. For this purpose Vickers hardness, change of volume, mass, and surface
roughness values of sintered powder metal parts by induction for 8.4, 15 and 30 minutes
were investigated and compared with each other and micro structural investigation was
applied to power metal parts.

1. INTRODUCTION

Powder  metallurgy method, day by Sintering and additional heat treatments
day becoming more common because of of powder mixtures generate the
small number of processing step, microstructure to meet the performance
repeatability, measurement accuracy, and as required [Narasimhan, 2001].
only can be obtaining of some of
the materials by this method (fOI' instance Mixtures of elemental iron and graphite
materials which hard and have a high powders are commonly used for Powder
degree of melting). Metallurgy application. A small amount
of copper powder is always added to
Powders which have different further strengthen the sintered alloys
composition are pressed and then sintered owing to its relative ease of dissolving
at powder metallurgy method. Sintering and diffusing in the iron matrix upon
is one of the most important issues of sintering [Wang, 2005].
powder metallurgy because sintering
causes significantly an increase in Almost all powder metal low alloy steels
resistance of pI'GSSCd powders [Randall et contain copper. The amount of copper in
al., 2007]. The sintering process is them varies from approximately 1 to 8%
generally performed in the sintering depending upon desirability of end
furnaces. It is done in batch furnaces and products. At low content it is added to
continuous furnaces [Randall ezal., 2007]. provide strength by age hardening’ while
In addition, rapid sintering methods such at higher concentrations the purpose is to
as induction sintering, microwave promote liquid phase sintering causing
sintering, plasma sintering, laser sintering faster densification and homogenization
and discharge sintering are [Ranjan, 2001]. Addition of carbon to
important alternativeto conventional sinte iron powder increases the sintering
ring methods [Atikand Cavdar, 2011]. kinetics as it dissolved into the iron
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lattice, changing the melting point,
surface tension and viscosity of the iron
melt formed. Small areas of martensite
and tempered martensite are also formed
[Shimchi, 2008].

In previous studies in the literature,
induction sintering was generally carried
out with high frequency induction
sintering unit at the same time pressing
process. [Dohet al., 2007], [Khalil and
Kim, 2007], [Khalil and Almajid, 2012],
[Kim et al., 2004], [Kim et al., “2005],
[Kim et al, 2006], [Mazaheriet al.,
2009], [Park et al., 2007], [Shonet al.,
2009].

Hwan-Cheol Kim et al. used a high-
frequency induction heated sintering
(HFIHS) method, the densification of
binderless WC and WC-x wt.%Co (x=8,
10, 12) hard materials were accomplished
using an ultra fine powder of WC and
WC-Co. They found nearly fully dense
WC and WC-Co with a relative density
of up to 99.9% could be obtained with a
simultaneous application of 60 MPa
pressure and induced current (within 2
min) without a significant change in grain
size [ Kimet al., 2007].

In-Jin Shon et al. investigated sintering
behavior and mechanical properties of
WC-10 wt.%Co, WC-10 wt.%Ni and
WC-10 wt.%Fe hard materials. It was
produced by high-frequency induction
heated sintering (HFIHS) method was
accomplished using ultra-fine powder of
WC and binders (Co, Ni, Fe). It was
shown that highly dense WC-10Co,
WC-10Ni and WC-10Fe with a relative
density of up to 99% could be obtained
with simultaneous application of 60 MPa
pressure and induced current within 1
min without significant change in grain
size. And they saw the hardness and
fracture toughness of the dense WC-
10Co, WC-10Ni and WC-10Fe

181

composites produced by HFIHS were
investigated [Shonet al., 2009].

Zongyin Zhang and Rolf Sandstrom
investigated the effects of sintering
temperature, time and atmosphere on the
properties of sintered steels with these
Fe-Mn-Si  master alloy powders.
Eventually, they found the density of the
compacts increases with  sintering
temperature and time. The ultimate
tensile strength and hardness increases
with sintering temperature and time
mainly due to increasing amounts of
bainite and martensite after cooling.
Elongation is initially raised with
sintering temperature and time probably
due to improved bonding between
powder particles. And also they saw
liquid phase sintering accelerates the
sintering process, which leads to
improved mechanical properties [Zhang
and Sandstrom, 2004].

In this study, sintering was carried out
after pressing process with medium
frequency induction unit (30 kHz).
Mechanical properties of induction
sintered powder metal parts were
compared depending on the sintering
time. Effects of sintering time on
mechanical properties (change of volume,
mass, Vickers hardness and surface
roughness values) were investigated and
microstructural investigation was applied.

Developed induction sintering
mechanism  (Figure 1)  provided
continuously production and same
sintering conditions (sintering time,

temperature, etc.) of powder metal parts
according to mass production similarly
continuous sintering furnaces.



Figure 1: Induction Sintering Mechanism

2. EXPERIMENTAL STUDIES

In this study, Hogenas ASC 100.29 iron
powder (%3 Cu, %0,5 Graphite and %1
kenolube lubricant by weight) was used.
Metal powder was pressed under 600
N/mm’ with uniaxial compression and
10X10X55 mm samples were formed.
Samples were sintered with medium
frequency induction sintering mechanism
(30 Khz) for 8.33, 15 and 30 minutes at
1120°C to compare. Differences in
weights and volumes of the samples were
measured. Surface roughness
measurements, and the micro Vickers
hardness measurements were applied to
the samples. Also, micro structural
investigation was applied to the samples.

3. RESULTS AND DISCUSSION

3.1. MicroVickers
Measurements Results
Micro Vickers Hardness measurements
were applied to the sintered samples on
six separate points of surfaces. Vickers
Hardness measurements results of the
samples were shown at Figure 2.

Hardness
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Figure 2: Vickers Hardness Test Results

Micro Vickers hardness of samples were
increased with sintering time. This
increasing was significantly between 8,33
and 15 minutes sintered samples. Micro
Vickers values of 30 minutes sintered
samples were increased but this
increasing was occurred in a very small
amount.

3.2. Weight Changes Results

Weight changes of samples before and
after sintering were measured with
precision scales. The measurement results
are shown in Figure 3.

% Weight Change
0 T T
BIS 1 5 3 5
-05
1

Figure 3: Weight changes results of the
samples before and after sintering.

The decreasing in weight was increased
with sintering time increase. After
sintering along 30 minutes, weights of
samples were decreased by the amount of
lubricant (%1). All of the lubricant did
not evaporate from powder metal sample
after 15 and 8,4 minutes sintering.



3.3. Volume Changes Results

Volume changes of samples before and
after sintering were measured
geometrically with micrometer. The
measurement results are shown in Figure
4.

% Volume Change
3,00% 2,60%
2,00% 1,81% 1,52%
0,00%
8,4 Minutes 15 Minutes 30 Minutes
Sintering Sintering Sintering

Figure 4: Volume Changes results of
sintered samples
The volumes of the samples were
increased after sintering process in
accordance with the literature [1].
However, increasing of volume is
decreased with sintering time increases.

3.4. Surface Roughness Measurements
Results

Surface roughness values of samples
were shown at figure 5.

30,00 26,73

23,22

25,00

20,00

Figure 5: Surface Roughness Values of
Samples

Surface roughness values of samples (Ra
and Rz) were increased after sintering.
Ten-point mean roughnessvalues of
samples (Rz) were increased with
sintering time. Despite arithmetical mean

35 M Before Sinte

W After Sinteri
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roughness values of samples (Ra) were
decreased 15 minutes sintering, in
general, Ra values of samples were
increased with sintering time.

3.5. Microstructural Investigation of
Samples

Microstructure  pictures  of
samples were shown at figure 6.

sintered

Figure 6: Microstructure Pictures a) 8,4
Minutes, b)15 Minutes, ¢)30 Minutes
Sintered Samples with Induction

It can be seen that as the sintering time
increased, cupper diffused better into the
iron particles. Due to relatively short
sintering time, cupper was melted and not
diffused into the matrix of the
microstructure of samples which were
sintered for 8.4 minutes. As can be seen
from the microstructure pictures, cupper
melted and diffused better into the matrix
of samples sintered 15 and 30 minutes.

4. CONCLUSIONS

As a result of this study;Vickers hardness
values of the samples were increased by
sintering time.



Weights of samples were decreased after
sintering and the decreasing was
increased with sintering time increase.
This was occurred because of evaporating
of lubricant of pressed powder with
sintering process. It was determined that
with 30 minutes induction sintering, all of
the lubricant inside of the pressed powder
was evaporated and lubricant residues did
not remain in the samples.

Surface roughness values (Ra and Rz) of
the samples were increased generally
with sintering time. This was considered
that because of increasing of lubricant
outputting and surrounding of iron
powders with melted cupper.

The volumes of the cupper containing
samples increase after sintering process at
studies in the literature [1]. In this study,
volumes of the samples were increased
after sintering process in accordance with
the literature. However, increasing of
volume is decreased with sintering time
increases. This was considered that result
from the increasing of density with the
sintering time.

Our previous study, maximum stress ,
maximum  strain and Rockwell-B
Hardness values of the samples sintered
by induction of 8,4 minutes were caught
and passed samples sintered 30 minutes
by classic sintering furnace and these
values were increased with induction
sintering time [Civi and Atik, 2009]. In
this study, effect of induction sintering
time on other mechanical property values
was investigated. It was found that
despite obtaining of same strength values
of classical sintering at lower time at
induction sintering, other mechanical
properties of samples were increased with
induction sintering time and lubricant
residues in the sample were decreased.
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ABSTRACT: In this study, a pair of austenitic stainless steel with Ni-Ti composite
material combined with TIG welding method. Ni-Ti composite produced by the powder
metallurgy (P / M) method. Ni-Ti composite material, 45 pm grain size of 99% purity
powders by weight was prepared by mixing the composition of 51% Ni and 49% Ti. This
study pairs of materials joining TIG welding method is preferred. Welding process, the Ni-
Ti composite material of two stainless steel plate was used. Welding process was carried
out with the forehead and blunt 40A. Search for post-merger changes in microstructure that
occur on the surface of the source examined by SEM-EDX analysis. In this study has been
observed a pair of stainless steel and Ni-Ti composite successful due to the TIG welding
method.

Keywords: TIG welding method, Composite materials, Stainless Steel, Microstructure

1. INTRODUCTION

Powder metallurgy method of producing In recent years the effect of super-elastic
shaped parts for the production of a large NiTi shape memory alloys with shape
number of materials and finished last memory effect, and in recent years has
more competitive manufacturing method become one of the well-known materials.
according to the production methods. Due to these characteristics martensitic
Powder metallurgy method, which is not transformation is activated [Yong et al.,
obtainable with conventional 2001].
metallurgical methods provides an
excellent opportunity to manufacture the NiTi shape memory alloys approximately
materials [Salak et al., 2005]. equal atoms and cheaper than other shape
memory alloys. The biggest disadvantage
Powder metallurgy is one of the of NiTi alloys have many advantages,
composite material production though high ductility. Therefore the
technology [Groover, 2007]. workability of these alloys is low

[Dapino et al., 2012].
Shaped pieces of metallic and ceramic

powders produced by the method finished TIG welding method is one of the
last. Metal or non-metal powder / methods of welded joint. Method under a
powders desired ratio are mixed and protective gas atmosphere consists of an
subsequently compressed to take their electric arc between the work piece and
final form in a metal mold. Finally, this the tungsten electrode and the merger
compacted powder or mixture of powder takes place with the help of this arc. TIG
is subjected to sintering under vacuum or welding can be performed welding metals
controlled atmosphere [Waters, 1996]. of different thickness. TIG welding
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combined with the different material
groups [Fox et al., 2012].

In the study of NiTi shape memory alloy
pipe and AISI 304 stainless steel tube
with a layer of Ni resulted from the
search. TIG welding was used in this
study. Fatigues testing of welded samples
were applied. Successfully carried out the
welding process [Riggs, 2012].

NiTi alloy stainless steel weldability also
investigated by laser welding [Wang,
1997] Laser source has been found that
this material is a promising source pairs
[Hall, 2003].

In this study, the maximum reaction in
the transition and the NiTi alloy is
stainless steel side by side, the grain
growth observed in epitaxial
solidification [Eijk et al., 2012].

2. MATERIALS AND METHODS

In this study, the pair of stainless steel
weldability with NiTi composite sample
investigated. NiTi composite material
produced by powder metallurgy method.
In this method,% 51Ni and 49Ti% by
weight of metal powders were weighed
precisely.

The weighed powders are mixed
homogeneously. Powder mixtures with
uniaxial cold pressing method is shaped
under pressure of about 100 to 200 bar.
Atmosphere of argon-protected samples
were pressed in tube furnace sintered at
950 °C for 30 minutes.

Composite sample was obtained after
sintering and austenitic stainless steel
TIG welding method stemmed from a 40
amp.

Metallographic samples were then
prepared in the welding process.
Characterization of welded samples were
completed. In this study the applied flow
chart in Figure 1 is shown.
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Welding of the sintered samples and 1
Stainless Steel Couple (40A) |
1

Figure 1: Flow chart
3. RESULTS AND DISCUSSION

3.1. Experimental Results

NiTi composite material and a pair of
stainless steel with TIG welding due.
SEM analysis image from the welding
zone in Figure 2 is shown. The merger
has been obtained as a result of the
welding process.

Figure 2: SEM image from the welding
zone



On the welding zone, line, and area made
SEM-EDX analysis in Figure 3 is shown.

4081
MAG:200 x HV: 15.0 kV  WD:25.3 mm

Tith Crka Fekh  Niks

:n }M kwm Ux

4 3

jul 12 1

Figure 3: Line EDX analysis of welding
zone

Figure 4 shows the EDX analysis of the
sample shown in the welding zone.
Elements Ni and Ti ratio decreased as a
result of analysis of the welding zone.
Welding zone is rich with Fe and Cr
elements observed.
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4082
MAG: 100 x  HV: 15.0 k¥ WD: 25.4 mm

Figure 4: Regional EDX analysis

3.2. Discussion
In this study;

1- NiTi alloy powder metallurgy method
successfully produced.

2- TIG welding of austenitic stainless
steel pair of NiTi and successfully
combined with the method.

3- The pores formed in the welding zone
is determined by SEM analysis.

4- As a result of EDX analysis of the
weld pass part by stainless steel was
observed that more of the mixture.
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ABSTRACT: The carbide cutting materials have been widely used in conventional and
advanced machining operations. For a cutting tool, they require materials with superior
characteristics including high wear resistance, high temperature stability and hardness.
However, those properties are usually incorporated with low impact toughness. Therefore,
attention was given to improving the toughness of cutting materials. The ability of powder
technology to manufacture multi-layered materials has become the motivation for its use to
overcome the problem. In this study, cutting materials with cemented carbide-iron based
layers were manufactured by powder technology. Mixtures of Co-based tungsten carbide
and iron powders were prepared by ball milling and then green-compacted and vacuum
sintered into bi-layered tools. The integrity of the tools were then investigated. The
microstructure and the mechanical properties have shown that the synthesis was successful
to yield a good combination of wear resistance and toughness.

1. INTRODUCTION

The use of cemented tungsten carbides grain size as well as by carburization
(WC-Co) for material cutting applications [Huang et al., 2008].

has long been established due to their

superior combination of properties Another important method for combining
including hardness, wear resistance and superior properties is the coating of WC-
toughness. Different grades of such Co cutting materials with extremely high
materials has been developed to meet wear resistant layers, with TiCN
different application requirements representing most frequently used coat
varying from high wear resistance to high [Siow et al., 2013]. Further modification
fracture toughness, mostly depend on the was the use of multilayered coating by
Co-content [Fan et al., 2013]. These two hybrid PVD to realize  higher
properties are very difficult to be performance [Nordin et al., 1998] and
obtained in a single grade of WC-Co, and [Zhong et al., 2009]. Apart from coating,
thus, trials have been made to combine other technological methods included
such properties by novel ways, the most manufacturing multilayered cutting tools
important of which is the fabrication of by hot pressing of layered powders of
functionally graded (FG) WC-Co different compositions [Jianxin et al.,
composites [Fang et al., 2005]. FG WC- 2010], or by spark plasma sintering
Co composite rely on the Co-gradient [Eriksson et al., 2013]. Both methods aim
structure to alter properties of the surface at manufacturing parts containing
and the interior layers of the cutting tools, different  performances of layers.
which technologically faces strong Conventional brazing technique was also
barriers [Zhang et al., 2013]. The key for used to bond layered materials [Chen et
success in manufacturing such materials al., 2013], along with more advanced
is maintaining the Co-gradient during techniques like powder injection molding
liquid phase sintering [Wang et al., [Li et al., 2009].

2013]. This could be done by altering
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The use of powder metllurgy technique to
manufacture layered parts could also be
realised with different WC-Co grades
bonded together during compaction and
sintering [Rosso et al., 1999]. Even the
sinterbonding of WC-Co to tungsten
heavy alloys could also be done by both
hot pressing and pressureless sintering
[Rodelas et al., 2009]. To make use of the
superior toughness of steel, it was also
sinterbonded to different grades of WC-
Co , which showed strong success in
some grades of WC-Co and partial
success in others [Vasilenko et al., 2009].
[Pascal et al., 2009] also studied the
microstructure of multilayered steel/ WC-
Co sinterbonded tools. However, there is
not enough data of the steel/WC-Co joint
mechanical integrity.

The aim of the present study was to
manufacture bilayered cutting tools
combining both high toughness and high
wear resistance. The iron powder has
been chosen to be the base for the tough
layer because of its well known
toughness as well as its similarity to both
Co and Ni which are the main binder
elements of WC that is used as the base
for the wear resistant layer. The challenge
was to sinterbond these two layers
together to obtain a cutting tool with
sufficient integrity.

2. EXPERIMENTAL WORK

Powders of both tungsten carbide and
commercially pure iron were used in this
study. Commercially available standard
P30 powder having the composition WC-
5 wt.% TiC-2 wt.% (Ta, Nb)C-9 wt.% Co
with the average particle size of 10 um
and a 99.5 % pure iron with the average
particle size of 8 um were prepared. Also
mixture of both powders in each other,
namely WC-x% iron (powder A) and
iron-x%WC (powder B), with x having
the values 10 and 20, were also prepared
by planetary ball milling using ball to
powder ratio of 3 to 1 using dry milling
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for 2 hrs with 800 rpm. These mixtures
have been prepared to reduce the
shrinkage and thermal expansion
coefficient mismatch between WC and
iron powders. All types of powders were
then inoculated with 1.5 wt.% paraftin
wax dissolved in acetone and then dried
for 1 hr at 100 °C.

Compaction by single action uniaxial
hydraulic press was performed using a
rectangular cross-section 30 x 8 mm? die.
The layers of powder A (higher density)
and then powder B were introduced to the
die cavity consecutively, and then pressed
using 60 MPa compaction pressure. Also,
specimens of both pure iron and tungsten
carbide were prepared for commparizon.
Sintering was done in vacuum furnace at
1300 °C for 1 hr. Holding at various
temperatures have been done for
dewaxing, homogenization and sintering
consecutively, as shown in (Figure 1).

>

Temperature [°C]

250°
Q&
O
s

~

. R -
Time [min]

Figure 1: The sintering cycle for all
specimens.

Microstructural investigations by both
optical and SEM metallography as well
as EDS analysis were performed and
Vickers hardness of specimens including
different layers was measured. The
integrity of layered specimens as well as
the strength and toughness were
evaluated using transverse rupture
strength (TRS) test by applying slow
loading rate of 0.5 mm/min to the upper



punch, where the specimen width,

thickness and span were 8, 4 and 25 mm
respectively, as shown in (Figure 2).
During test, the load applied on the upper
punch is recorded against the relative
cross head displacement.

Figure 2: The TRS test setup.

3. RESULTS AND DISCUSSION

As stated earlier, the iron and WC
powders were selected to form tough and
wear resistant layers in the composite
cutting tool based on their well known
characteristics. The key factor for
manufacturing good composite material
is always how its components are
distributed together in the structure.
Hence, the way by which each
constituent was introduced to the other in
layers has taken much consideration. The
realization of homogeneously distributed
powders in both the tough and the wear
resistant layers has been the target of the
mixing process. The result was evident to
be satisfactory after applying planetary
ball milling for 2 hrs at 800 rpm, as
shown in (Figure 3). The figure shows
how the layers are joined together. Very
few positions have shown minor bundling
like the one at the area between the two
layers. Several pre-test trials have been
made to adjust both the layer mixture
compositions and  the  sintering
conditions. Those trials have shown that
10% mixing (for iron in WC in the wear
resistant layer and WC in iron in the
tough layer) could give acceptable
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structure. Sintering at 1300 °C has also
been found to be a good choice as
sintering at higher temperatures has
resulted in melting the iron based layer
while at lower temperatures has shown
less than enough sintering of the WC
based layer.

Figure 3: Unetched as-polished surface of
the 10% mixing composite cutting tool
by optical microscopy.

As the shrinkage mismatch between both
layers of the composite was relatively
larger in case of 10% mixing specimen, a
20% mixing specimen was also prepared
which  has shown much better
homogeneity, as shown in (Figure 4).
This was clear from avoiding the
specimen curvature that happened due to
the shrinkage mismatch between both
layers of the composite. The 20% mixing
specimen has also shown an intermediate
layer of the thickness about 120 pm that
has yielded better bonding and integrity
between layers.

It is believed that diffusion of iron during
sintering into the WC base layer was
responsible for forming the intermediate
layer. The composition gradient in
multilayered specimens with different
mixing concentrations has shown strong
influence on the hardness of different
layers, as shown in (Figure 5). The 10 %
mixing composition specimen has shown
higher hardness for the wear resistant



layer and lower for the tough layer than
that of 20 % one, which in turn has
shown much closer values of layers. The
intermediate layer has shown an
intermediate hardness value due to the
iron diffusion that occurred between
layers.

Iron-base layer

Intermediate layer

WC-base layer

Figure 4: SEM of the surface of 20%
mixing cutting tool.

WwC

I\|J

Fe-WC

™ 20% mixing
Fe

e-]l

500 1000 1500 2000

Hardness, Hv

Figure 5: Hardness of different layers in
both the 10 % and 20 % mixing parts.

The integrity of the 10 % mixing
bilayered specimen was investigated by
evaluating its TRS and comparing it to
that of both pure iron and WC-Co
specimens, as shown in (Figure 6). The
very low toughness of the WC-Co
specimen is clear from its low TRS value
as well as its limited displacement to
fracture. On the other hand, the iron
specimen has shown the highest TRS
with very high displacement to fracture.
The bilayered specimen has shown that it
could gain much of the advantage of the
high toughness of iron.
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Figure 6: TRS of bilayered specimen
compared to both iron and WC-CO ones.
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Figure 7: The format for figure heading.

The fractography of the fractured TRS
test specimen has shown that no
separation has occurred at the layer
intersection, which proves enough
bonding after sintering, as shown in
(Figure 7-a). the layer intersection can be
identified between the upper area of
dimpled fracture of the iron base layer
and the lower area of quasi-cleavage
fracture of the WC-Co base layer. On the
other hand, it could be shown that micro



cracks has formed at the iron base layer
emanating from the WC-Co hard
particles due to the hardness mismatch
between them and the tough matrix, as
shown in (Figure 7-b). These micro
cracks have served as starters for the final
fracture of TRS test specimens.

4. CONCLUSIONS

Bilayered cutting tool specimens with
tough iron base layer and wear resistant
WC-Co base layer could be manufactured
by powder metallurgy. The properties
mismatch between both layers that
contributed to the specimen curvature at
10 % mixing could be overcome with
higher mixing composition of 20 %, nut
on the expense of lower maximum
hardness of the wear resistant layer. The
TRS test has shown that the bilayered
specimen could gain very high toughness
compared to that of WC-CO specimen
and close to that of the tough iron
specimen. This result proves that the
manufacturing route promises providing
high toughness / high wear resistant

cutting tools for severe working
conditions.
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ABSTRACT: Titanium hydride takes place the source of pure hydrogen for foaming
aluminum in powder metallurgy route. The regular mixture of aluminum powder and TiH,
particles is regarded as a parameter that directly effect on the final aluminum foam
product. This research was aimed at determining the mixing parameters that give optimal
powder homogeneity. In order to analyze the conditions of the best distributions as a
function of mixing time and speed, the titanium hydride powder was mixed with specified
amounts of aluminum powders to reach the targeted composition. After the mixing
processes optical microscope images were taken with 100 and 200 magnifications. The
distributions of average particle size, the aspect ratio and the distribution ratio of titanium
hydride particles were analyzed and graphically illustrated by the Clamex-Captiva image
capturing and measuring software on the images. After conducting the distribution
analysis, we concluded that the mixing process should be carried out with 90 rev/min
stirring rate and 90 or 120 min periods to obtain the best particle distribution.

1. INTRODUCTION

Metal foams are required for the Powder mixing is an important operation
production of light-weight structures, and routinely used in materials processing
impact energy absorption. Aluminum techniques whose starting materials are
foams are ultra-light materials with powders. Effective powder mixing can
closed or open cell structure [Yang and add significant value to the product as the
Nakae, 2000]. Several methods have been quality of products mostly depends on the
used to produce metallic foams but the degree of mixing of their constituent
study is based on the powder metallurgy materials, thereby guaranteeing the
route [Campana and Pilone, 2008]. In the homogeneity of the final product.
PM process, metal powders are mixed Thorough and uniform mixing is always
with a foaming agent, such as TiH,, and essential regardless of whether these
compacted to yield a dense precursor metals are to form an alloy of certain
[Esmaeelzadeh et al., 2006]. desired properties, or to remain in the
compact as independent constituents
The PM foaming process is rapid with while  retaining  their  individual
expansion occurring in only a few characteristics [Obadele et al. 2012].
minutes and foam product with a usable
cellular structure 1is achieved only Our research was aimed at determining
seconds before the maximum expansion the mixing parameters that give optimal
1s  obtained [Asavavisithchai  and powder homogeneity to obtain near the
Kennedy, 2006]. Near-net shaped parts best spherical pore form.
can be done by inserting the precursor
material into a hollow mold and 2. EXPERIMENTAL
expanding it by heating [Kennedy, 2002]. The aluminum powder and titanium
Their inhomogeneity is a disadvantage hydride as the foaming agent were mixed
[Koza et al., 2004]. for preparing a raw precursor mixture.
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The greater number and the bigger size
both of these powders play a role in
disruptive. The characteristics of the
starting materials are summarized in
Table 1.

Table 1: Characteristics of the powders.

Purity | Size
Powder

(%) (nm)
Al  (Gurel Inc,
Turkey) 98 200
TiH, (Alfa Aesar, 99,9 44
Germany)

2.1. Foaming Procedure

The foaming aluminum is fabricated in
the following stages. 1- the TiH, powder
was spread on a glass plate and heat
treated in a pre-heated fan oven at 475°C
for 180 min. 2- the heat treated TiH,
powder (1,5wt %) is added to the Al
powder in a tubular mixer and mixed at a
set speed and time. 3- pressing: Powder
mix 1is pressed by cold uni-axial
compaction. 4- Pressing with induction
heating. 5-Holding in a furnace which
was pre-heated to 820°C. It was held in
the furnace for 5-6 min to allow
decomposition of TiH, powder. In this
stage, hydrogen gas releases in the
compact with the holding time until a
cellular structure form. The current study,
involves the second stage mixing only.

2.2. Mixing Analysis

The mixing parameter researches were
carried out by wusing the following
methodologies to analyze the conditions
of the best distributions as a function of
mixing time and speed, the titanium
hydride powder was mixed with specified
amounts of aluminum powders to reach
the targeted composition. After the
mixing processes optical microscope
images were taken with 100 and 200
magnifications. The distributions of
average particle size, the aspect ratio and
the distribution ratio of titanium hydride
particles were analyzed and graphically
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illustrated by the Clamex-captiva image
capturing and measuring software on the
images.

3. RESULTS AND DISCUSSION
Regular mixing of aluminum and TiH,
particles is a parameter affecting the final
product directly. For the mixture
homogeneous distribution is another
desired feature as a homogeneous grain
size.

In order to analyze the conditions of the
best distribution, aluminum powder
mixed with 1% by weight TiH, particles
at different rotational speeds (22,4-45-63
and 90 RPM) and periods (30, 60, 90,
120 min). Figure 1 graphically illustrates
the distribution of particle analysis.
Accordingly D10, D50 and D90 indicate
the distribution percentage of the total in
the group analysis. D50 is the median of
the same time.

D50 Medyan

Figure 1: Statistical distribution

The aspect ratio of titanium hydride
particles, distribution and dimensional
analysis were analyzed separately on the
cross sectional each surface of mixtures
with  optical  microscope  images.
Although severe limitation of optical
microscopy is its small depth of focus.
Microscopic analyses are the only
method in which the individual particles
are measured to particle size.



Figure 2: The analysis of particle aspect
ratio.

Figure 2—6 shows samples with 100
magnification optical microscope image
analyses after the 45 RPM rotational
speed and 90 min mixing times. Figure 2
shows the particle aspect ratio analysis.
Each of particle aspect ratio was
calculated. Thus Figure 3 was generated
with data of the count, the curve of
cumulative content ratio and aspect ratio
span.

Cumulative (%)

AspRatio

Figure 3: Count and cumulative percent
of the titanium hydride particle aspect
ratio.

Figure 4 shows each of titanium hydride
particle orientation. A particle length of
the cross sectional image center, count
and the curve of the cumulative content
were generated on the chart of Figure 5.
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Figure 4: The orientation analysis of

titanium hydride particles.
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Figure 5: Chart of the titanium hydride
particle orientation.

The particle size distribution on the cross
section was generated in Figure 6. The
average particle size distribution was
obtained by examining the each of
mixtures particle size analyses. By
examining the change in average particle
size, it appears to be distributed in the
range 32 to 18 um. It is concluded that
the average value of distributions and 25
pum.

15
12
9
3
O 6
3
0 >
8,5 20,0 50,0 100,0
Length (um)

Figure 6: Chart of the titanium hydride
particle size distribution.



It was selected as a mixing parameter that
D10 and D90 values as close as possible.
When the statistical distribution of the
aspect ratio is examined at the 90 RPM
stirring rate, both of 90 and 120 min
mixing times give the desired result.

4. CONCLUSIONS

Titanium hydride particle distributions
according to mixing parameters was
analyzed. Irregularities are available at
the maximum and minimum values of the
dispersion at low mixing speeds. It is also
obtained that this situation no longer
exists at 60 and 90 RPM.

An interesting remark from this study is
the effective parameters mixing can
influence on foam structure.
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ABSTRACT: Porous/hollow magnetite nanoparticles are synthesized through a one-pot
solvothermal process, using a sole iron precursor (FeCl;.6H,0) and without any template.
The product particles show a narrow size distribution, good crystalline and high
magnetization saturation. We demonstrate the development of hollow structure of
magnetite spheres by characterizing systematically the changes of morphology and crystal
structure for different processing times. A detailed process mechanism to form the hollow
structure of magnetite spheres is proposed, combining the formation of numerous tiny
grains, the spherical assembly of those grains and the chemical conversion of the Fe (III)
compounds to generate Fe;O4 simultaneously coupled with the Ostwald ripening process

within the magnetite spheres.

1. INTRODUCTION

Magnetite Fe;O4 nanoparticles are of
great interest because of their wide
applications which demand nanomaterials
of specific sizes, shapes, surface
modifications and magnetic properties
[Nguyen et al, 2011]. Recently,
monodisperse Fe;O4 hollow particles
have been emerged as an ideal candidate
for biomedical applications because they
integrate advantages of hollow structures,
such as low density, high surface-to
volume ratio, high encapsulating
capacity, and magnetic properties. Many
methods have been developed so far for
the synthesis of Fe;Os porous/hollow
nanoparticles. The porous/hollow
structures are conventionally prepared
through template method which involves
precipitation of precursors on the
template particles [Caruso et al., 2001;
Peng and Sun, 2007]. However, there are
difficulties of achieving high product
yield, removing the template completely
and refilling the hollow interior with
functional species [Lou et al., 2008].

In this study, we  synthesized
monodisperse Fe;O4 porous/hollow

199

nanostructures through through one-pot
solvothermal process, using FeCl;.6H,O
precursor and ammonium acetate in
ethylene glycol solution without any
template. This method showed several
advantages. The Fe;O4 nanoparticles
were prepared by one-pot process and
their surfaces were coated by a
hydrophilic layer which allows them to
be dispersed easily in aqueous media or
other polar solvent. Besides, the
relatively high reaction temperature
favored the synthesis of particles with
higher crystallinity as well as higher
magnetization.

2. EXPERIMENTAL SECTION

A solution of ethylene glycol
(C,H4(OH),, J.T.Baker, AR) containing
0.1 M of FeCl;-6H,O (Sigma-Aldrich,
>98%) and 1 M of ammonium acetate
(CH3COONH4 or NH4Ac, Sigma, >98%)
was well mixed and then transferred to a
Teflon-lined autoclave cell. The
autoclave cell was kept inside an oven at
200°C to guarantee the uniform
temperature inside the cell. After the
scheduled processing time, the autoclave



cell was cooled to room temperature by
using tap water. The product particles
were obtained by centrifuging and
washing with ethanol and water for
several times and then were dried in a
vacuum oven at 60°C for 6 h before
characterization.

2. RESULTS AND DISCUSSION

vl

2 0

Figure 1: Representative SEM image (a)
and TEM image (b) of the Fe;04
porous/hollow nanoparticles.

The morphology and structure of the
product particles were investigated by
SEM and TEM measurements as shown
in Figure 1. Figure 1 shows a formation
of a large quantity of spheres with an
average diameter of 300 nm. The spheres
were composed of many smaller grains.
The hollow structure of the product
particles was observed by the TEM
measurement as shown in Figures 1b. An
intensive contrast between the black
margin and the bright center of the
particles indicates the existence of hollow
structure in the resulting spheres. The
particles were of uniform hollow spheres
with the average shell thickness of 40 nm
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from TEM measurements. Compared
with other hollow structures with a dense
shell wall, our porous and non-sealed
hollow nanoparticles can immobilize and
encapsulate various moieties with higher
loading capacity for controlled drug
delivery application.

On the basis of formation of Fe;O4 from
a sole Fe (III) precursor, a series of
chemical conversion processes was
proposed. Acetate groups derived from
NH4Ac might coordinate with iron ions
derived from FeCl; to form Fe (II)
acetate compounds.  Ethylene glycol
could partially reduce the Fe (II)
compounds to generate Fe (II)
compounds. The respective Fe (III) and
Fe (II) compounds were then hydrolyzed
to form Fe(OH); and Fe(OH),, followed
by the generation of Fe;O4 nanoparticles
via dehydration of these hydroxides. A
general chemical reaction can be
proposed as follows [Nguyen and Kim,
2013a].

3FeCl;.6H,O + C,H4(OH), +
9NH4OOCCH3 -> Fe304 + 0.5C4H602 +
9NH,Cl + 9CH;COOH + 15H,0 (1)

Regarding the formation of the Fe;O4
porous/hollow nanostructures, the
formation mechanism comprised
simultaneous chemical and physical
processes including the formation of
numerous tiny grains, the spherical
assembly of those grains to form the
spheres and the chemical conversion
coupled with the relocation of the grains
within a sphere [Nguyen and Kim,
2013b]. The chemical conversion, as
mentioned above, caused the non-
uniformities of tiny grains and the empty
spaces within the spherical assemblies
and thus enhanced the outward migration
and relocation of the core grains toward
the outer layer, resulting in the formation
and expansion of the hollow core
structure. The morphologies of Fe;O4



porous/hollow nanostructures can be
controlled by varying the initial
concentrations of iron precursor and
ammonium acetate as well as the molar
ratio of Fe precursor to ammonium
acetate. [Nguyen ef al., 2013a].
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Figure 2: BET measurement (inset: BJH
pore size distribution) of the Fe;04
porous/hollow nanoparticles.

Figure 2 shows the nitrogen adsorption—
desorption isotherm and Barrett-Joyner—
Halenda (BJH) pore size distribution
(inset) of the Fe;O4 porous/hollow
nanostructures. The Fe;O4 porous/hollow
nanostructures have the BET surface area
of 19.6 m%/g and the average pore size
based on BJH adsorption of 12.6 nm.
The pore size distribution of the Fe;O4
porous/hollow nanostructures revealed
the micropores was about several
nanometers which could be attributed to
the void among the grains which built the
porous/hollow nanostructures, and also
the mesopores with diameters of few
tenth nanometers which could belong to
the large holes on the surface or the inner
empty spaces [Nguyen et al., 2013b].

3. CONCLUSIONS

The magnetite porous/hollow
nanostructures with the average diameter
of 300 nm and the shell thickness of 40
nm were successfully synthesized
through one-pot solvothermal process
without any surfactant and template in an
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isothermal oven at 200°C for 12 h. The
nanostructures consisted of many smaller
magnetite nanoparticles. The formation
mechanism of the magnetite
porous/hollow nanostructures comprised
simultaneous chemical and physical
processes including the formation of
numerous tiny grains, the spherical
assembly of those grains and the
chemical conversion coupled with the
relocation of the grains
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ABSTRACT: High resolution microscopy techniques, in tandem with readily available image
processing tools offer a unique and insightful look into the microstructure of porous materials.
However, one has to be aware of the limitations and drawbacks of such an approach due to
limited sampling size, and the possibility of artifact formation during sample preparation,
imaging and image processing. Some of these factors are presented and discussed, for a case
study of the analysis of porous polymeric materials, with emphasis on their topographic
properties such as pore size distribution.

1. INTRODUCTION 2. METHODS
The availability of high-resolution imaging The results presented in this article are
techniques, coupled to advances in based on several prior studies focusing on
computational capabilities enable a unique the analysis of porous polymeric ion-
array of methods for the rigorous exchange media. An outline of the methods
investigation of material properties and in these studies is given here and the reader
behavior. These direct-imaging based is referred to the referenced articles for the
methods are especially useful in relating details. The overall image analysis study
the observed behavior of materials to can be broadly considered as a sequence of
microstructure, or for screening studies three stages: sample preparation, imaging
where the goal is to identify natural or and image processing.
synthetic materials with desired
characteristics that ultimately depend on 2.1. Sample Preparation and Imaging
the topography. However, image-based For SEM imaging in the backscatter mode,
characterizations inevitably involve their samples of polymeric, porous ion-
own limitations, which should be exchange media were chemically fixed
considered in method development and the using  solutions of  glutaraldehyde,
subsequent analyses. paraformaldehyde and osmium tetroxide,
infiltrated with resin and heat-cured in an
This article aims to present examples of oven [Bowes et al., 2009]. Concurrent
image-based analyses for specific case automated serial-sectioning and imaging
studies of porous polymeric materials used was implemented by a variable pressure
for ion-exchange chromatography, using field emission SEM equipped with a Gatan
scanning electron microscopy (SEM) and 3-View system [Koku et al., 2011].
transmission electron microscopy (TEM)
micrographs. Examples include the For preparation of samples to be imaged in
estimation of properties such as the pore the secondary-electron SEM mode, the
size distribution (PSD), the capacity for a samples were dehydrated in supercritical
designated probe and the overall pore carbon dioxide and optionally coated using
network. Some of the limitations and trade- a palladium-gold support under vacuum
offs involved in these analyses are also [Koku, 2011]. The images were obtained
discussed. on a Hitachi S4700 FESEM.
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2.2. Image Processing

Depending on the information sought,
simple processes such as denoising and
binarization as well as morphological
operations such as erosion and dilation
were applied on the raw images. These
processes were carried out using scripts
written in Matlab®, the public domain suite
Image] [Rasband, 1997-2012], and the
commercial package Amira®,

3. RESULTS

3.1. Topography

Example  secondary  electron  and
backscatter SEM results for a commercial
polymeric ion-exchange material, the

CIM™ monolith, are displayed in Figures
1 and 2. Especially at high magnifications,
the secondary-electron image (Figure 1)
provides detailed qualitative information
on the overall microstructure, exposing the
fractal-like, complex topography of the
material.

Figure 1: A secondary-electron SEM
image of the CIM™ monolith

The backscatter image on the other hand
(Figure 2) displays a two-dimensional
cross-section and more appropriate for the
quantitative analyses of the following
sections.
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Figure 2: A backscatter SEM image of the
CIM monolith.

3.2. Pore Size Distribution

The pore size distribution (PSD) function
is one way to characterize the pore volume
of a material. There are several methods
that can be employed to extract PSD
information from images such as Figure 2.
One group of procedures is based on image
morphology operations [Serra, 1982],
which involve processing images by a so-
called structuring-element or probe. For
PSD, the starting point is that when two of
these operations are used in succession,
namely first eroding the image by a probe,
and then dilating the intermediate image by
the same probe, the final image represents
the area of the original that is accessible to
that probe. This sequence of erosion
followed by dilation is also referred to
simply as an ‘opening’ operation. By
repeating this operation for a number of
probes, the variation of the accessible area
with respect to probe size, which is
equivalent to the cumulative PSD, is
obtained. nThe cumulative PSD is
differentiated to yield the differential PSD.

A two-dimensional (2-D) application of
this procedure for the CIM monolith is
shown in Figure 3. The first step is to
binarize grayscale images such as that of
Figure 2, i.e., convert them to black and
white by an appropriate thresholding
procedure. A filter to improve image
definition can be used prior to the
binarization. The top panel in Figure 3 is



simply Figure 2 after binarization, with the
white regions representing the pore area.
Figure 3B displays the result of the
opening operation by a 0.66 pum probe,
where the result, i.e. the area that remains
accessible to the probe, is shown in white.

Figure 3: An example calculation of
accessible pore space for a circular probe,
diameter 0.66 um. (A) The binarized
image. Black areas are solid, white regions

void. (B) Same image showing the
accessible pore space (white) after the
opening operation; inaccessible pore space
is in gray. The frame in the upper left
corner shows the used probe.

It is possible to extrapolate this procedure
to three dimensions as well, but since the
morphological operations are applied
point-wise, the computational demands are
intense except for the simplest geometries,
and dedicated hardware and software
capable of processing massive amounts of
data with speed may be needed. The PSD
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curve for a 3-D reconstructed monolith
sample computed using such a specialized
commercial package (Amira) is plotted in
Figure 4, alongside the 2D distribution.
The latter was obtained as the average of
10 sections.

3

3DPSD

Frequency

Probe diameter (um)

Figure 4: The two- and three-dimensional
PSD curves for the CIM monolith.

Note that the 2D and 3D curves are vastly
different with respect to their peaks and
overall standard deviations.

3.3. Overall 3D Pore Network

The PSD curves are but one way of
characterizing the pore space and they do
so by binning and averaging the available
data. When full high-resolution data is
available however, this results in
unnecessary loss of information that could
provide more insight for the purposes of
the investigator. For instance, while the
PSD curves provide an idea of the
frequency and dispersion of pore sizes
within the material, they do not yield
information on how these pores are
interconnected —knowledge that is crucial
in transport processes for example.

For this latter purpose, a more detailed
analysis can be carried out directly on a 3D
sample. Figure 5A displays such a 3D
sample cube from the monolith and the
resulting pore network obtained (using
Amira) is given in 5B, where the sizes
(diameters) of the individual pores are
represented by the relative thicknesses of
the branches. What the 3D network
conveys is that while most of the pores are
those of low diameters, there are a few



continuous pore structures of large
diameters. Such extremities or ‘defects’
have profound implications for flow and
mass-transfer, as observed in simulation
studies [Koku et al., 2012].

A

Figure 5. (A) A reconstructed 3D sample
from the monolith. (B) The pore network
of the sample. Note that the two images are
at slightly different orientations.

3.4. Capacity Estimation

One  possible extension of  the
morphological ~ operations  mentioned
earlier is their use for the estimation of the
specific holding capacity of a material for a
defined probe. An example application is
shown in Figure 6, where 0.66 um circular
probes are ‘bound’ to the solid regions of
the image of Figure 3A. If the density of
the actual probe and the thickness of the
imaged section are known, an estimate for
the experimental static capacity of the
porous medium can be obtained [Trilisky
et al., 2009].
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Figure 6. An example of binding capacity
prediction using the image of Fig. 3B. The
black areas correspond to solid, grey to the
pore space, and the white disks are the
probes with diameter 0.66 pm.

3.5. Limitations of Image Processing
Although the analyses are versatile and
rigorous, data obtained via image-
processing can be prone to random and
systematic deviations from the actual
information sought. Some of the factors to
consider in order to be aware of, and if
possible avoid, such limitations is briefly
summarized below.

Reproducibility: All materials exhibit
random sample-to-sample variation to
some extent. This variability is further
amplified by the fact that high-resolution
images focus on minute regions which may
not ‘represent’ the whole. A careful
analysis of the partitioning of variation
between and among different samples,
sections, blocks and locations could help
identify and account for this variability.

Visibility: Image-based analyses depend
on the ability to distinguish between the
features in an image, regardless of whether
this  distinction is  automated or
implemented manually. The upper limit for
this capability is the analog resolution of
the imaging method, but practical visibility
is influenced by additional factors such as
the signal-to-noise ratio, contrast and
appropriate digitization [Pawley, 2006]. A
proper choice of the imaging method




should present an optimum of these
factors.

Artifact formation: Once a visible,
reproducible feature is observed, the
question to be asked is if this information
is genuine or an artifact. While artifact
formation during imaging (e.g. due to
beam-damage) can often be identified ‘on-
site’, most high-resolution = methods
necessitate intensive sample preparation
procedures at extreme conditions prior to
imaging, some of which can damage the
sample. A cross-check imaging study that
involves  either completely different
preparation methods, or better yet a non-
destructive technique, even if at lower
resolutions, could help confirm that the
sample structural integrity has not been
compromised by the original method.

4. CONCLUSION

Image-processing methods can be utilized
for a diverse array of characterizations in
porous media. Provided that their
limitations are understood and accounted
for, such analyses yield rigorous and useful
information.
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ABSTRACT: This paper studies self-supported CaTiO; layers prepared by plasma-
spraying technology. Water stabilized plasma gun WSP as well as conventional widely
used gas stabilized plasma gun GSP were employed. For both methods of plasma spraying
CaTiOs in the form of powder with size 63—125 um was used. Self-supporting layers were
obtained by removing the coating from metallic substrates. These specimens were annealed
in air atmosphere up to 1170°C. Work is focused on dielectric properties of these
specimens. Relative permittivity and loss factor were observed in frequency range 30 Hz to
30 MHz. Microstructure was studied by light microscopy, microhardness and X-ray
diffraction. The work deals with influence of annealing on dielectric properties, crystalline
structure and porosity of plasma deposited calcium titanate.

1. INTRODUCTION

Plasma spraying has become widely used sensors and dielectric parts for high
coating method for different types of frequency circuits.

materials and takes place in variety of

fields including electrical engineering 2. EXPERIMENTAL

[Sampath, 2010]. This technology is used

for improvement of substrate properties 2.1. Powder and spraying

and for preparation of self-supporting Calcium titanate was obtained in the form
layers as well. Plasma sprayed coatings of tablets of industrial purity without any
are produced by interaction between additives, which are commonly used for
plasma jet and material in the form of a decreasing sintering temperature. Tablets
powder. Materials particles are melted were produced by reactive sintering of
and propelled towards to substrate where calcium carbonate (CaCOs) and titanium
a typical structure is formed [Herman, oxide (TiO;) micro-powders. Final
1988]. All mechanical and electrical sprayable powder CaTiO3; was produced
properties of plasma coatings depend on by crushing and sieving sintered tablets
chemical and phase composition. Typical to correct size for spraying (particularly
lamellar porosity also strongly affects the WSP), 63-125 pm.

coatings properties.
A conventional gas stabilized plasma gun

Sintered calcium titanate CaTiOs is well F4 was used for spraying one set of
known dielectric material exhibiting samples. This system operated with
linear character of permitivitty [Koller A. power 24 kW and working gases Ar/H;
—ed., 1994]. Due to high permittivity are (65/2.5 slpm). Spray distance, i.e. the
dielectrics based on calcium titanate used distance between the plasma nozzle and
in electrical engineering like capacitors, the substrate, was set before spraying to

100 mm. These samples are labeled
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GSP 100. Other sets of samples were
prepared by high feed rate water
stabilized plasma spray system WSP
(WSP 500, IPP ASCR, Prague, Czech
Republic) [Chraska and Hrabovsky,
1992]. This system is operated with
power 160 kW. Spray distance was set
before spraying to 350 mm and for other
spray test to 450 mm. Samples are
labeled WSP 350 and WSP 450.

2.2. Thermal annealing

All samples were stripped out of the
substrate by method based on different
thermal expansion of substrate and
coatings and later were annealed in air
atmosphere at its normal pressure for 2
hours in variety of temperatures from
530 — 1170°C. Typical temperature step
was set to 80°C, up and down ramps were
set to 7°C/ min.

3. CHARACTERIZATION

3.1. Dielectric measurements

Aluminum electrodes were sputtered to
the ground surface of plan-parallel
samples (sample dimension of
approximately 10 x 10 x 1.5 mm) in the
reduced pressure. Capacity was measured
in the frequency range from 30 Hz to 30
MHz. For low frequency measurements
(10 Hz - 100 kHz) was used Hioki 3522-
50 LCR HiTester. The device was set to
four times averaging of all wvalues.
Agilent 4285 with materials fixture
Agilent 16451B employs frequency range
measurements from 75 kHz to 30 MHz.
The frequency step was progressively
increased and applied AC voltage 1V
kept constant at both devices. Three

electrode  measuring system  was
employed. The electric field was applied
along the spray direction (i.e.,

perpendicular to the substrate surface).
Relative permittivity er was calculated
from measured capacities and specimen
dimensions.

208

These same LCR-meters were at the same
moment used for the loss factor
measurement. Loss factor tg & was
measured at the same frequencies as
capacity.

3.2. Porosity

Porosity was studied on light microscopy
cross-section images taken from 10
randomly selected areas for each sample
at 250 magnification. Evaluation was
done by image analysis software Lucia G

(Laboratory Imaging, Prague, Czech
Republic).

3.3. Microhardness

Vickers microhardness of the self-
supported layers was measured on
polished cross sections by optical

microscope (Neophot 2) equipped with a
Hanemann head and Vickers indenter.
For the test was used 1 N load. The mean
value of microhardness was calculated as
an average from 20 indentations.

3.4. X-ray diffraction

All annealed samples were analyzed by
X-ray diffraction in order to establish
whether there exist any changes in phase
composition, crystallinity or peak
broadening. Measurements were done on
D8 Discover Bruker diffractometer using
filtered CuKa radiation and 1D LynxEye
detector.

4. RESULTS AND DISCUSSION

4.1. Porosity

Results of porosity measurements are
shown in Table 1. Circularity (CIR) of
pores (planar 2D projections) is equal to
zero for a line and to 1 for a circle. This
parameter is similar for all samples.

In general, porosity increases with
increasing annealing temperature due to
thermal expansion of materials which is
the cause of new pores up to sintering
temperature.



Table 1: Porosity of samples.

Sample | Tanneal. Porosity | N.Obj. CIR
[°C] [%] [mm™] [-]
- 11.70 1987 0.422
\glss(}) 930 14.16 912 0.492
1090 14.01 1155 0.436
- 13.60 2033 0.378
530 11.99 1275 0.430
\Zss(f 930 | 1389 | 965 | 0471
1090 18.01 1378 0.401
1170 16.87 1196 0.422
- 22.80 2556 0.412
?3(1)) 930 19.37 1832 0.499
1090 25.30 2202 0.525
Sample WSP 450 exhibit thermal

coagulation of pores in the interval
between 930 — 1090°C.

The highest porosity with the highest
number of pores have samples GSP 100.
The lowest porosity has WSP 450 and the
lowest number of pores has WSP 350.
The micrographs of cross-sections of all
coatings are provided (Figure 2)

4.2. X-ray diffraction

Since the sizes of the samples were
comparatively small, polycapilary optics
with cylinder collimator of 1 mm in
diameter was inserted into the primary
beam path.

Intensity, a.u.
e
=1
=

- ~~_|| O | SN, W

il Kl 4 Kl 0 0 ] % 10
Position [*2Theta] (Copper (Cu))

Figure 6: X-ray diffraction patterns.
The obtained diffraction patterns (Figure

1) are characteristic for purely crystalline
materials, i.e. the so called “amorphous
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halo” is not observed, with only one
phase, orthorhombic perovskite, present
in the irradiated volume. Furthermore,
diffraction profile analysis carried out
within the frame of Rietveld method in
TOPAS 4.2 software revealed no
differences either in preferred orientation,
grain size or microstrain.
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Figure 7: Micrographs. of cross-sections.

4.3. Permittivity and losses

Dependence of relative permittivity of
SD 350 samples in frequency range 30
Hz to 30 MHz is given (Figure 3). In
general it drops with growing frequency,
as usual for titanates [Kumar et al.,
2013]. The permittivity increased and
became more stable with increasing
annealing temperature. Sample annealed
at 770°C has stable part on permittivity
curve below 130 and sample annealed at
1170°C exhibits relative permittivity over



150. The same character of dependence
was observed at other sets of samples
(SD 450, GSP 100). Non-annealed
sample exhibits higher permittivity (not
shown in the figure). For 10 kHz the

value is 240 and for 100 Hz is
permittivity about 330.
180 - x
i — anneal.
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Figure 8: Frequency dependence of
relative permittivity for SD 350.

Frequency dependence of dielectric loss
factor for SD 350 is shown (Figure 4).
Samples annealed to lower temperature
have higher losses. The best dielectric
properties has sample annealed to
1170°C. For 500 kHz has it the loss factor
below 0.005. The non-annealed sample
has loss factor much higher. Observed
value is about 0.09.

Relative permittivity decreased after
thermal annealing but loss factor
decreased as well. Due to significant
change of dielectric properties the plasma
sprayed and annealed CaTiOs approached
to sintered CaTiOs [Ctibor et al., 2003].
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Figure 9: Frequency dependence of
dielectric loss factor for SD 350.

4.4. Microhardness

Results are summarized (Table 2).
Microhadness mainly increased with
increasing annealing temperature except
GSP samples where microhardness of
non-annealed sample is the highest.

Table 2: Microhardness of samples.

Sample Tannear[°C] HV [GPa]

- 6.80+1.28

WSP 350 930 6.73+£1.10
1090 6.95 £0.72

- 5.80 £0.89

530 7.23 £0.98

WSP 450 930 6.46 +£1.77
1090 6.84 +£0.91

1170 7.18 £1.12

- 7.11 £1.27

GSP 100 930 579 £0.91
1090 6.45 £0.99

Typical examples of phenomena taking
place in plasma sprayed coatings are an
increase of the microhardness and
reduction of the porosity after annealing,
taking place more or less in the case of
both WSP coatings. Initial high porosity
of GSP samples was influenced by the



fact that the coating was sprayed using
rather coarse powder for this technique.

Dielectric properties of the annealed

coatings are more stable to tuned
frequency [Zhou et al, 2011] and
particularly the dielectric loss

significantly decreased. This phenomena
is related to structural changes. There
exists a temperature range where deposit
structure appears almost identical to the
non-annealed one with a possible
exception of some grain growth where
particles are in perfect contact (i.e.,
without inter-lamellar voids)
[Bacciochini et al., 2010]. According our
experience is it from room temperature
up to approx. 0.5 of the melting point; i.e.
600-1000°C for CaTiOs.

When the annealing temperature rises -
there exists a temperature range where a
structural change is more pronounced -
with radical grain growths and diffusion
effects at grain boundaries between
spherical and  flattened  particles
[Bacciochini et al., 2010]. We consider
this interval from approx. 0.5 to 0.7 of the
melting point, ie. 1000-1400°C for
CaTiOs. The open void content decreases
slightly with temperature increases. This
demonstrates that sintering mechanism
takes place at the same time than elastic
strain relaxation and that open voids are
rearranged into closed voids. This process
can be named coalescence of voids. Non-
reactive sintering in solid state is very
likely  the  involved  mechanism
[Bacciochini et al., 2010].

5. CONCLUSIONS

This paper studied dielectric properties
and selected mechanical properties of
annealed plasma sprayed self-supported
CaTiOs. Strong influence of thermal
annealing on dielectric properties was
observed. The results show that plasma
sprayed CaTiO; subjected to subsequent
annealing has better dielectric behavior
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than the non-annealed material. After
proper annealing the material has
tendency to respond to the electric field
like a bulk [Ctibor et al., 2003].
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ABSTRACT: An experimental study on the influence of rheological properties of two
grades of polylactide (PLA) on the foaming process has been carried out. The cellular
structure of PLA was obtained during extrusion process using the chemical blowing agent
(CBA). The influence of coupling agents on the degree of crystallinity and viscoelastic
properties that are critical during the foaming process of polylactide was investigated.
Selection of the preferred PLA grade has been correlated with a structure of the polymer.

1. INTRODUCTION

Microcellular materials are gaining
increasing attention due to their low
density and a lower consumption of raw
materials compared to solid materials,
good thermal insulation and high
damping properties. Foamed polymers
use to be produced using chemical (CBA)
or physical blowing agents (PBA).
Blowing agents provides a gas, which is
dissolved in the polymer, which after
decompression causes the cells nucleation
followed by their growth in the polymer
matrix [Baldwin et al, 1996]. The
foaming process allows to obtain a
microcellular  structure in materials,
characterized by a cell size in the range of
0.1-10 um and cell densities in the range
of 10°-10" cm™ [Park er al, 1998.
Applications of cellular polymers are
numerous, including the automotive,
construction sector (insulations) and
medicine (scaffolds). Replacement of
traditional materials by biodegradable
polymers, as well as reducing material
costs due to a lower weight of the final
product is a current goal of several
research institutes and industry.

The best way to solve the problems
related to the plastics waste management,
high crude oil prices and the gradual
exhaustion of fossil resources is the use
of polymers derived from renewable
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resources. Poly (lactic acid) (PLA) is a
bio-based, biodegradable polymer, that is
synthesized

from L- and D-lactic acid, being
produced by fermentation of sugars
belonging to renewable resources
[Cabedo et al, 2006]. PLA use to be
produced by the ring-opening
polymerization of lactide [Carothers and
Hill, 1932].

2. EXPERIMENTAL

2.1. Materials

In this study two grades of PLA (3052D,
2003D) supplied by NatureWorks were
used. The chain extender (CE) were
implemented: Joncryl 4368 (BASF) and
IncroMax 100  (Croda  Polymer
Additives). The general chemical formula
for the styrenic-glycidyl acrylate
copolymer (Joncryl 4368) is given in
Figure 1. Polylactide was dried at 70°C
for a minimum of 4 h before processing.
A commercial grade blowing agent
Hydrocerol CF (Clariant) was used in an
amount 0.75 wt%.

2.2. Crystallinity

Stuctural changes in polylactide caused
by the chain extender have been studied
with differential scanning calorimetry
using DSC apparatus Q20 (TA



Instruments, USA). A thermal ramp
running from -20°C up to 250°C at the
rate of 10°C min ' under nitrogen
allowed calculations of the percentage of
crystallinity according to:

Percentage of crystallinity [%] =
[AHm — AHc] / AHm® x 100%

where AHm (J/g) is the melting enthalpy,
AHc (J/g) is the cold crystallization
enthalpy and AHm°® is the melting
enthalpy of a 100% crystalline PLA
reported to be equal to 93 J/g.

Figure 1: Joncryl 4368 formula [Corre et
al.,2011].

2.3. Rheological Properties

The rheological measurements of a
molten polymer were carried out with
Haake RheoStress 6000 rotational
rheometer (Thermo Scientific) in the
oscillatory mode, using a plate-plate
measuring system and the gap between
the plates of 1 mm. The test temperature
was 160°C.

2.4. Foaming Process

Cellular structure was obtained during the
extrusion process using the single screw
extruder Rheomex 252 (Haake) equiped
with three heating zones and the
extrusion die. The temperature setting
was of 150-160-165-145°C. The screw
rotation speed was 15 rpm.

2.5. Cellular Morphology
Scanning electron microscopy (SEM)
was used to characterize the cellular
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morphology of foamed PLA samples.
Sputtering with gold was performed prior
to the SEM observations which were
carried out with VEGA microscope
(TESCAN).

3. RESULTS AND DISCUSSION
Thermal analysis showed no significant
differences between the two different
grades of PLA. Polylactide 3052D and
2003D exhibit semi-crystalline structure,
characterized by the glass transition
temperature of 62°C, the melting point of
150°C and the degree of crystallinity of
about 33% (Table 1). The coupling agent
Joncryl has an effect on the degree of
crystallinity of polylactide. Epoxy groups
of Joncryl can react with the carboxyl and
hydroxyl groups in polylactide, which
may lead to formation of the branched
polymer chains. The presence of
branching disturbs a dense packing of the
polymer chains, which results in a lower
crystallinity. Incromax agent has less
impact on the structure of polylactide.

Table 1: DSC results.

Tg Tm % of
[°C] [°C] crystallinity
[%0]
PLA 3052D 62,3 150 327
PLA 2003D 62,3 150,1 | 33,4
PLA 3052D + | 62,7 150,9 | 11,9
1% Joncryl
PLA 2003D+ | 63,4 152,8 | 12,5
1% Joncryl
PLA 2003D+ | 61,7 151,1 | 28,9
1% Incromax

Polylactide 3052D and 2003D exhibit
different viscoelastic properties (Figure
2).

PLA 2003D shows higher viscosity,
higher value of storage modulus (G’) and
loss modulus (G”) compared to PLA
3052D in the whole tested range.
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Figure 2: Rheological properties of
polylactide 3052D and 2003D.

Addition of a coupling agent Joncryl has
a very strong influence on the rheological
properties of polylactide. Amount of 1%
increased markedly a viscosity of the
polymer matrix (Figures 3 and 4).
Incromax agent has lower effect on the
viscosity of polylactide 2003D compared
to the coupling agent Joncryl.
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Figure 3: Rheological properties of
polylactide 3052D with addition of 1% of
Joncryl.

The degree of crystallinity and the
viscoelastic properties of the polymer
matrix have an essential influence on the
quality of the cellular structure which is
formed during the foaming process. The
foaming extrusion process of polylactide

3052D allowed obtaining pores in the
range of 200-250 um (Figure 5).
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Figure 4: Rheological properties of
polylactide 2003D with addition of 1% of
Joncryl and Incromax.

Addition of 1% of chain extenter has an
impact on creation of smaller cells (about
50 um) in polylactide. High polymer melt
viscosity makes difficult the cells to
increase during the foaming process

(Figure 6).
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Figure 5: Cellular structure of polylactide
3052D.
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Figure 6: Cellular structure of polylactide
3052D with addition of 1% of Joncryl.

4. CONCLUSION
The effect of coupling agents on the
degree  of crystallinity and the

viscoelastic properties of polylactide has
been presented.

Cellular structure in polylactide was
created using the foaming extrusion
process. Addition of the coupling agent
Joncryl has caused creation of smaller
pores (about 50 um) in the PLA matrix.
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ABSTRACT: In this work the preparation and characterization of a membrane containing
a uniform mesoporous Titanium oxide top layer on a porous stainless steel substrate has
been studied. The supported membrane was a suitable metallic-ceramic composite
membrane which incorporated desirable properties of both ceramic membrane and porous
metallic substrate. The 316L stainless steel substrate was prepared by powder metallurgy
technique and modified by soaking-rolling and fast drying method. The mesoporous titania
membrane was fabricated via the sol-gel method. Morphological studies were performed
on both supported and unsupported membranes using scanning electron microscope (SEM)
and field emission scanning microscope (FESEM). The membranes were also
characterized using X-ray diffraction (XRD) and N, —adsorption / desorption measurement
(BET analyses). It was revealed that a defect-free anatase membrane with a thickness of
1.6 um and 4.2 nm average pore size can be produced. In order to evaluate the
performance of the supported membrane, single — gas permeation experiments were carried
out at room temperature with nitrogen gas. The permeability coefficient of the fabricated
membrane was 4x10™ lit s'pa’em™. The prepared titania membrane can be utilized in
nano filtration and separation.

1. INTRODUCTION

Pressure-driven membrane processes are There are many preparation methods of
among the most mature membrane membranes such as  state-particle-
technologies. They are used for liquid sintering, sol-gel and chemical vapour
separations. Ceramic membranes have a deposition [ Kermanpur et al., 2008]. In
high application potential due to their these methods, state-particle-sintering
chemical, mechanical and thermal and sol—gel process are considered to be
stability. Two main classes of the practical ones. Silica, alumina, titania
membranes can be distinguished: dense and zirconia are considered as the most
and porous membranes. The following common porous membrane materials.
classification of pore size has been Among them, titania gained much
recommended by IUPAC: macropores considerable attention due to its high
¥>50 nm, mesopores: 2 nm<@<50 nm, hydrothermal and chemical stability as
and micropores ¥<2 nm. Two types of well as several unique characteristics
membrane structures may be such as semi-conductivity, catalysis and
distinguished: symmetric and asymmetric photo catalytic behaviors [Li.,2007]. The
membranes. The  membranes are application of a metallic material as a
asymmetrical, in which case the substrate is advantageous in providing a
membrane is composed of a thin selective composite membrane with desirable
layer and a strong supportive layer giving mechanical properties. Stainless steel is a
mechanical  strength  [Abedini et material of interest in this case due to its
al.,2012].
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good mechanical strength, flexibility of
fabrication and corrosion resistance.

The aim of this paper is to optimize a
novel stainless steel supported structure
for conventionally used ceramic
supported mesopore anatase membrane
and to improve its application in nano
filtration.

2. EXPERIMENTAL

2.1. Substrate Preparation

To prepare the support, spherical
austenitic 316L stainlessnsteel granulate
powder was shaped into a disk of 17 mm
in diameter and 1.5 mm thickness using
a uniaxial press and sintering method.
Soaking-rolling-fast ~ drying  (SRF)
method was applied for surface
modification, using a stable colloidal sol
including titania particles.

2.2.Titania Membrane Preparation

The method wused to prepare the
membrane layer, was the sol-gel
technique. TiO, sol was obtained by
hydrolysis of tetra isopropyl orthotitanate
(Ti(OCsH7)4) (Merck , 8.21895.0250) via

the addition of an excess H,0
([H.O)/[Ti] > 4). A solution  of
hydroxyethyl cellulose (HEC) and

polyvinyl alcohol (PVA) was added to
the sol as binders before coating the
supports. The layer was formed by dip-
coating the support in the prepared sol.
The unsupported gel layer was also
produced by pouring the prepared sol in a
petri-dish. The obtained gel layers were
dried at room temperature for 24 h and
30 °C for 3h , subsequently calcined for
1 h at 455 °C by heating rate of 1 °C/min.

2.3. Characterization

The support porosity was measured by
Archimedes method according to the
ASTM 373-88 standard. The crystal
structure was identified using X-ray
diffraction technique with Cu Ka
wavelength (XRD, INEL France,
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Equinox3000). N,-sorption measurement
was performed to determine the BET
information of the unsupported titania
layer. Morphological studies were
performed on the membranes using
scanning electron microscope (SEM,
PhillipsXL30) and field emission
scanning microscope (FESEM, SEOL
AIS-2100). The permeability of the
prepared titania membrane was examined
with a home-fabricated membrane
chamber. This system has been
established based on the ASTM S316
standard. The laboratory measured
permeability was obtained employing the
expression,

J=Kx2P
L

(1)
Where K is permeability of the
membrane, J is the permeated gas flow
rate per unit of the membrane surface, L

is the membrane thickness, and AP is the
transmembrane pressure difference.

3. RESULT AND DISCUSSION

3.1. Stainless Steel Substrate
Characterization
Archimedes method revealed

approximate porosity of 24% for the
prepared macroporous support. The
fracture cross-section of a sintered
stainless steel support is illustrated in
Fig.1. It clear that a porous body with
adequate bonding between spherical
particles and permeable pore paths was
produced. Fig.2, represents the N, gas
fluxes permeated through the prepared
stainless steel substrate as a function of
pressure difference. Permeability of the
support was calculated to be 1.2 x 107 lit
/s.Pa.cm, using Eq. (1)



Fig.1: Cross-section of 316L stainless
steel support.

together with the substrate thickness,

Xs=0.135 cm. The permeabilty of
prepared stainless steel support in
compration with the same substrate

produced in prior studies [Abedini et al.,
2012], [GAO et al.,2012] is lower due to
used fine stainless steel powder with low
formability and applying high pressure in
pressing stage.

120
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Fig.2: The N, gas flux permeation

through stainless steel substrate versus its
relevant pressure difference.

3.2. Mesopore Titania Membrane
Characterization

Fig.3, shows the XRD pattern, obtained
for freestanding titania membrane. Phase
identification of the samples revealed that
the structure of as-synthesized membrane
is in accordance with that of anatase.
Fig.4 represents the achieved narrow pore
size distribution of the prepared
membrane and
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Fig.3: XRD pattern of as-prepared
unsupported titania membrane material.

its accordance to the mesopore size
range. This is due to the adjusted
peptizing and filtering steps of the dip
coating sol preparation process which led
to small titania particles and a narrow
particle size distribution.
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Fig. 4: Pore size distribution of the
unsupported titania membrane.

Tablel, shows the results of N-sorption
measurements. The specific surface area
measurement was based on the BET
model and the pore size was
characterized based on the assumption of
cylindrical pores.

Table 1: Pore size, pore volume and
surface area of the wunsupported titania
membrane.

BET surface area (m”/g) 12x 10°
Pore volume (cm’/g) 0.13
Average pore size (nm) 43




3.3. Stainless Steel Supported

Mesopore Titania Membran

Fig.5, shows SEM image of the substrate
cross-section after membrane layer
coating. It is evident that a continuous
membrane layer could not be successfully
achieved by dip coating due to the
penetration of the sol particles into rather
large pores of the substrate (1-10 pum).
Increasing the size of the coating
particles, manufacturing the substrate
with smaller average pore size or
polishing the substrate surface prior to
coating in order to let the larger surface
pores to be filled could reduce the
penetration effect. However, in these
cases the permeability of the substrate

would be reduced like the titania
substrate. Thus, the substrate
modification step with the colloidal
titania sol before the subsequent

membrane layer coating was utilized in
this study. SEM

Fig. 5: Cross-section of 316L stainless-
steel support after membrane coating.

images of cross - section of the
stainless

steel substrate after modification by the
SRF process for five times are shown in
Fig.6(a). It exhibits formation of a
uniform defect-free intermediate layer
continuously covering the substrate. Only
a partial penetration of the titania
particles in the support pores was
observed, because of the short dipping

time selected for the soaking stage of the
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SRF process. Thus, decreasing the
permeability of the substrate as a result of
the particle penetration could be
effectively prevented.

FESEM micrograph of the intermediate
layer surface is illustrated in Fig.6(b). A
typical carrier structure with a mean pore
size of about 200 nm can be observed and
the pore size is in the desired range for
coating with the colloidal Titania sol.

3.3.1. Structural properties
From micrograph given in Fig.7, the
graded structure of the finally obtained

eV Spol Magn Dt WD
HOKVEO X0 SE M3 TI

Fig. 6: (a) Cross-sectional SEM images of

overview of the modification titania

composite membrane can be clearly
observed. Mesopore titania top layer with
a thickness of 1.6 um was prepared on
the modified 316L stainless steel support
by the explained dip coating method.
Moreover, the interfacial adhesion
problems in the case of metallic substrate
and ceramic layer could be overcame
because of the advantages of the selected
SRF process for the intermediate layer
coating.

3.3.2. Permeability

Permeability of the membrane was
measured to evaluate the integrity and the
properties of the membrane, as shown in
Fig.8 . Graph of this figure in compration
with Fig.5 clearly shows that the support
has a high permeability. On the other



hand, the permeability of the membrane
with a thickness of 1.6 ym exhibited a
considerable decrease, compared to the
porous stainless steel support. This
experiment shows a decrease in the
permeability coefficient from 1.2 x 107
to 4x10™® lit/s.Pa.cm for the stainless
steel support and stainless steel supported
anatase composite membrane,
respectivity. The lower permeability of
the membrane is explained by its small
pore size. By replacing ceramics support
with more permeable stainless steel one,
a developed three layer composite
structure, with improved properties was
achieved for mesopore titania membrane.
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Fig.8: The N, gas flux permeated through
the finally obtained stainless steel
supported anatase composite membrane
versus its relevant pressure difference.
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4. CONCLUSIONS

In this present work, porous stainless
steel substrates with 24% porosity was
produced by uniaxial press and sintering
method. In order to produce a titania
membrane with high permeability and
mechanical strength for high pressur
application, a full process was adjusted
for preparing a high quality mesopore
titania membrane with an optimized
three-layer stainless steel supported
graded structure. A defect-free mesopore
anatase membrane with 4.2 nm average
pore size and 1.6 um thickness was
finally prepared by sol-gel dip coating
method on the modifide stainless steel
substrate. This was achieved through
precautions made in the sol preparation
stages of the membrane manufacturing
process, like adjusting the pH value and
filtering. The stainless steel

supporte anatase membrane has significant
potential for environmental applications
and nano filtration processes due to its
simultaneous photocatalytic, disinfection,
separation functions and mechanical
strength.
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ABSTRACT: Hydroxyapatite (HAP) is the most important inorganic phase of the hard
tissues of mammals and other organisms. Zirconia (ZrQO;) is an important biomaterial due
to its excellent biocompatibility and high mechanical strength. ZrO, exhibits the best
mechanical properties of oxide ceramics. The combination of two components
hydroxyapatite-zirconia shows a promising candidate that can be used as dental materials,
with a high impact due to their mechanical properties. HAP-zirconia are new materials that
can be used as fillers in the formulation of restorative and endodontic dental materials. The
paper presents a study related to the obtaining and characterization of HAP- zirconia
nanoparticles. The HAP- zirconia nanoparticles are synthesized by precipitation of HAP in
the presence of zirconia. The starting materials were CaO, H3POj for synthesized HAP and
ZrOCl1,x8H,0 as precursor for zirconia. Following the precipitation the obtained sol was
subjected to heat treatment at 120°C, 400°C, 850°C and 1050°C. X ray diffraction was used
in order to study the structural properties of the obtained powder. FT-IR was used in order
to evaluate the interactions between HAP and zirconia. Scanning electron microscopy
(SEM) was applied to investigate the morphology. The microstructure of the HAP-zirconia
products was further observed by transmission electron microscopy (TEM) and high
resolution transmission electron microscopy (HRTEM).

1. INTRODUCTION

The growth of research activity in al., 2004]. The artificial HAP, however,
bioceramics especially in the synthesis, suffers from its intrinsic low mechanical
processing, characterization and properties, and thus cannot sustain heavy
applications of ceramic materials in load or severe impact. To meet the
medicine, are the current status in the requirements for the self load-bearing,
field of biomedical applications. Zirconia HAP has been incorporated with other
(ZrO») is an important biomaterial due to stiff mineral phases such as mullite
its excellent biocompatibility and high [Porter and Heuer, 1997, Tyagi et al.,
mechanical strength. Hydroxyapatite 2005] zirconia [Woodward et al., 2006],
(HAP) is a major inorganic component alumina, wollastonite, leucite, and
consisting of human hard tissues, such as apatite. ~ Among  these  composite
bones and teeth, and its content bioceramics, the combination of HAP and
determines their microstructures and zirconia could be the most desirable for
physical properties [With ef al., 1981]. applications to hard tissues exposed
Artificial HAP shows strong under high friction and high impact due
biocompatibility and thus it has found to the promising mechanical properties
broad applications in replacing damaged such as high fracture toughness and
hard tissues [Dean-Mo et al., 2002, Jia et hardness as well as bioinertness of the
al., 2003, Kalyana et a./, 1998, Kumar et zirconia component. The conventional
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mechanical mixing of micrometer or even
nanometre scale HAP and zirconia
powders has been reported for the
preparation of HAP/Zirconia composites
through sintering [Vasconcelos and
Barreto, 2011]. However, this mechanical
mixing would cause low sintering density
and/or non-uniform zirconia phase
distribution in the sintered HAP matrix
due to the large particle size and/or
segregation of zirconia particles. Non-
uniform distribution of the zirconia phase
in the HAP matrix would seriously
deteriorate the mechanical properties of
HAP/ZrO, composites. On the other
hand, the chemical co-precipitation
technique can allow the preparation of a
homogeneous mixture of nanoscale HAP
and ZrO, nanoparticles, which would be
the most suitable approach for the
preparation of HAP/ZrO, composites
with superior mechanical properties.

The preparation of homogeneously
distributed zirconia-hydroxyapatite
composites can be accomplished using a
co-precipitation process of precursor
reagent solutions. The present study
describes the preparation and
characterization of fine powders of
zirconia and hydroxyapatite submitted at
thermal treatment at various temperatures
intended for use in medicine. The
powders were evaluated using XRD, FT-
IR, SEM and TEM. Full utilisation of the
unique properties of hydroxyapatite bulk
ceramics is, however, possible only after
its proper reinforcement, i.e. by
preparation of composites.

2. MATERIALS AND METHODS

The HAP- zirconia nanoparticles are
synthesized by precipitation of HAP in
presence of zirconia. The starting
materials was CaO, H3;PO4 (Aldrich) for
synthesized HAP and ZrOCl, x 8 H,O
(Aldrich) as precursor for zirconia sol.

The mixed sols were subjected to heat
treatment at 120°C, 400°C, 850°C and
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1050°C  respectively.  The  X-ray
diffraction (XRD- standard DRON-3M
powder diffractometer) and Fourier

Transform Infrared Spectroscopy (FTIR-
JASCO-610) techniques were employed
to investigate and characterized HAP and
zirconia phases’ formation. Scanning
electron  microscopy (SEM  FEI-
Company) was used in order to study the
morphology of the samples and
Transmission  Electronic  Microscopy
(TEM, HRTEM - TECNAI F30 G*) was
used for the determination of the particles
size.

3. RESULT AND DISCUSSIONS
Using precipitation and co-precipitation
methods, white powders of HAP and
HAP/ZrO, were successfully synthesized.
XRD patterns of the HAP (to 120°C) and
HAP/ZrO, powder thermal treated at
120°C, 400°C, 850°C and 1050°C for 2h
are presented in Figure 1.

The diffraction peaks revealed the
presence of the oxide compounds formed
during the precipitation and thermal
treatments. Diffraction circles marked by
diameters correspond to the interplanar
distances that are specific to the families
of crystalline planes of HAP with
hexagonal network that evidenced
nanostructured nanoparticles (probale
Zr0O;) and bigger particles of 0.1-0.3 pm
hydroxiapatite. All samples containing
HAP and tetragonal zirconia (t-zirconia)
phases and is polycrystalline. The main
compound  of  the system  is
hydroxyapatite (HAP), but there is also
an important content of apatite (AP).
XRD patterns of HAP-ZrO, compounds
presents maximum diffraction angle at 50
degrees and at 349  degrees
corresponding zirconia oxide. The beta-
tricalcium phosphate (B-TCP) phase,
which is unstable in human bodies and
highly bioresorbable, was also identified
in HAP and HAP-ZrO, powders. The
increasing of the sol temperature up to



120°C had a positive effect on the
disappearance of impurity phases. With
the increase of the calcinations’
temperature up to 850°C, calcium
phosphate impurity phases disappeared.
Heat treatment caused the appearance of
ZrO; crystallites.

intensitatea (u. a.)

intensitatea [ u.a. ]

AT

vvvvv

unghi de difractie 20 [ grade ]

Figure 1: XRD patterns of HAP andHAP-
ZI'02

The FTIR spectra (Figure 2) of HAP-
zirconia shows peaks at 1105 cm™ for the
samples treated at 120 and 400°C
indicating P-O asymmetric stretching in
orthophosphate.

Z10, PO 1048 | ——HA-ZrO, 120 (1)
——HA-ZrO, 400 (2)
——HA-ZrO, 850 (3)

—— HA-Z0, 1050 (4)
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Figure 2: .FTIR spectra of HAP- ZrO,
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If the temperature increased at 850 and
1050 cm™ respectively, the absorption
peaks from 1105 cm™ displaced toward
smaller wavenumbers (1096 cm™). The
strong adsorption peak from 1048 cm’
indicated also P-O asymmetric stretch in
orthophosphate, while the sharp very
week band at 960 cm’ symmetrical
valence bond of P-O.

The bands from 607 and 566 cm’
indicate P-O-P deformation of the PO43'
ion for the samples treated at 120 and
400°C, while in the case of the sample
treated at 850 and 1050 °C the absorption
peak from 566 shifts to 572 cm’,
probable due to the interactions between
HAP and zirconia. A broad band around
870 cm™ region can be attributed to the
simultaneous presence of P-O-H in
HPO,* groups and C-O vibrations in
CO;™ groups. The value of 423 cm ' is
attributed to stretching vibrations of Zr-O
bond. The IR bands between 785 and 618
cm™ could be assigned to Zr-O stretching
vibrations, while the intense band around
500 cm™ is the superposition result of
stretching Zr-O. The broad peak at 3412-
3435 cm™ and the small one from around
1636 cm™ represents O-H bonding in
water. The small absorption peak from
637 cm” and sharp peak from 3645
belong to OH groups from HA.

SEM (Figure 3) has shown better dense
and finer powder in case of HAP-ZrO,
synthesized under our specific conditions
than normal condition of synthesis. The
SEM observation showed that the HAP-
ZrO, powders possess particle sizes in
the range of micrometers to nanometers
in diameter. The micrographs show high
crystallinity for HAP and HAP-ZrO,
nanopowders. The HAP-ZrO, nano
powders show average particle size of
50-70 nm and a uniform distribution.

SEM microgrphs for HAP-ZrO, powder
reveals the presence of the nanoparticles



in an agglomerated form ZrO, crystals
dispersed throughout the HAP nano
crystals are proved by X-ray diffraction
results and IR spectra.

Figure 3: SEM images of HAP-ZrO,
(120°C) and HAP-ZrO, (1050°C, small)

SEM images revealed that if the thermal
treatment was 120°C the obtained powder
is very fine with uniform particles size
distribution  looking very  aerated.
Thermal treatment applied at 1050°C
leads to the agglomeration of the particles
that look denser compared with the
powder obtained at 120°C. For better
characterization of the samples of HA-
71O, at a smaller scale we used TEMBF
(Figure 4) (Transmission Electron
Microscopy Bright Field)

Figure 4: TEMBF image of HA-ZrO,
micro and nanoparticles
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The bright spots belong to big crystallites
while the small spots belong to much
smaller particles.

The experimental results suggest that the
HAP-zirconia nanoparticles may be used
as filler for bone tissue restoration, or as
nanofiller in polymerized composites
because the particles are fine and could
of a

assure the obtaining
homogenous material.

very

Figure 5: HRTEM images HA-ZrO,
nanoparticles

In figure 5 (a) observed recorded for the
agglomeration of the particles for the
interplanar distance of 2.4 A, correspond
to cubic CaO. The image 5 (b) put into
evidence crystallized nanoparticle with
sizes of 5-8 nm. Image of bright field
electron microscopy (TEMBF) in figure 5
reveals nanostructure particles probably
CaO and large particles of 0.1 - 0,3 um
hydroxyapatite. Very bright spots belong
to larger crystallites and small spots



correspond to very small nanocrystals.
Diffraction circles marked with diameters
corresponding to interplanar distances
specific crystal plane families (indexed
image) of the compound Ca5 (PO4) 30H
the hexagonal crystal lattice.

4. CONCLUSION

ZrO, crystals dispersed throughout the
HAP nanocrystals are proved by X-ray
diffraction results and IR spectra. SEM
microgrphs  for HAP-ZrO, powder
reveals the presence of the nanoparticles
in an agglomerated form ZrO, crystals
dispersed throughout the HAP nano
crystals. Image of electron microscopy
TEM reveals nanostructure particles
probably CaO and large particles of 0.1 -
0.3 um hydroxyapatite. Very bright spots
belong to larger crystallites and small
spots  correspond to very small
nanocrystals. In the future investigations
related to physical, mechanical and
toxicological properties will be done;
both ceramics can be used as implant
biomaterials, for example in bone repair.
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ABSTRACT: A study was carried out to realize the relationship between cell wall
morphology of closed cell aluminum foam and mechanical properties of this material as
energy absorbant. For this purpose three aluminum foam samples with closed cell structure
were prepared via melt route at different molten aluminum temperatures(650,675 and
700°C) by adding same amounts of granule calcium as thickening agent and titanium
hydride as foaming agent .The fabricated aluminum foams were characterized by scanning
electron microscope to determine the cell wall morphology and compression tests of these
three aluminum foams with different relative density were tested to obtain energy
absorption. The results indicate that molten aluminum temperature during holding step of
producing aluminum foam has a dominant role on cell wall morphology. By increasing
temperature the flow of aluminum foam inside the crucible during holding would be higher
and cellular structure changes from ordered to disordered one and mechanical properties
will be decreased.

1.INTRODUCTION

Cellular metals owing to their pores The influence of TiH, addition on the cell
possess a set of wunusual properties structure of foamed aluminum has been
compared with bulk structural showed that a TiH, addition of 1.0 and
materials,they are crushable, they exhibit 1.5 wt% induces a greater uniformity of
a plateau stress if compressed, and they spherical cell distribution[Yang and
exhibit a change in poisson ratio on Nakae,2000].The effect of cell size on
deformation. The excellent combination quasi-static and dynamic compressive
of good mechanical properties (mostly properties of open cell aluminum foams
strength and stiffness) and low weight is produced by infiltrating process revealed
the prime advantage. In addition, cellular the elastic modulus and compressive
metals absorb high impact energies strength of foams not only depend on
regardless of the impact direction, and are relative density but also depend on cell
very efficient in sound absorption, size[ Xiao-qinget al,2006].Some
electromagnetic shielding and vibration researchers pointed out that during
damping[Degischer cooling stage the pores elongated in rise
andKriszt,2002].Process parameters direction and cells in longitudinal and
influence the pore morphology of transverse direction have different
produced  aluminum  foams  and dimensions, in longitudinal direction Al-
consequently mechanical properties will Si alloy foams can absorb more energy
be affected by changing cell size and because the plastic collapse of Al-Si
shape,much attention should be paid to alloy foams in longitudinal direction is
control of the morphology of the cells were higher than that in transverse
during foaming process of an aluminum direction[Zu and Yao,2012]. The effect
melt. It is very important to understand of foaming temperature on pore size and
the bubble foaming mechanism. density has been reported before
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[Fushenget al,2003].The purpose of this
paper is to evaluate the effect of foaming
temperature on cell morphology and its
effect on energy absorption of
samples,for this goalthree different
aluminum alloy foams have been
manufacturedat different foaming
temperatures through melt route by using
same amounts of calcium granule and
TiH;powder as thickening and foaming
agent respectively.

2.RESULT AND DISCUSSION

The materials used for manufacturing of
aluminum foams were A356 aluminum
alloy(7.56 wt% Si,0.41 wt% Mg), high
purity calcium granules (1-3mm in size)
as thickening and titanium
hydride(40um) as blowing agents.
Aluminum alloys were melted at three
different temperatures(650°C,675°C and
700°C) in separate graphite coated
steelcrucibles, for each aluminum melt at
its specific temperature 2wt% of calcium
granule was added and stirredat 500 rpm
for 10 minto make the viscose aluminum
melt, afterward 1wt% of TiH,added to
the viscose aluminum melt and stirred at
1200 rpm for 1 min, finally holding step
was carried out at same time of 180
seconds for three samples and then
cooled in air to room temperature. At
holding stage due to titanium hydride
decomposition cellular structure
forms.Figure 1 shows the
macroscopicstructure of produced foams
at different holding temperatures.
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Figure 1: Macrostructure of aluminum
foams produced at temperatures of
a)650°C,b)675°Cand ¢)700°C.

It is clearthat with increasing foaming
temperature cell morphology has been
changed. At low temperatures smaller
cell size with round shape is obvious
while At high foaming temperature,
unfavorable curvature of the foam is
observed,it is may be because of this fact
that when the temperature raises to
around 700°C,the equilibrium hydrogen
pressure due to TiH, decomposition
increases and cause cell wall
curvature[ Yang and Nakae,2000].

Figure2 shows the SEM micrograph of
pores at different foaming
temperatures.Figure 3 reveals the cell
wall thickness and relative morphology at
different foaming temperatures. A
comparison of the cell structure shows
that at high temperatures cell walls
migrate in irregular manner, also cell wall
thickness will be reduced at high
temperatures because of lower aluminum
viscosity at hightemperatures[Deqingand
Ziyuan,2003].
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Figure 2: SEM micrograph of pores at
different  foaming temperature of
a)650°C, b)675°C and ¢)700°C
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Figure 3: Cell wall morphology and
thickness at different
foamingtemperatures of a)650°C, b)
675°C and ¢) 700°C.



Foam density (p) and total porosity of
each specimen were calculated by
dividing the mass to volume of three
different aluminum foams and by using
thebelowformularespectively[Deqingand
Ziyuan,2003].

P=1-p/po

Where p is the foam density and py is the
density of materialwhich foam is made
from it.

The relationship between density, total
porosity and holding temperatureis
shown in figure 4.

By increasing foaming temperature, gas
pressure inside the bubbles will be
increased andsurface tension decreases,
so that bubbles nucleate and grow easily,
leading to low densities and high
porosities[ Yang and Nakae,2000].

0.8 r 0.86

07 1 - 084

0.6

N

r 082

'

g o5

% \ r 0.8

g 0.4 -

= - 078

g 03~

A

T o2 =#=Density - 076
01 - Porosity L 074
] T T T T T T 072

640 650 660 670 GBO 650 70O 710
Tempeature{°C)

Figure 4: Relationship between foaming
temperature, density and porosity.

Inordertodetermine the energy absorption
behavior of foamed  aluminums,
compressive tests were conducted on
25%25*%20 (mm) samples at test speed of
Imm/min, as it can be seen from figure 5,
by increasing the foaming temperature,
compressive strength drops rapidly, this
phenomenon is as a result of sharp edges
which acts as stress concentration centers

Poros ity o
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in disordered cells that produced at
700°C, also aluminum foams that
produced at this temperature because of
having low density has lower ability to
absorb energy in comparison with
samples have been foamed at lower
temperatures.

30
25
20
15

10

Engineering Stress (Mpa)

0 0.2

04

06 08

Strain

Figure 5: Stress-strain curves of
aluminum foams produced at different
temperatures.

3.CONCLUSION

Foaming temperature has a dominant role
in  microstructure and  mechanical
properties of aluminum foams that
produced via melt route and during
production of this kind of cellular
material is it possible to determine the
energy absorption of foams by adjusting
foaming temperature for industrial
applications.
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ABSTRACT: X-ray microtomography (XRM) is useful to obtain three-dimensional
microstructure of powder/porous materials, and has been applied to geological samples.
When applied to soft or unconsolidated geological samples (e.g., sea bottom sediments),
however, undesirable sample deformation occurs due to the relative displacement of fine
sediment particles, for example, during the sample rotation in an X-ray chamber (motion
artifact). This sample deformation can be serious because it destroys the original pore
structure, reducing the reliability of any post XRM outcomes obtained using the images.
As a solution to the problem, sample preprocessing was performed using resin to
consolidate the soft samples before the XRM operation. Via alcohol replacement of the
pore water in the sediment, the pore space was completely filled with solid resin to
increase the rigidity of the sample. This technique was applied to bottom fine sediment
samples from Tokyo Bay, Japan, and the three-dimensional XRM images without motion
artifact were successfully obtained.

1. INTRODUCTION

The elucidation of the decomposition Nakano, 2012ab]. However, a serious
mechanism of organic matter in the problem occurs when XRM is applied to
bottom sediments of eutrophicated soft or unconsolidated geological samples
coastal regions is important in terms of (e.g., sea bottom sediments). Such soft
the environmental science [e.g., Sayama, samples readily deform by the relative
2001; Sayama et al., 2005; Nielsen et al., displacement of weakly glued sediment
2010]. The matter transport, chemical particles during the transportation from
reactions and biological activities occur the sampling site to the laboratory and/or
within the porous sediments having three- the sample rotation in an X-ray chamber
dimensionally complex pore structure. (the latter is referred to as the motion
Therefore, the development of three- artifact yielding blurred outlines of the
dimensional imaging technique for the sediment particles in the XRM images).
porous sediments is needed to elucidate This sample deformation can be serious
the various physical, chemical and because it destroys the original pore
biological phenomena occurring on the structure and/or decreases the spatial
sea floor. resolution, reducing the reliability of any
post XRM processes (image processing
X-ray computed tomography or X-ray and pore-scale computer simulation)
microtomography (XRM) is a powerful obtained using the images.
tool to obtain three-dimensional structure
of powder/porous geo-materials [e.g., Resins or plastics are conventionally used
Nakashima, et al., 2004; Nakashima, et in geology for the preservation of the
al., 2008; Nakashima and Nakano, 2011; original sedimentary  structures of
Nakashima, et al., 2011; Nakashima and unconsolidated samples at fields and
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laboratories [McMullen and Allen, 1964].
This resin method was applied to make
soft sediments rigid before the XRM
operation in the present study. Via non-
destructive alcohol replacement of the
pore water in the sediments, the pore
space was completely filled with solid
resin to increase the rigidity of the sample
[Suzuki et al., 2011], which does not
allow the sample deformation. This
technique was applied to bottom fine

sediment samples, and the three-
dimensional XRM  images  were
successfully obtained at a spatial
resolution of a few micrometers.

2. EXPERIMENTAL

Unconsolidated fine sediments were
sampled from Tokyo Bay, Japan.

Because the seasonal variation was

reported about the sediment composition
[Sayama, 2011], sampling was performed
in summer (July 26, 2011) and winter
(November 25, 2012). A SEM image of
the sample is shown in Fig. 1.

Figure 1: SEM microscopy of a dried sea
bottom sediment sampled in summer
(July 26, 2011). The sediment is a
mixture of planktons and mineral grains
(several to several tens of micrometers in
particle size).

The two wet sediment samples were
processed as follows. Pore water is
undesirable for the resin infiltration.
Thus, firstly sea water in the pores was
replaced with the ethanol (Fig. 2). The
pore water was gradually exchanged with
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the diffusing ethanol molecules. The
supernatant fluid (mixture of the sea
water and ethanol) was replaced with
pure ethanol (purity, 99.5 %) five times,
and it took 3 days to complete the water-
ethanol replacement.

Secondly liquid Osteoresin™ (Wako
Pure Chemicals Industries, Ltd., Japan)
was poured on the sediment to replace
ethanol in pores with resin molecules.
The sample was put on a vacuum
chamber at room temperature to enhance
the evaporation of ethanol in the pores. It
took about 2 months to complete the
polymerization of the Osteoresin™. The
rigid sediment sample was cut into a
column (Fig. 3) for the XRM
experiments.

Figure 2: Photo of a single step of the
resin consolidation processing. Ethanol
(A) was poured on a sediment (B). The
beaker was capped with an aluminum foil
to prevent from the evaporation.

-




Figure 3: Consolidated columnar
sediment sample (indicated by an arrow,
4mm X 4mm X 15mm in dimensions) on a
sample stage for XRM. The sediment was
sampled in winter (November 25, 2012)
from the 2-4 cm depth interval below the
sea floor.

The cut sample was imaged by an XRM
apparatus (Shimadzu, SMX-160CT-SV3
with a focus size of 400 nm) at the Center
of Materials Research for Low Carbon
Emission (National Institute for Materials
Science, Tsukuba, Japan). The
reconstructed raw XRM images were
processed (e.g., trimmed and converted
from 16 bit to 8 bit) for further analysis
using original programs publicly open at
http://staff.aist.go.jp/nakashima.yoshito/p
rogeng.htm.
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Figure 4: Three-dimensional XRM
images of the winter sample of Fig. 3. (a)
The image dimension is 5.0° mm’ = 180°
voxels. Each voxel dimension is 28> pm’.
The black voxels are the ambient air. (b)
Zoomed XRM of a portion of (a). The
image dimension is 0.84° mm’ = 600’
voxels. Each voxel dimension is 1.4°
um’. The high-density grains (bright
voxels) and medium-density objects
(slightly bright voxels) are clearly seen as
shown by arrows.

3. RESULTS AND DISCUSSION
Obtained XRM images are shown in
Figs. 4 and 5. The grey level increases
with density and atomic number; the
resin-filled pore is dark, the ambient air is
darkest, and iron-bearing solid minerals
are bright in the images. Unfortunately
the individual fine grains in Fig. 1 were
not clearly imaged due to the finite
spatial resolution of the XRM apparatus
used. However, the outline of the large
iron-bearing mineral grains in the
sediment was clearly imaged (Fig. 4b),
suggesting that the resin technique is
effective to reduce the motion artifact.

Many large iron-bearing minerals having
bright voxel-values appear in winter (Fig.
4a) compared with the summer sample
(Fig. 5). This can be related to the report
that the magnetite-, ferrihydrite- and
lepidocrocite-content increase in winter
on the sea floor of Tokyo Bay [Sayama,
2011]. Iron-bearing minerals such as
magnetite are important for the
decomposition of organic matter in
eutrophicated coastal marine sediments
due to its large electric conductivity
[Sayama, 2011]. Thus, the next possible
step is the pore-scale electric current
simulation [Nakashima and Nakano,
2011; Nakashima et al., 2012] using the
winter XRM images of Fig. 4. XRM
study coupled with such computer
simulations will help to understand the



organic matter decomposition utilizing
the extracellular electron transfer.

The main components of the sediments
are silicate minerals and diatom
planktons that are probably not altered by
the injection of ethanol. However the
sediments contain a certain fraction of
organic matter that may be altered (e.g.,
dissolved) by the use of ethanol (Fig. 2).
As a future problem, this alternation
problem should be carefully examined to
confirm the reliability of the resin
technique.

Figure 5: Same as Fig. 4a but for a
consolidated sediment sampled in
summer (July 26, 2011). The XRM
image dimension is 5.0° mm’ = 239°
voxels. Each voxel dimension is 21° pm’.

4. CONCLUSIONS

The resin technique was applied to the
XRM of unconsolidated sea bottom
sediments to preserve the original
sedimentary structures and to reduce the
motion artifact. The three-dimensional
micro-structure of the sediments was
successfully obtained to demonstrate that
the technique is promising.
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ABSTRACT: In this study, porous TiNi alloys with a porosity content of 64 vol% were
processed by sintering with magnesium space holder technique. Prealloyed TiNi powder was
used to prevent the formation of brittle secondary intermetallics. Both the powder and porous
TiNi alloys were examined by X-ray analyses and SEM studies. According to X-ray analyses,
it was found that both powder and processed TiNi foams are fully austenitic (B2) while SEM
examination revealed the homogeneously distributed, interconnected, spherical pore structure
of TiNi foams. Furthermore, both monotonic and superelastic compression behavior were
analyzed at room temperature. It was observed that monotonic compression behavior of TiNi
foams was similar to that of cellular metals. On the other hand, TiNi foams were cyclically
loaded up to 0.75 Omax (75% of ultimate compressive strength) and unloaded to analyze the
superelastic response. It was also observed that full recovery of 3% strain was achieved at the
end of five cycles of training.

Keywords: TiNi, foam, compression, superelasticity

1. INTRODUCTION
TiNi alloys, which were first developed by Vandygriff, E.L., 2002; Yuan et.al,
Naval Ordinance Laboratory, USA, in 2006], self-propagating high-temperature
1961 [Goldstein, 1978], have attracted synthesis (SHS) [Wisutmethangoon et.al.,
considerable attention due to their distinct 2009; Resnina, N. and Belyaev, S., 2011],
shape  memory and  superelasticity spark plasma sintering (SPS) [Zhao et.al.,
properties. While the wide range of 2005], metal injection molding (MIM)
applications [Duerig, 1999; Otsuka and [Bram et.al., 2011], sintering with space
Ren, 2005; Petrini, L. and Migliavacca, F., holder [Bansiddhi, A. and Dunand, D.C.,
2011; Kumar and Lakshmi, 2013] of TiNi 2007; Nakas et.al. 2011; Zhang et.al,
alloys make them highly appealing, 2013;], etc. The main drawback of the
production of TiNi in the porous form methods such as SHS, which employ
further enlarges their application fields elemental powders for processing TiNi
[Wen et.al, 2010; Jardine and Cicchi, foam, is the formation of secondary
2013]. intermetallics and oxide phases. The
secondary intermetallics as well as oxide
Processing of porous TiNi alloys are phases degrade the mechanical response as
generally  conducted  with  powder well as increase the possibility of Ni
metallurgical techniques due to their high release during implant applications. The
melting point and highly reactive nature. methods such as HIP, MIM and SPS, on
There are several methods reported in the other hand, require high cost equipment
literature for the processing of porous TiNi for manufacturing. Among the mentioned
alloys including hot-isostatic pressing methods, sintering with space holder
(HIP) [Lagoudas, D.C. and technique from prealloyed powder seems

to be best for the prevention of unwanted
phases in addition to the close control of
the shape, size and distribution of pores.
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Accordingly, sintering with space holder
technique was employed to process Ti-50.8
at%Ni foams in this study. Magnesium
(Mg) was employed as the space holder
both due to its higher oxygen affinity and
lower boiling temperature than that of
sintering.

Both powder and porous TiNi alloys were
examined by X-ray diffraction (XRD)
analyses and scanning electron microscope
(SEM) studies. Moreover, produced TiNi
foams with 64 vol% porosity were also
mechanically characterized with both
monotonic compression and compression
superelasticity tests.

2. MATERIALS AND METHODS

In this study, porous TiNi alloys with a
porosity content of 64 vol% were
processed by sintering with Mg space
holder technique. Spherical Mg powders
(99.82% purity, TangShanWeiHao
Magnesium Powder Co. LTD., Tangshan,
Hebei Province, China) were sieved to a
size range of 250-600 pm. Prealloyed TiNi
powder (~19 pm, Ti-50.8 at%Ni, 99.9%
purity, Nanoval GmbH & Co. KG, Berlin,

Germany) was used to prevent the
formation of brittle secondary
intermetallics.

TiNi powder was mixed with 70 vol% Mg
with the aid of 5 wt% polyvinyl alcohol
solution (2.5 wt% PV A+ distilled water) as
binder and compacted under 400 MPa
pressure to obtain cylindrical specimens
having 10 mm diameter and aspect ratio of
1.

The compacts were sintered at 1200 °C for
2 hours in an atmosphere controlled
vertical tube furnace. High purity
(99.999% purity, N2: 6.2 vpm, O2: 2.2
vpm, humidity: 2vpm) Argon gas was used
for atmosphere control during sintering in
order to prevent oxidation.

Porosity content of TiNi foams was
measured according to the Archimedes’
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principle by use of a precision balance
equipped with a density measurement Kkit.
SEM (Jeol JSM 6400, Tokyo, Japan) was
utilized for the conformation of raw
powder shape as well as the extent of
sintering and pore structure of the
processed TiNi foams. The phases present
at room temperature in as-received TiNi
powder as well as processed porous TiNi
alloys were determined via XRD analyses
using a conventional diffractometer (Cu-
Ka, Rigaku D/Max 2200/PC, Rigaku
Corporation, Tokyo, Japan).

Both  monotonic  and  superleastic
compression behavior of processed porous
TiNi alloys were analyzed with a 100 kN
capacity screw driven mechanical tester
(Instron 5582, Instron Co. LTD., Norwood,
USA) at room temperature. Strain
measurements were conducted with a non-
contact video extensometer (Instron 2663-
821, Instron Co. LTD., Norwood, USA).
All of the mechanical test samples were 10
mm in diameter and height.

3. RESULTS AND DISCUSSION

3.1. Charaterization of Powders

B2 (110}
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Figure 1: XRD analysis of prealloyed Ti-
50.8 at%Ni powders.

XRD analysis indicated that TiNi powder
is in fully austenitic state (Figure 1) at
room temperature. On the other hand, SEM
analyses confirmed that both of the
powders have spherical shape (Figure 2).



(b)
Figure 2: SEM micrographs revealing the
morphology of (a) TiNi and (b) Mg
powders.

3.2. Characterization of Processed TiNi
Foams

Although 70 vol%Mg was added to TiNi
powder, it was found that the porosity of
the processed TiNi foams was 64 vol%.
The lower porosity attained was attributed
to the shrinkage of microporosity in the
struts (cell walls) during continued
sintering resulting in the shrinkage of
macropores created by the evaporation of
magnesium. The  evaporation of
magnesium during sintering have resulted
in spherically shaped macropores with
interconnections as revealed by SEM
micrograph (Figure 3).
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Figure 3: SEM micrograph iﬁdicating the
interconnections between macropores.

XRD analysis indicated that the processed
TiNi foams were in fully austenitic state
after sintering while oxidation and/or
formation of secondary intermetallics have
been found to be prevented (Figure 4).
MgO peaks in Figure 4 were found to be
due to the residual trapped MgO particles
which could be easily removed by a post-
sintering dilute HCl treatment without
degrading TiNi foam.
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B2 (211
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20 ) JTﬂ JT{! " 51[: r 60 " 70 " 80
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Figure 4: XRD analysis result of sintered

Ti-50.8 at%Ni foam.

The monotonic compression tests were
conducted by measuring the stress with
respect to the strain at a constant crosshead
speed of 0.1 mm/min. As given in Figure
5, instead of a sudden collapse of the
structure, it was observed that strength was
reduced gradually displaying plateaus. The
observed deformation behavior is believed
to be due to the inhomogeneous
deformation, which arose from the
differences between the orientation and
size of different struts. As the deformation



proceeds, struts and/or strut groups that
exceed the ultimate strength due to their
favorable orientation and/or size locally
collapses, and after the failure of each such
struts a small plateau region was reached
with the transient stiffening of these
regions with lower porosity up to the
failure of another strut or strut group.
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Figure 5: Monotonic compresssive

behavior of processed TiNi foam.

Superelasticity of porous TiNi alloys, on
the other hand, was characterized under
compression with load controlled tests via
the application of loading-unloading cycles
up to 70 MPa (75% of ultimate
compressive strength) at a stress rate of 10
MPa/min.

As it is obvious from Figure 6, full
recovery of strain cannot be attained at first
cycle of loading-unloding. As in the case
of monotonic compression, some of the
struts undergo to plastic deformation due
their misorientation while the other display
martensitic transformation under applied
loading. Accordingly, full recovery cannot
be observed. However, if the loading-
unloading cycles are repeated at the same
stress level, full recovery can be achieved.
These repeated cycles are called as training
and the reason behind full recovery after
training 1s that irreversibly deformed
regions of the specimen became
inoperative at each step so that remaining
portions of the specimen exhibit only
martensitic transformation upon loading at
the later cycles. As it can be seen from
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Figure 6, full recovery of 3% strain was
achieved after trainin TiNi foams with 64
vol% at 70 MPa.

50

70 4
60 +
50 4
40 4
304
204
10 4
0

Strain (%)
Figure 6: The consecutive stress-strain
curves of TiNi foams with 64 vol%
porosity indicating the role of training at
70 MPa.

Stress (MPa)

4. CONCLUSIONS

In this study, by sintering with Mg space
holder technique was employed to produce
porous TiNi alloys with 64 vol% porosity.
XRD analysis indicate that processed
foams were in fully austenitic state while
SEM analyses indicated that pores are in
spherical shape with irregular edges and
have interconnections between them.

Monotonic compression tests have shown
that failure occurs gradually leading to
enhanced ductility. Moreover,
superelasticity tests revealed that full
recovery of 3% can be attained after 5
cycles of training.
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ABSTRACT: The paper demonstrates corrosion composite polymeric materials based on
epoxy resin ED-20 and powder coatings using fillers from wastes of various industries,
such as phosphogypsum (PG), fosfoshlak (FSH), kaolin, bentonite, gold processing plant
waste Marjanbulak Navoi Mining and Metallurgical Combine (OZIF), and as a plasticizer
gossipol resin (HS).

During the filling of the active ingredients and the mechanically activated powder is
hardening of the polymer matrix, providing a high homogeneity and improves physical,
mechanical and performance properties. Inhibition of transport of substances through the
film, when filling in the first place, the result of increasing the rigidity of the molecular
chains and reduce the rate of relaxation processes. Therefore, corrosion resistance of
developed coatings is improved.

Thus it can be concluded that the coating using the mechanically activated powder
production waste can significantly improve the physical and mechanical properties and
reduce the time of the curing compositions. The use of local raw materials and waste
products for corrosion protection coatings enables effective reduction in the cost of
anticorrosive protection and operating costs with a high degree of reliability and durability
of the equipment required in aggressive environments.

1. INTRODUCTION

Corrosion of metal is essential. Annually certain corrosive environments and can

due to corrosion is lost a lot of metal. corrode in other harsh environments.

Thus, in Russia annual direct damage To prevent corrosion of equipment in the

caused by corrosion, comes to Rs 15-16 chemical, food and petroleum industries

billion in the U.S. - 13-14 billion dollars, as well as in engineering is widely used

Germany - 10-11 billion. Particularly various corrosion resistant composite

acute problem of corrosion control in polymeric coating.

process industries where metals and other

materials in aggressive environments. The most promising and affordable for
corrosion protection of metals production

The use of expensive corrosion-resistant equipment, are anti-corrosion coatings

materials, alloys and metallization based on polymer materials.

coatings are not always justified because

the materials themselves are rather scarce Despite much research in the field of

and requires a special expensive creation of highly corrosion-resistant

equipment for their implementation, and, coatings composite polymeric materials

in addition, these materials only work in that can be used in hostile environments
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studied enough and today remains a very
important issue.

Composite polymeric materials based on
epoxy resins are common in the industry
due to the high physical, chemical and
mechanical properties. Depending on the
filling, mix the data can be used as anti-
corrosion coatings for metal substrates. It
is important to establish how it is
influenced by the structure of the
material.

Therefore, the aim of this work is to
study the mechanism and the
establishment of the laws of chemical
coating damage in harsh environments
and development of additional effective
anticorrosive composite coatings with the
use of local raw materials and powder
fillers of wvarious waste facilities,
providing high quality with affordability
and low cost the coating material.

The object of the study, we chose epoxy
oligomer ED-20 (GOST 10587-84),
polyethylene polyamine (PEPA).

It is known that epoxy compositions
based on ED-20 most commonly used as
coatings, varnishes, adhesives. However,
the film-forming coatings of non-
modified epoxy resins are characterized
by low physical-mechanical and thermal
performance. Low heat resistance and
impact resistance, and the lack of
elasticity limit the use of epoxy resins as
corrosion and insulating coatings. To
address these shortcomings in the epoxy
introduced modifiers containing different
reactive functional groups that improve
operational performance epoxy coatings
[Lee H. and Neville, 1973; Chernin,
1982; Paken, 1962].

Improve the performance of the coatings
can be addressed by regulatory structure:
The optimal heterogeneity is achieved
through the introduction of particulate
filler and plasticizer.
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As fillers used powdered ingredients of
phosphogypsum (PG), phosphoshlaka
(PS), kaolin, bentonite, gold processing
plant waste MarzhanbulakNavoi Mining
and Metallurgical Combine (OZIF) and
as a plasticizer gossipol resin (GR).

The chemical composition of powder
filling in the table.

Phosphogypsum (PG) was used as filler.
He is an easy adhesive gray with silky
shine, addition - loose, structure -
mineral, texture - messy and consists
mainly CaO, SOs;, SiO,, and small
amounts of other oxides. Phosphogypsum
humidity ranges from 30 to 40%. In the
cured state phosphogypsum breaks easily
and is a powder.

Phosphoshlak - departure Shymkent plant
phosphate salts, is a uniform light gray
glassy solids. Phosphorus is in the glass
slag is sometimes found in small amounts
in the form of fluorapatite.

Kaolin - or white clay - a mineral that is
the gidratied plate aluminum silicate,
having the chemical composition: Al,Os -
2S10, 2H,0. Its structure can be
described as alternating between a plate
tatraedral SiO4 and octahedral Al (O,
OH) 6, coupled to each other by
hydrogenand dipole interaction. When
filled with kaolin resin improves the
uniformity of the flow, which allows to
obtain composite materials and coatings
based on them with more uniform
properties.

Bentonite - refers to a group of
montmorillonite clay, is dedicated to
upper glossy deposits, pH of the aqueous
suspension of 7-9. chemical composition
of bentonite has several unique features.



Table .

The chemical composition of powder fillers based on waste products

Fillers SiO, | ALO;s | Fe,O3 | CaO | MgO | CaPO, | P,Os | Na,O | K,O | PPP total
PG 10,17 | 0,63 cren. | 32,00 | 0,80 | 46,64 | 2,07 | 0,07 | 0,12 | 7,50 100
PS 42,73 | 2,38 0,16 | 45,72 | 3,20 0,25 1,57 | 0,65 | 0,30 1,47 99,25

Kaoline | 51,20 | 43,40 | 2,22 0,21 0,30 0,25 0,70 0,30 | 0,25 1,17 100
Bentonite | 60,56 | 17,68 | 3,20 0,69 1,90 - - 1,44 1,92 | 12,04 100
OZIF 67,72 | 12,52 | 0,16 13,48 | 0,94 traces - 1,78 | 0,72 | 2,03 99,35
Gossipolovaya resin (HS) - waste oil and Method for studying the chemical

fat production. The distillation of fatty
acids isolated from cottonseed soapstock,
a complicated process of further
transformations of gossypol, in particular
their interaction with each other
nasyshennymi fatty acids and other co-
existing substances. As a result, if the
distillation of fatty acids lead to a specific
mode at 220-2300S, along with the
distillation of fatty acids formed gossipol
resin. Gossipol resin use as a plasticizer
to replace costly dibutyl phthalate.

Samples for research on aggressive
resistance as a hostile environment, in
accordance with GOST 4104-77, used the
solution and sulfuric (H2S0y),
hydrochloric (HCI), nitric (HNO;), and
acetic (CH3COOH) acids.

The resulting coating was performed in
the laboratory as follows: weigh out the
required amount of epoxy resin and
heated to 800 ° C or 60 is kept in a
vacuum oven for 30-40 minutes to
remove air bubbles from the bulk
polymer. With constant stirring (15 parts
by weight of polymer) plasticizer
(gossipol resin) at 40-600C.Mixing time
6-8 minutes. To add liquid mixture
mechanoactivated filler and mix again for
6-8 minutes (until smooth). Hardener
(PEPA) is added prior to application to
the surface of the metal.

Fillers for mechanical activation was set
to - dismembrator [Negmatov, 2000]
based on the shock-splitting and abrasive
action.
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stability is based on the determination of
the change in mass, linear dimensions,
and physical and mechanical properties
of standard samples after keeping them in
aggressive solutions for some time
[Negmatov, 1975; Karjakin, 1988].

The diffusion penetration of aggressive
media in composite films  were
determined by the method of absorption
of oxygen in monometrich set [Karjakin,
1988], which allows to register the
absorption of oxygen.

2. RESULTS AND ANALYSIS

To move a number of film-forming into a
solid and irreversible condition creating
the required structure of the polymer film
in the coating material is introduced
stabilizers, hardeners, fillers, initiators
and promoters. Need to wuse these
components determined by the chemical
nature of the film former and conditions
of coverage.

Improve the performance of the coatings
can be addressed by regulatory structure:
The optimal heterogeneity is achieved
through the introduction of a dispersed
particulate filler and plasticizer.

In this case, there are significant changes
in the physical-chemical and mechanical
properties of the resulting composites,
due to change in the mobility of the
macromolecules in the boundary layers,
the orienting effect of the surface of the
filler, different kinds of interaction
between polymers with her, and by the




effect of fillers on the chemical structure
and the structure of polymers formed in
their the presence of curing and
polymerization of the monomers or
oligomers. It should be noted that the
chemistry of the surface of the fillers is
important in determining the nature of the
interaction of polymers with filler

Introduction to  polymer  powder
production wastes with certain chemical
properties of the surface can lead to an
acceleration or inhibition of the various
stages of the process of destruction and
change the chemistry of these reactions.
It is becoming increasingly clear that the
particulate fillers act as heterogeneous
components of high-temperature
chemical  processes  of  polymer
degradation occurring at the interface
between the polymer-filler.

Great influence on the permeability of
coatings have fillers, while important are
their nature, volume fraction, particle size
and shape, the degree of interaction
withfilm-formers . Inhibition of transport
of substances through the film, when
filling in the first place, the result of
increasing the rigidity of the molecular
chains and reduce the rate of relaxation
processes.

By mechanical activation of solid carriers
have increased the number of free
radicals on the surface of the particles.
Mechanical activation of solid and liquid
systems leads to a significant change of
structure-sensitive  properties of the
activated systems usually occur at the
interfaces of  mechanical-chemical
reactions with atmospheric constituents.

Brittle fracture of crystalline materials
(split and grinding) occur mainly along
the boundaries of clusters of impurities
and defects. Moreover, it can be noted
that the newly formed surfaces in brittle
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fracture are inactive defect-free areas,
accompanied by brittle fracture.

Destruction in aggregates impact type
leads to a more active defective surface
than the split or milling. The surface is
covered with powdered solids coating of
impurities, which in the future and
focused electrical charges determines the
chemical properties of the crushed
material. This, obviously, can be
explained by the stability properties of
substances after mechanical activation.
The use of mechanically activated fillers
can significantly reduce the time of

formulation, providing a high
homogeneity of the system and improve
the range of their physical and

operational properties.

It should be noted that the size reduction
of solids, accompanied by the formation
of a new surface during grinding,
accompanied by friction solid particles
from each other. In this case, the active
centers on the surface of the crushed
material, may occur as a result of splitting
particles, and in the process flow of the
tribological reactions. This increases the
contact matrix with filler (particle size of
5 to 20 microns).

In studying the chemical resistance of
composite materials, used as a coating,
one of the important criteria of their
resistance is to change the adhesive
strength in aggressive environments.
Especially effective is the use of this
criterion in the evaluation of the

protective properties of coatings as
diffusion permeability and internal
stresses.

Study of the dependence of adhesive
strength unfilled epoxy resin
compositions based on ED-20 from the
action of aggressive environment showed
that the adhesive strength of the coating
is reduced in all cases, namely, in sulfuric
acid - 40, in the water - at 60, in



hydrochloric acid - 70 % relative to the
value of adhesive strength when exposed
to these environments, more than 10 days
in the air. Cover has completely lost
adhesion in nitric and acetic acid for 10
and 6 days, respectively, as a result of
degradation of polymers at the interface
of polymer-substrate (Figure 1).

Figure 2 shows the change in the
adhesive strength of the filled coatings 40
-% H; SO,.

Therefore, analyzing the changes
adhesive strength can be judged on the
permeability of coatings, the nature of the
chemical interaction between the
substrate and aggressive media.

The presence of pores and micro-defects
in unfilled coatings (they controlled
electron microscope) promotes the
accelerated penetration of aggressive
media in the interior of the material,
increasing the area of contact with the
medium  of  film-forming  layer,
accelerating the flow of the following
processes: chemical degradation, sorption
components aggressive environment,
dissolution sol fraction of film-forming
layer desorption of a polymer material of
various additives, changes to the physical

structure of the material.
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Figure 1. Changing the adhesive strength
of unfilled coatings based on ED-20 in a
variety of harsh environments
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Figure 2. Changing the adhesive strength
of the filled coatings based on ED-20 in
40% - H,SO4

Under the structure of the activity of
powdered filler understand its ability to
influence the structure of the polymer,
which leads to changes in the
characteristics of the supramolecular
structure formation at one or more levels
of supramolecular organization, or only
in the packing density (change in the
relationship between disordered and
ordered parts of the polymer). Possible
effect of the filler on all of the structural
characteristics of both. Structural active
filler can have a certain orientation (the
form of) affect mainly on supramolecular
structure and the relative density of
packing of the polymer.

In forming coatings of paints filming
often takes place with the absorption of
oxygen and the release of volatile
products. Therefore, in determining the
degree of curing of coatings of this type
1s necessary to continuously measure the
amount of oxygen absorbed in the
process of film formation and capture
volatile oxidation products formed for
further qualitative and quantitative
analysis.

The kinetics of vapor absorption of
hydrochloric acid was investigated by



recording the change in its vapor pressure
(Figure 3). For unfilled composites with
increasing vapor pressure of HCI
absorption rate of its vapor increases. The
highest rate of absorption of the vapor
pressure of HCI observed at 19-20 kPa. It
is seen that in all cases, the rate of oxygen
absorption filled sample is less than the
unfilled composite. It can be seen that as
the concentration of oxygen increases the
rate of oxygen absorption.

12

AP+10%, Tla
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2 - 25 mass.p.waste (OZIF) 3 - 25
mass.p. bentonite; 4 - 25 mass.p.kaolin, 5
- 25 mass.p.phosphogips;  6-25%
phosphoshlak

Figure 3. The kinetics of oxygen uptake
during curing compositions based on ED-
20 unfilled (1) and filled with a variety of
powdered fillersat T = 293-298K, Po, =
1,9« 104 Pa

In this case, the rate of vapor absorption
of HCI in the reaction increases, so that
the curves become S-shaped. Fillers
retard the oxidation and the rate of
oxygen consumption in the deep stages
after the induction period does not
change. In forming the coating filled with
25% powdered kaolin, bentonite and
OZIFom resin which shows good
adhesion, in the layers of coatings,
bordering both the substrate and the air,
there are structural elements oriented
fibrillar type near the filler particles.

In all cases, the rate of oxygen
consumption of the filled sample is less
than the unfilled sample. When filled
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composite  with  industrial  powder
wasteso stabilization effect is improved.

3. CONCLUSIONS

Thus, we can conclude that with the use
of powder coating ingredients of
industrial waste can significantly reduce
the curing compositions are hardening of
the polymer matrix, providing a high
homogeneity of the system and improve
the physical, mechanical and
performance properties. The use of local
raw materials and waste products of
powder for anticorrosion coatings enables
effective reduction in the cost of
anticorrosive protection and operating
costs with a high degree of reliability and
durability of the equipment required in
aggressive environments.
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ABSTRACT: Chitosan (CS) is a biodegradable natural polymer that is soluble in
concentrated acid solutions. It is difficult to obtain nanofibers from pure chitosan solution,
therefore synthetic polymers and surfactants are used in order to improve pure chitosan
nanofiber morphology. In this study, poly(ethylene oxide) (PEO) was chosen as a co-
spinning agent due to its positive properties such as water-solubility, linear structure,
biocompatibility etc. A surfactant and a co-solvent was added to improve the morphology
of nanofibers. The effect of CS/PEO blend ratio, applied voltage and flow rate on the
morphology of nanofibers was investigated. The eletrospun nanofibers were characterized
by using SEM (Scanning Electron Microscopy), DSC (Differential Scanning Calorimetry)

and TGA (Thermo Gravimetric Analysis).

1. INTRODUCTION

Electrospinning process allows producing
nanofibers from a variety of pure polymer
and polymer blend solutions. The
electrospun nanofibers are highly porous
materials due to their high surface area
to- volume ratio. This unique property
forms the basis of wide range of
applications for nanofibers from textile to
electronics.

Chitosan is a polyaminosaccharide with
unique properties like biologically
renewable, biodegradable, nonantigenic
and biocompatible natural polymer. In
this study, CS was blended with a
synthetic polymer, PEO in order to
improve the electrospinnability of
chitosan. PEO is also biocompatible and
has low toxicity.

2. MATERIALS AND METHODS

2.1. Materials

The coarse ground flakes and powder of
chitosan and poly(ethylene oxide) (PEO)
(My=~2.000.000) were obtained from
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Sigma-Aldrich. Triton X-100™ for
molecular biology was purchased from
Sigma. Dimethylsulfoxide (DMSO) (M=

78.13 g/mol) was supplied from Acros
Organics. Acetic acid (Merck Co.) was
used as received.

2.2. Solution Preparation

CS/PEO blend solutions were prepared in
different compositional weight ratios of
90/10, 75/25 and 50/50. 2 wt% CS
solution in 2 wt. % acetic acid was
prepared with0.5% Triton X-100 and
10% DMSO. The PEO solution (3 wt. %)
was prepared in distilled water. Solutions
were stirred under magnetic stirring
overnight to obtain a homogenous
solution.

2.3. Rheological Measurements

The viscosity and conductivity of
solutions were determined with
Rheometer Bohlin Gemini-200. The

viscosity of solutions was measured at
25°C with shear ramp mode at controlled



rate. The conductivity of the solutions
was determined at room temperature with
Sartorius Professional Meter PP-20. The
average of at least three measurements
was taken in order to determine the
conductivities of the solutions.

2.4. Electrospinning of CS-PEO
Solutions

A schematically electrospinning setup is
presented in Fig.1.

grounded
collector

syringe with polymer solution
needle

syringe pump

[Fsrvorsoe ]

Figure 1: A schematical illustration of
electrospinning setup [RoSicet. al. 2012].

v
nanofibers

The blend solution was loaded in a 5 mL
syringe with a metal capillary needle. The
DC voltage between 15-30 kV was
applied between the syringe tip and the
collector covered with aluminum foil.
The typical distance between the syringe
tip and the grounded collector was
ranging between 10-20 cm.

2.5. Morphology of
Nanofibers

The surface of the electrospun nanofibers
were investigated by SEM (Zeiss Evo
50). Electrospun nanofiber surfaces were
sputter-coated with Au/Pd before SEM
analysis.

Electrospun

2.6. Thermogravimetric Analysis

TGA analysis was carried out with TA
Instruments TGA Q500 Analyzer. The
experiments were run at a scanning rate
of 10°C/min from 25 to 800°C.

2.7. Differential Scanning Calorimetry
DSC measurements of pure CS and blend
films were carried out using a TA
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Instruments DSC Q2000. The samples
were heated from 25 to 250 °C with a
heating rate of 10°C/min.

3. RESULTS AND DISCUSSION

3.1. The Effect of the Solution
Composition and Swurfactants on the
Solution Properties

The formation of nanofibers from neat
chitosan is a challenging process,
therefore PEO was added to CS solution
indifferent weight fractions. The solution
properties of CS and PEO effects the
spinnability and morphology of spinned
fibers [Sonet. al., 2004]. The solution
properties such as conductivity, surface
tension and viscosity show that the
interactions of polymer-polymer and
polymer-solvent are the major factors in
electrospinning process. [Kriegel et. al
2009].1t is known that the addition of
surfactants into the polymer blends,
improves the morphology of obtained
nanofibers. The viscosity and
conductivity values of CS/PEO blend
solutions are shown in Table 1 and 2.

Table 1: The viscosity and conductivity

values of CS/PEO blend solutions
without additive Triton X-100 and
DMSO.
CS/PEO Conductivity Viscosity
blendratio (mS/cm) (Pa.s)
100/0 1.867 1.275
90/10 1.767 1.534
75/25 1.267 1.822
50/50 1.100 1.962
0/100 0.980 2.363

Table 2: The viscosity and conductivity
values of CS/PEO blend solutions with
additive 0.5% Triton X-100 and 10%

DMSO.
CS/PEO blend | Conductivity Viscosity
ratio (mS/cm) (Pa.s)
100/0 3.700 1.198
90/10 1.467 1.562
75/25 1.190 1.745
50/50 1.033 3.063




It is seen that in Table 1, the viscosity of
the solutions increases with increasing
PEO proportion in blend. And
conductivity of blend solutions decreases
with increasing PEO. Adding surfactant
(Triton X-100) and co-solvent (DMSO)
increases the conductivity of pure
chitosan solution, on the other side it
reduces CS/PEO blend solution. The
reason of the decrease in the conductivity
may be due to the CS/PEO blends contain
less of polyionic polymers (chitosan) and
more of the uncharged PEO compared to
pure chitosan solution.

Viscosity is an important characteristic of
the intermolecular interactions between
polymer chains in the polymer solutions.
Due to the strong hydrogen bonding
between NH, and OH groups in chitosan
polymer chains, chitosan has high
viscosity. With the addition of synthetic
polymers like PEO, inter and intra-
molecular interactions modifies on
chitosan backbones. In theory, PEO
molecules disrupt the chitosan chains by
forming new hydrogen bonding between
its OH groups and water molecules
[Bhattari et. al., 2005]. Because of the
increasing intermolecular interactions
between polymers, the viscosities of the
solutions are also increases, as seen in
Table 1 and 2.

Conductivity is another important factor,
which effects electrospinnability. The
increase in the PEO content results in the
decrease of the conductivity as seen in
the Table 1 and 2.

3.2. Electrospinning of the Solutions
The optimized conditions for nanofibers
were determined as 20 kV voltage, 20cm
tip-collector distance and 0.010 ml/min
flow rate.

The SEM images of the electrospun
nanofibers are shown in Figures 2-4.
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Figure 2: (90/10) CS/PEO nanofibers at
magnification S0KX.

Pal=162.1nm

Arad

Figure 3: (75/25) CS/PEO nanofibers at
magnification S0KX.

magnification S0KX.

It is seen that the morphology of the
blend fibers are related to directly to the
compositional fractions of solutions.
Fiber diameters are increased with
increasing PEO content in the blend. As
seen in Figure 2, (90/10) CS/PEO
nanofibers has the lowest diameter. The



reason was that the addition of chitosan
results in a higher charge density on the
jet surface because of its ionic character
[Abdelrahman et. al., 2012 and Sajeev et.
al. 2008]. It has been known that the
overall tension in the fibers depend on the
self-repulsion of the excess charges on
the jet. Thus, increasing charge density
on the jet leads to the reduced diameter of
the blend fibers [Jia et. al., 2008].

3.3. Thermogravimetric Analysis

The TGA analysis confirms the existence
of both polymer fractions. Pure chitosan
is found to thermally decompose at
~284°C and PEO decomposes at ~445°C.
The decomposition degree of blend films
shows two distinct peaks. Table 3
represents the decomposition
temperatures of samples.

Table 3: Decomposition degrees of pure
chitosan, PEO and blend films

First Second
Decomposing Decomposing
Samples Temperature Temperature
O O
Pure Chitosan 284 -
(90/10)
Chitosan/PEO 293 439
(75/25)
Chitosan/PEO 292 419
(50/50)
Chitosan/PEO 289 417
Pure PEO 445 -

As the PEO content increases in the blend
solutions, PEO’s decomposition
temperature slightly decreases. Figure 5
represents the TGA results of prepared
samples.
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Figure 5: Thermogravimetric analysis of
film samples.

3.4. Differential Scanning Calorimetry
Analysis

The melting temperature and melting
enthalpy values of the samples are shown
in the Table 4.

Like chitosan, many polysaccharide do
not demonstrate melting but they degrade
above a certain temperature. Thus their
DSC peaks show broad endotherms
which 1s associated with  water
evaporation below the degradation [Duan,
et.al., 2004]

In DSC investment of samples chitosan
and chitosan blend films, it gives a broad
peak at ~116°C. Very similar broad peak
also seems at CS-PEO blend films but
due to the presence of PEO content, their
heat flow datas gives a second peak. All
the appeared second peak degrees are
below the PEO’s melting temperature
(~65 °C) and as PEO content increases,
second peak degree is also increases. This
may causes from the increasing hydrogen
bondings between the chitosan’s
amino/hydroxyl group and PEO ether
groups [Chen et.al., 2008].
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Table 4: Melting temperature and melting
enthalpy values of pure chitosan, PEO
and blend film samples.

Samples | Tp T2 AHp, AH,,,
°C) O | Jg (J/g)

Pure CS 116 - 39 -
(90/10) 117 52 80 49
CS/PEO
(75/25) 102 52 65 43
CS/PEO
(50/50)
CS/PEO | 98 61 46 50
Pure 65 59
PEO - -

4. CONCLUSION

Electrospinning is a technique which
allows to produce nanofibers from pure
and blend solutions. Produced nanofibers
are highly porous materials due to their
high surface area to- volume ratio. This
unique property forms the basis of wide
range of applications for nanofibers from
textile to electronics. Chitosan is a
polyaminosaccharide natural polymer
with unique properties like biologically
renewable, biodegradable, nonantigenic
and biocompatible. Because of the
challenging process of producing pure
chitosan nanofibers, synthetic polymers
are used in blends of chitosan to ease
obtaining nanofibers.

In this study, PEO was used as a

synthetic =~ polymer due to its
biocompatible and low  toxicity
properties. A variety blend solution
CS/PEO was prepared for

electrospinning. Solutions were prepared
with different weight ratios (90/10, 75/25
and 50/50) of CS and PEO, respectively.

After preparing the solutions, their
viscosities and conductivities were
measured. The results showed that

increasing PEO content results in the
increment of the viscosity. The
nanofibers were characterized by SEM,
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TGA and DSC analysis. The
morphological analysis showed that the
90/10 CS/PEO nanofibers have the
lowest  diameter. ~TGA  diagram
represented two distinct peaks which lead
from the presence of CS and PEO in the
samples.
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ABSTRACT: Bioethanol is sustainable and renewable fuel energy source which is
biologically produced by fermentation from biomass. However the production of high
purity ethanol has some drawback such as requirement of complex production, separation
steps which have high energy consumption. Recently hybrid fermentation — separation
processes have been recommended to overcome the cost and efficiency problem. In this
system fermentation and ethanol purification steps are carried out simultaneously. This
system not only prevents the product inhibition, but also provides high quality ethanol
production. In literature there have been numbers of suggested hybrid systems such as
azeotropic distillation, extractive distillation and pervaporation coupled by fermentation.
Pervaporation is a membrane separation process. The performance of the system is
commercially proved by hundreds of alcohol dehydration plant around the world.

Pervaporation membrane bioreactors (PVMBR) is a pervaporation coupled fermentation
hybrid process. In PVMBR, ethanol is selectively removed from fermentation broth by
polymeric, inorganic or composite membranes. Mostly hydrophobic membrane is preferred
to purify the ethanol.

In this study ZSM-5 loaded polydimethylsilaxane composite membrane has been prepared
and employed in PVMBR for bioethanol production from molasses. The effect of zeolite

loading on ethanol production and purification has been evaluated.

1. INTRODUCTION

Pervaporation (PV) is a membrane-based driving force 1s concentration gradient
separation system that ethanol is which is maintained by pressure
selectively separated from the difference.

fermentation broth [Vane, 2008a, 2008b, PV has become an important process
Jiang et al., 2008, Sun et al., 2002]. since 1982 and it is used commercially
Unlike other membrane processes used in followed areas;

bioreactors, non-porous membranes are 1) dehydration of organic solvents

used in PV. Therefore, the separation via i1) removal of dilute organic components
non-porous membrane depends on the from aqueous stream

membrane affinity, membrane-solution 111) organic-organic mixture separation
interaction, hydrogen bonding ability and A basic vacuum PV system has been
diffusivities of components into the shown in figure 1.

membrane. PV performance is controlled
by the physical structure of membrane,
polarity and physicochemical properties
of  mixture, component-membrane
interaction, membrane affinity, and the
hydrogen bonding ability [Semenova et
al., 1997, Mulder, 1996]. In this system,
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1) feed tank

2) gear pump

3) permeation module
4) membrane

5) cold trap

6)  liquid nitrogen

7y vacuum pump

Figure 1: Experimental PV

[Ribeiro et al., 2004]

system

It consists of vacuum and feed pumps,
feed tank, membrane cell and cold traps.
The mixture is fed to the membrane cell.
One of the components preferentially
removed from the mixture due to the
affinity of membrane. The component
selected by the membrane diffuses
through membrane. Selected component
which is called as permeate, passes
through membrane and desorbed as vapor
phase. Then the vapor product condenses
in cold traps [Pereira et al., 2005, Liu et
al., 2011, Santosh 2010].

Separation via pervaporation with non-
porous membrane is mainly determined
and explained by the solution-diffusion
model.

Sorption depends on the hydrogen
bonding interest of water in active
channels and the diffusion depends on

structural  parameters of such as
intermolecular channel distribution and
diameters.  During the membrane

separation process the solvent which
interact inside, changes the physical and
chemical stability of membrane material.
It is important that select appropriate
membrane to overcome stability problem
and increase membrane flux and
selectivity. In PV inorganic, polymeric
and composite membranes are used.

Inorganic  membranes  are  used
commercially due to mechanical strength,
temperature and chemical stability.

Polymeric membranes are cheap, easy to
operate, flexible but not have resistance
to temperature. The factors that affect the
component transition in the polymer
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matrix are polymer crystallinity, glass
transition temperature, melting point,

tortuous pathway (in zeolite filled
membrane) and thickness.
Pervaporation membrane bioreactors

(PVMBR) is a reactive separation system
contains fermentation and pervaporation
unit. There are two kind of PVMBR;
internal system in which the selective PV
membrane is employed inside the
fermenter, and external system which the
pervaporation is established after the
fermenter. Figure 2 and 3 shows the
internal and external PVMBR system
separately [Ding et al., 2011, Esfahaniana
etal., 2012, Chen et al., 2012].

Ethanal selution
(Fermentation broth)
Vacuum gange
' —a Vacuum lme
Enriched
ethanol solution
= Liqud N,
Water haﬂi E
= —
_®_ ™
. Silicalite membrane
Magnetic stirrer

Figure 2: Internal PVMBR [lkegami et
al., 2003]

-

membrang| >
I'_I'L ! L | cold lrap -
FL et B Bl vacuum pump
Kin peristaltic | cold rap

pump
Fermenter

Figure 3: External PVMBR [Modified
from Hyder et al., 2009]

In this study, an internal PVMBR system
has been used to bioethanol production
from molasses and ethanol purification.



Pristine and ZSM-5 filled PDMS
membrane have been used to separate
ethanol from  fermentation  broth.
Saccharomyces cerevisiae has been used
as yeast.

2. MATERIALS AND METHODS

2.1 Material
PDMS has been kindly supplied from the

Plastics and  Rubber  Processing
Laboratory at Kocaeli Unuversity.
Toluene, dicumylperoxide have been

purchased from Merck Chemicals.
Molasses and Saccharomyces cerevisiae
have been kindly supplied from
PAKMAYA, Izmit.

2.2. Membrane Preparation

A desired amount of PDMS dissolved in
toluene and stirred for five hours at 50
°C. Pristine and 20, 30 wt. % of ZSM-5
and about 4 wt. % of DCP (respect to the
total polymer weight) were added to
solution and stirred for two hours. After a
homogeneous solution was obtained, it
was poured into a Teflon plate and dried
over night. Then polymer film was cured
in vacuum oven at 180 °C for five hours.

2.3. Pervaporation Membrane
Bioreactor

In PVMBR fermentation was carried out
for five hours. The diluted molasses
[Goksungur et al., 2001] solution was
stated at upstream of the membrane, 10
wt. % of yeast respect to the total sugar
weight was added to solution and the
reaction has been started one hour later.

Effective membrane area was 28.26 cm?,
the cell capacity was 500 ml. Upstream of
the membrane was kept at atmospheric
pressure and downstream of membrane
was kept 30 mbar. As the fermentation
carried out, ethanol was continuously
separated from fermentation broth.
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Flux (J) and selectivity (o) are calculated
as seen in equation (1) and (2);

(1)
2)

J=Wy/A.t
o = (Pu/Pey) / (Fu/Fuy)

W, represents the total permeate weight
of mixtures, 4 is the effective area of
membrane and 7 is the time. P,, and F,, are
weight % of water in permeate and feed
respectively. P,, and F,, are the weight %
of ethanol in permeate and feed
respectively  [Nunes et al., 2006].
Permeate and feed composition was
obtained by a Gas Chromatograph.

3. RESULTS AND DISCUSSION
Pristine and zeolite filled membranes
have been employed in internal PVMBR
system. Effects of zeolite loading on
membrane flux and selectivity have been
investigated.

Figure 4 shows ethanol concentration at
broth in the internal PVMBR in which
the pristine PDMS membrane is used.
System has been reached the steady state
condition in five hours.
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Figure 4: Ethanol concentration in

PVMBR



3.1. SEM Analysis

-
Figure 5: SEM Analysis ( Cross-section
of 20 wt. % of ZSM-5 (a) and 30 wt. %
of ZSM-5 zeolite loaded PDMS)

As seen in figure 5, zeolite particles are
homogenously dispersed to PDMS
matrix.

3.2. Effect of Zeolite Loading on Flux

Figure 5 shows the total membrane flux
change with time and zeolite loading.
Due to the hydrophobicity of ZSM-5 total
flux has been enhanced as the zeolite
loaded increases. Zeolites make the
polymeric matrix more durable and stable
at the challenging and difficult process
conditions.  Especially, in biologic
reactions in which the microorganism
must be used, membrane has to show
good resistance to microbial conditions.
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Figure 5: Flux values of PVMBR

3.3. Effect of Zeolite Loading on

Selectivity
In most cases, such as alcohol
dehydration,  selectivity has  been

enhanced in line with the zeolite loading.
The selectivity has been enhanced by the
zeolite loading as seen in Figure 6.

Unlike other cases, in this study ethanol
production and purification have been
carried out simultaneously so they are
two factors that affect the membrane
selectivity.
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Figure 6: Selectivity values of PVMBR

It is well known that the feed
concentration mostly causes an increase
in flux and a decrease in selectivity. In



this study ethanol production has been
increased with time. Hence a decrease in
selectivity can be expected.

4. CONCLUSIONS

In this study innovative PVMBR system
has been carried out to produce and
purify bioethanol from molasses. Effects
of zeolite loading on flux and selectivity
have been evaluated. The total flux has
been increased by zeolite loading.
Moreover, due to the increasing the
production of ethanol in broth, selectivity
has been decrease by time. These results
clearly show the availability of usage of
the PVMBR system in practice.
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ABSTRACT: In this study, commercial pure magnesium was coated by plasma
electrolytic oxidation (PEO) in 4.5 g/L NasPO4 + 1 g/L KOH electrolyte at 0.085 A/cm®
current density for 15, 30 and 45 minutes. Coating thickness, phase composition, surface
morphology, surface roughness, hardness and wear test were analyzed by eddy current
method, X-ray diffraction (XRD), scanning electron microscopy (SEM), surface
profilometer, micro Vickers tester and tribometer, respectively. The average coating
thicknesses were measured as 34, 55 and 17 pm for 15, 30 and 45 minutes, respectively.
The XRD results showed that Mg3;(POs), (Farringtonite) and MgO (Periclase) phases were
detected on the coating. The PEO coatings have very porous surface structure due to the
existence of micro discharge channels during process. Surface roughnesses of coatings
were measured as 3.19, 4.21 and 4.08 um for 15, 30 and 45 minutes, respectively. The
PEO coatings exhibited superior wear resistance than uncoated magnesium.

1. INTRODUCTION

Magnesium and its alloys have made (Cakmak et al.,, 2010; Durdu et al.,
effective inroads into areas where 2013b). This coating process can both be
aluminum alloys were traditionally the used at high temperatures and is
materials of choice and are widely used environmental friendly. During PEO
aerospace and automotive industries, process, high voltage and complicated
transportation, mobile communication reactions occur in the discharge channels.
devices and  personal  computers Because of this reasons oxide coatings
attempted to develop anticorrosive and are broken down (Chen et al., 2010;
high wear-resistance strategies (Lv et al., Durdu et al., 2011). As a result, thick and
2009; Zhang et al., 2008). hard ceramic films with good adhesion,
high wear and high corrosion resistance
There are a number of surface coating can fabricate on magnesium alloys
techniques that have been considered for (Wang et al., 2009).
the protection of magnesium and its
alloys from corrosion such as chemical In this paper, a comparative study is
conversion coatings, electroplating and carried out to investigate the mechanical
electroless plating, anodizing etc. [3]. properties of pure magnesium coated by
Among these, PEO coatings have more plasma electrolytic oxidation (PEO) at
advantages than other coatings (Ghasemi different treatment times in sodium
et al., 2008). Plasma electrolytic phosphate based solutions.

oxidation (PEO) is a unique surface
treatment technology, which developed
from conventional anodic oxidation
forming that transforms the surface of
light alloys such as Mg, Al and Ti
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2. EXPERIMENTAL DETAILS

2.1. Materials

Magnesium blocks with the purity of
99.96% were used as substrates. Coatings
were produced on the magnesium
specimens using plasma electrolytic
oxidation (PEO). The PEO equipment
(100 kW) was composed of an AC power
supply, a stainless steel container as well
as cooling and stirring systems. The
magnesium substrate was used as the
anode, while the stainless steel container
as the cathode. The coatings were made
in the solution of Na;PO, and KOH for
15, 30 and 45 minutes.

2.2. Characterization of the Coatings
The thickness of each coating was
measured by using Fischer Dualscope
MP40. An X-ray diffractometer (Bruker
D8 Advance) was used to measure the
composition of the coatings. The Vickers
hardness tests on the coatings were
proceeded by using a microhardness
tester (Anton Paar MHT-10). The friction
and wear tests on the coatings were
carried out on a ball-on-disk tribometer
(CSM Instruments) at room temperature.
An alumina ball with the diameter of 6
mm was tightly fixed in the ball as the
rubbing partner. A normal load of 2 N
was applied in all tests. The samples
reciprocated against the pin with the
maximum linear speed of 1.0 cm/s and
amplitude of 8.5 mm. No liquid was
added during the tests.

3. RESULTS AND DISCUSSION
Figure 1 illustrates the coating thickness
versus the duration time. The average
thickness of the PEO coatings produced
at 15, 30 and 45 min measured as 33.5,
55 and 17.2 pm, respectively. The
thickness of the coatings produced by
PEO depends on parameters such as
electrolyte, voltage and treatment times
(Durdu et al., 2013a). In addition, the
kinetics of the PEO coatings is interface
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controlled during process. Generally, the
thickness of the coatings increases with
increasing time or voltage. Up to 30 min,
the coating thickness increased with
increasing time and then it decreased as
seen in Fig. 1. After the thickness of
coating produced at 30 min reached
maximum value, the loose outer oxide
layer was broken down during process
(Narulkar et al., 2007). Therefore, the
thickness of coating produced at 45 min
is lower than the one produced at 30 min.
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Figure 1: The thickness of the PEO
coatings versus the duration time

Figure 2 shows the X-ray diffraction
patterns of the PEO coatings. The Mg
and MgO phases exist in the coating
structure produced at 45 min, while Mg,
MgO and Mg3(PO,), phases on the PEO
coatings produced at 15 and 30 min were
detected by XRD analysis. Depending on
coating thickness, the intensities of the
MgO and Mg3(POs); phases increased up
to 30 min. Also, MgO phase observed as
a major phase on surface as seen in Fig.
2. The formation mechanism of oxide
phases at PEO process could be explained
by ionization and sintering in micro
discharge  channels  under  high
temperature and pressure. The ions of
Mg"" emigrates from substrate to
electrolyte interface and the O ions
migrates inward from electrolyte to
substrate through process. The ions of



Mg®" and O™ react with each other in the
micro discharge channels under high
pressure and high temperature (Durdu
and Usta, 2012). The formation reactions
of the phases on the coatings are below:

Mg+ 0* - MgO Eq.1
3Mg® + 2P0, — Mg3(POy), Eq.2
1-Mg
2-MgO
i 3-Mg (PO,

Intensity (a.u.)

2 theta (angle)

Figure 3: The XRD spectra of the PEO
coatings

Figures 3a, 3b and 3c show the surface
SEM morphologies of the coatings
produced at 15, 30 and 45 min. The
coatings produced by PEO are very
porous and rough due to the existence of
discharge channels through process. The
sizes of these pores changes depending
on electrolyte composition, voltage and
treatment time. Generally, the porosity
and the size of the pores increase with
increasing time and voltage due to the
growing of the intensity of micro sparks.
In addition, the electrolyte causes rapid
solidification of the melted oxide.
Therefore, the thermal cracks forms on
the PEO surface owing to the existence of
thermal stresses.
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Figure 3: The surface micrographs of the
PEO coatings:
(a) 15 min, (b) 30 min and (c¢) 45 min

Figure 4 illustrates the Vickers hardness
of the PEO coatings produced at different
duration times. The average hardness of
the coatings produced at 15, 30 and 45
min measured as 330, 420 and 130 HV
while the average hardness of uncoated
magnesium was 40 HV. The hardness of
the PEO coatings depends on the phase
structure, thickness and compactness of
the coating. Therefore, the coating
produced at 30 min has maximum
hardness due to the presence of oxide
phases and high thickness.
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Figure 4: The hardness of the PEO
coatings produced at different duration
times

The wear rates of the PEO coatings and
uncoated magnesium are given in Figure
5. The wear rates of the coatings
produced at 15, 30 and 45 min
determined as 20x10*, 1.3 x10* and
23.7x10* mm’/N/m, respectively. The
wear rates of the materials are interested
with the value of hardness. According to
the results, the wear rates of the PEO
coatings are very low compared to
uncoated magnesium because the
coatings are harder than the uncoated
magnesium. In addition, the coating
produced at 30 min has greater wear
resistance than the ones produced at 15
and 45 min owing to the high amount of
oxide phases in 