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Abstract

Phenyl (PPS) and methyl (PMS) containing polysiloxanes were pyrolyzed at elevated temperatures (900-1500 °C) under argon atmosphere to
investigate the phase developments within the polymers. It was found that pyrolysis of the polymers under inert atmosphere up to 1300 °C leads
to amorphous silicon oxycarbide (SiO,C,) ceramics. Conversions at higher temperatures results in the transformations into the crystalline 3-SiC
phases. Ceramic matrix composites (CMCs) were developed based on the active filler controlled pyrolysis (AFCOP) of polysiloxanes with active
Ti filler additions. CMC monoliths were prepared with 60—-80 wt.% of active Ti particulates blended into polymer precursors. Green bodies of the
composites were made by warm pressing under 15 MPa pressure and ceramics were obtained by pyrolysis at elevated temperatures between 900
and 1500 °C under argon atmosphere. The results showed that due to the incorporation of active Ti fillers, formation of crystalline phases such
as TiC, TiSi, and TiO occured within the amorphous matrix due to the reactions between the Ti and the polymer decomposition products. The

microstructural and mechanical characterization results of the composites are presented within the paper.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ceramic materials synthesized from organosilicon polymer
precursors through low-temperature routes such as sol—gel pro-
cess or polymer pyrolysis have recently gained considerable
attention. This is due to their several advantages over the conven-
tional techniques such as hot pressing and sintering. It includes
the applicability of versatile plastic shaping technologies to pro-
duce complex shapes, microstructural control capabilities, and
low temperature processing.!”'?> Because of their high ther-
mal and chemical stability, resistance to thermal shock, low
density and high hardness, these ceramics have been recently
employed as high temperature structural materials.>%? They
have potential applications such as lightweight high tempera-
ture structural materials, fibers, coatings, catalyst supports, and
anodes in lithium ion rechargeable batteries.2:*8:2 Poly(silanes),
-(carbosilanes), -(silazanes), and -(siloxanes) have been the most
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studied precursors due to their commercial availability and high
ceramic yields. By pyrolysis of preceramic precursors such
as polysiloxanes, silicon oxycarbide (SiOC) glasses, that con-
tain silicon atoms bonded to oxygen and carbon randomly,
can be produced.”-!>!13 Polysiloxane-derived silicon oxycarbide
glasses have random three dimensional arrangement of tetrahe-
dral silicon atoms bonded to carbon and oxygen. Thermome-
chanical properties of the silica glasses can be improved with
the replacement of divalent oxygen atoms by tetravalent carbon
atoms in silica structure. !>’

Main drawback of the polymer pyrolysis technique is the
formation of porosity within the bulk ceramic components due
to evaporation of volatiles from the polymer precursor. Due to
inherent density increase and ougassing of the organic mat-
ter, formation of pores and cracks may occur. To compensate
these effects and to control shrinkage, crack and pore forma-
tion, a relatively new concept, active filler controlled poly-
mer pyrolysis process (AFCOP) has been developed by several
researchers.*%13 In this method, the polymer is partially filled
with inert or active particles in order to reduce the shrinkage
and to allow the fabrication of bulk, crack free ceramics. By
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incorporation of the active fillers, reactions between the active
particles and the precursor occur, which typically result in a vol-
ume expansion of the reaction product, as compared to the start-
ing compounds. This expansion may counteract the shrinkage
during densification and can lead to near-net shaped crack-free
components. Suitable active fillers are elements or compounds
such as Al, B, Si, Ti, CrSi,, and MoSi, to obtain carbide, nitride,
or oxide reaction products.*%7:13

In the present work, phenyl and methyl containing polysilox-
anes were pyrolyzed by the addition of active Ti particles to
develop SiOC-based CMCs. CMC composite monoliths were
fabricated with the addition of 60-80 wt.% of Ti fillers by warm
pressing under 15 MPa pressure and pyrolysis at elevated tem-
peratures between 900 and 1500 °C under inert argon and reac-
tive nitrogen atmospheres. Effects of filler weight fraction and
pyrolysis temperature on the microstructural developments were
investigated by XRD and SEM-EDX. Mass losses and densifi-
cation behavior of the CMCs were measured to investigate the
effect of AFCOP. Mechanical characterization of the samples
with and without filler addition was done by Vickers Indenta-
tion tests. In addition, phenyl and methyl containing siloxanes
were pyrolyzed without Ti addition under Ar at 900-1500 °C to
monitor the organic—inorganic conversions and phase develop-
ments from the polymer precursors.

2. Experimental procedure
2.1. Materials

Two different commercially available preceramic polymers,
poly(phenyl)siloxane (PPS) (H62C, Wacker Chemie, GE) and
poly(methyl)siloxane (PMS) (MK, Wacker-Belsil, GE) were
used. PPS, solvent free liquid resin that contains platinum cata-
lyst, was used as received. PPS cures by the influence of heat and
platinum catalyst. PMS is a solid solvent free resin and mixed
with Zr-acetylacetonate (1.5 wt.%) as catalyst for crosslinking.
As the active filler, Ti with particle size of —149 wm was used.
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2.2. Processing of neat silicon oxycarbide ceramics

To monitor the thermal transformations of the preceramic
polymers neat samples without any filler additions were pre-
pared. Fig. 1 shows the processing stages to prepare ceramics
without filler addition and composite (CMC) samples as well.
For PMS system, based on the procedure developed by Harshe
etal.,’ the polymer in the form of solid powder was dissolved in
toluene and the catalyst (Zr-acetylacetonate) in the liquid form
was added by 1.5 wt.% to the solution. The solution was blended
shortly by a spatula and then the toluene was evaporated under
vacuum using desiccators. Polymers (PPS or PMS after addition
of catalyst and solvent evaporation) were vacuumed for half an
hour, casted in moulds and cured in an oven at 220 °C under
open-air atmosphere. The cured parts were machinable with
convenient tools (cutting, milling, etc.). Pyrolysis of the samples
took place in a tubular furnace operated under inert argon atmo-
sphere at various temperatures (900—1500 °C). A typical heating
cycle involved heating to 400 °C at 5 °C/min, holding at this tem-
perature for 30 min, then a second ramp to 530 °C at 5 °C/min,
holding at this temperature for 60 min and heating to the final
temperatures (7) at 5 °C/min and holding the sample for 90 min
at T, and finally cooling the samples to the room temperature.

2.3. Processing of composite monoliths

To monitor the effect of active filler controlled pyrolysis on
the microstructural and mechanical properties of the ceramics,
composite samples were prepared. To prepare composites, Ti
powders were mixed with the polymers at 60, 70, and 80 wt.%
to obtain green bodies (Fig. 1). For PMS system, similar to the
preparation of neat samples, PMS was dissolved in toluene and
1.5 wt.% of the catalyst was added into the system. Blends of
PPS or PMS systems were casted in metal moulds and uniaxi-
ally pressed using a warm press under 15 MPa at 220°C for 2h
for complete curing. After cutting the specimens in the desired
dimensions, green bodies were finally pyrolyzed at 900, 1100,
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Fig. 1. CMC and neat ceramic processing with PPS and PMS precursors.
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1300, and 1500°C under Ar, following a multi-step heating
schedule described above.

2.4. Characterization techniques

Pyrolysis products of neat and composite samples were iden-
tified by X-ray diffraction (XRD) technique using Philips X’ Pert
Pro diffractometer, with Cu Ka radiation. Pyrolyzed samples
were first powdered and analyzed at diffraction angles (260)
between 5 and 70°. Philips XL 30SFEG field emission scanning
electron microscope (SEM) and attached energy dispersive X-
ray (EDX) spectrometer was utilized for microstructural analysis
on polished and fractured specimen surfaces. Polished samples
were prepared by conventional metallographic techniques. Back
scattered electron (BSE) images of the composite samples was
also obtained to characterize the distribution of filler particles
within polymer matrix. Thermal analyses were performed for
determination of the mass changes and phase developments with
different filler addition. Nikon Eclipse L150 optical microscope
was used for the analysis of particle and pore dispersion in the
composite structures on the polished samples for this purpose.
Effects of the filler ratio and pyrolysis temperature on the mass
losses and density changes were measured. Mass loss determi-
nations were done based on the weight change of samples before
and after pyrolysis. The hardness values of the ceramics without
filler addition and composite samples were measured based on
Vickers indentation test technique to investigate the effects of
filler ratio and pyrolysis temperature on the mechanical proper-
ties of the samples. Zwick/Roell-TestX Pert V9.0 machine with
HV10 (100 N) was used on polished sample surfaces for inden-
tation test. The indentation tip displacement rate was selected as
0.2 mm/min.

3. Results and discussion
3.1. Thermal conversion of polysiloxanes

Green bodies were obtained after polymerization of the pre-
cursors at 220°C. The stability of green bodies indicated the
network formation. The phase conversions were studied by
XRD technique. Fig. 2 shows the XRD patterns of the neat
poly(phenyl)siloxane (PPS) samples pyrolyzed at various tem-
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Fig. 2. X-ray diffraction patterns of the poly(phenyl)siloxane (PPS) without
filler addition pyrolyzed under Ar at various temperatures.
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Fig. 3. X-ray diffraction patterns of the poly(methyl)siloxane (PMS) without
filler addition pyrolyzed under Ar at elevated temperatures.

peratures. The patterns up to 1300 °C are characteristic of amor-
phous materials of SiO,C,. The broad peaks with low intensities
at above 1300 °C are the diffractions associated to 3-SiC. The
peaks of 20 =36° and 60° at 1500 °C are characteristic for 3-SiC
crystals.

Fig. 3 shows the XRD patterns of the PMS after pyrolysis
at various temperatures. As seen from the patterns the forma-
tion of 3-SiC crystals occurs with low intensities at 1500 °C (at
26 =36° and 60°), whereas an amorphous structure is observed
at lower temperatures. Similarly, it was found by Honack
and Reidel'* that SiOC does not crystallize during pyroly-
sis of polymethylsiloxanes (PMS, the same precursor used
within the present study) up to 1100°C in Argon. Also, Greil*
revealed that organic—inorganic transformations of polysilox-
anes between 600 and 800 °C yield an amorphous SiOC while
above 800 °C crystallization of SiC and SiO, occurs between
1100 and 1600 °C. Brus et al.' also observed the formation
of B-SiC above 1200°C for polysiloxanes. It was reported!®
for polycyclic silazens (precursor for SiCN) that up to 1400 °C
amorphous residues were obtained while above this temperature
in Ar the material crystallizes to yield B-SiC.

Fig. 4 shows the fracture surface SEM micrographs of the
pyrolysis products of the PPS processed at various tempera-
tures. At lower temperatures, glassy surfaces with low porosity
are observed. Higher pyrolysis temperatures yield uniformly
distributed submicron sized pores formed due to the den-
sity changes from the polymer to the ceramic phases. The
microstructure of the PMS samples without filler addition
pyrolyzed at elevated temperatures is different as compared to
PPS samples. A relatively less amount of porosity is observed
from PMS (Fig. 5). Different microstructure of the samples may
be related to the methyl or phenyl containing structure of the
precursor. SEM-EDX results indicated that the pyrolysis prod-
ucts of the both polymers consist of Si, O and C elements, which
are expected to form SiOC matrix.

3.2. Microstructural features of SiOC-based ceramic
composites

Monolithic CMC structures with Ti addition as a filler mate-
rial were prepared at various pyrolysis temperatures. Fig. 6 is a
typical example showing the SE and BSE images of the green
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Fig. 4. Fracture surface SEM images of PPS samples without filler addition pyrolyzed at (a) 900 °C, (b) 1200 °C, (c) 1400 °C, and (d) 1500°C.

Fig. 6. SEM micrographs of 70 wt.% Ti /PMS system before pyrolysis: (a) SE image and (b) BSE image.
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Fig. 7. X-ray diffraction patterns of 60 wt.% Ti/PPS pyrolyzed under Ar at var-
ious temperatures.

bodies of Ti/PMS samples before pyrolyzation. As seen from
the figures, a uniform distribution of the particles within the
polymer matrix is obtained by blending and warm pressing of
the materials. BSE image better illustrate the distribution of Ti
particles (white regions).

The effects of the filler ratio and pyrolysis temperature on the
microstructural features of the composite samples were inves-
tigated. Fig. 7 shows the XRD patterns of the 60 wt.% active
Ti particulate added CMCs prepared from PPS at various tem-
peratures. On the same figure, XRD peaks of Ti powder and
composite before pyrolysis (green body) are also shown for
comparison. The results show that with the use of active Ti
fillers formation of the new phases: TiC, TiSi and TiO within
the amorphous matrix occur due to the reactions between Ti and
decomposition products of the polymer precursor.

Pyrolysis temperature is a critical parameter on the formation
of new phases. For the green bodies without pyrolysis and CMCs
pyrolyzed up to 500 °C, Ti (filler) peaks are the only phases
observed. At 900 °C, the formation of TiC is detected. With the
increasing pyrolysis temperatures, the peak intensities of the TiC
phase slightly increase. At 1100 °C and 1300 °C the formation
of TiSi phase is also observed. Additionally, a minor amount
of TiO is observed at this range. At around 1500 °C, TiC is the
main phase. Similarly, Greil* found that poly(phenylsiloxane)
loaded with Ti and pyrolyzed in Ar at 1000 °C yields TiC phases
together with SiOC.

To monitor the effect of the polymer type on the microstruc-
tural development, composite specimens with PMS precursor
were also prepared in addition to the samples with PPS. Fig. 8
shows the XRD patterns of the 60 wt.% Ti-added CMC mono-
liths prepared from PMS at various temperatures. On this figure,
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Fig. 8. X-ray diffraction patterns of 60 wt.% Ti/PMS pyrolyzed under Ar at
various temperatures.

the XRD peaks of Ti filler are also given. Similar to PPS, pyroly-
sis of Ti/PMS green bodies yields the formation of TiC, TiSi, and
TiO crystalline phases. At lower temperatures (900-1100 °C),
the intensity of TiO phase is relatively high. However, at 1300
and 1500 °C, TiO phase is not detected. In this range, TiC and
TiSi are the main phases. Honack and Reidel'* studied the sim-
ilar systems (pyrolysis of Ti/PMS composites) to investigate the
influence of Ti-based filler additions on the thermal decompo-
sition and phase developments of polysiloxanes. In their study,
formation of TiC and TisSi3 crystalline phases were detected
from the pyrolysis of 30vol.% of Ti filled PMS at 1100°C.
However, no oxygen containing crystalline phases were detected
contrary to the present work. The authors also concluded that
the thermal decomposition and phase transformations of warm
pressed polysiloxanes systems are affected by the addition of
different fillers.

The microstructural developments were also monitored using
SEM-EDX analysis. As an example, fracture surface SEM
images of 80wt.% Ti filled CMCs prepared at 900 °C from
Ti/PMS bodies are shown in Fig. 9. On these images, arbitrary
points (A-E) were selected to determine the elemental distribu-
tions as tabulated in Table 1. As seen from the table, regions A
and E are Ti rich and a matrix region (along B-D) with some
compositional gradients may form between the adjacent Ti par-
ticulates. The matrix is expected to form from the decomposition
products of the preceramic polymers and their reaction with Ti
powder. Regions B and D may compose of TiO, TiSi, or TiC
phases while region C may be SiOC rich phases.

On the other hand, at pyrolysis temperatures above 1100 °C,
the distinct phases observed at lower temperature cannot be

(b)

Fig. 9. Fracture surface SEM micrograph of 80 wt.% Ti filled CMC monolith prepared from Ti/PMS bodies at 900 °C ((a) 10000x and (b) 25000 magnifications

of the same region).
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Fig. 10. Fracture surface SEM micrograph of 80 wt.% Ti filled CMC monolith prepared from Ti/PMS bodies at (a) 1100 °C, (b) 1300 °C, and (c) 1500 °C.

Table 1
Elemental distributions detected by SEM-EDX for the points labeled on the
fracture surface image shown in Fig. 9

Region C (wt.%) Si (wt. %) 77 wt. % O (wt.%)
A 4 82 11
B 17 44 36
C 5 47 7 41
D 4 12 71 13
E 2 1 80 17

detected evidently. Fig. 10 shows the fracture surfaces of
80 wt.% Ti filled CMC monolith prepared from Ti/PMS at vari-
ous temperatures. At elevated temperatures, compositional gra-
dients and also the interphases with the matrix diminish due to
extensive reaction/diffusion of the filler and pyrolysis products
as can be followed from the EDX analysis shown in Table 2. This
indicates more homogeneous distribution of the elements in the
ceramic structure. In the microstructure, crystalline phases (TiC,
TiO, and TiSi) are expected to be distributed within the SiOC-
based matrix. Wei et al.!” also investigated the interfacial phase
developments in active filler added polysiloxane-derived SiOC

Table 2
Elemental distributions detected by SEM-EDX for the points labeled on the
fracture surface image shown in Fig. 10

Sample Region C (wt.%) Si (wWt.%) Ti (wt.%) O (Wt.%)
a A 2 1 81 17
B 2 19 57 22
C 9 6 68 18
D 2 1 75 22
b A 2 0.25 90 8
B 2 90 5
C 2 0.3 88 10
c A 1 24 65 9
B 6 0.4 73 21
C 1 25 63 11
D 2 0.4 74 23

ceramics. It was found for Si particulate filled polymethylsilox-
ane (MK polymer) that at above 1000 °C interfacial reactions
between the Si-filler particles and the SiOC matrix occurs and
the filler surface is covered by a reaction zone of 3-SiC.

3.3. Thermal transformations, ceramic yield and mass
losses

Pyrolytic conversion of polymeric precursors into Si—-O-C
systems leads to the formation of gaseous products that causes
weight losses, volumetric changes and formation of microvoids.
Figs. 11 and 12 show the weight changes of Ti-added PPS
and PMS samples pyrolyzed at various pyrolysis temperatures,
respectively. For pyrolysis in the range of 900-1500 °C, phenyl
containing precursor PPS lose its weight of 22-27%, while
methyl containing precursor PMS lose 14-17% of the weight.
As seen in Fig. 12, the average weight loss values for PMS
at 1100 °C were found to be slightly lower (14%) than those
at 900 °C (15%). This slightly lower value at higher tempera-
ture (1% difference) may be considered within the experimental
errors and the value at 1100 °C may be expected to be close to
15%. The higher mass loss of PPS as compared to PMS is due to
the lower ceramic yield and higher free carbon content of phenyl

35
® PPS without filler
30 4 * 60% Tiadded
. m 70% Ti added
= o5 4 80% Ti added = L] .
o ]
220 4
o
=
O 15
]
.? 10
= t
s & i
A A i
0 T T T
800 1000 1200 1400 1600

Pyrolysis Temperature (°C)

Fig. 11. Weight changes values as a function of pyrolysis temperature for sam-
ples made with Ti-added PPS.
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Fig. 12. Weight changes values as a function of pyrolysis temperature for sam-
ples made with Ti-added PMS.

containing siloxane relative to methyl containing precursor, as
also reported in the literature.” Greil* reported a weight loss
of 20-30 wt.% up to 1400 °C for phenyl and methyl containing
polysiloxanes, similar to used within the present study. Harshe
et al.” also measured a mass loss value of 12.5% for PMS.

Weight changes are considerably affected by the incorpora-
tion of active Ti fillers into ceramic structure. Addition of Ti
further reduces the values from 17% to at most 1.5% for PMS
system. This is due to the reduction of the polymer ratio in the
green composites and the reactions between the decomposition
products of the polymer and filler particles. Similarly, Honack
and Reidel'* reported a 2.5 wt.% of total mass loss for 30 vol.%
of Ti filled PMS systems pyrolyzed at 1100 °C. Incorporation
of Ti filler into PPS polymers reduces the weight change values
to at most 2%. It was also observed that although the filler ratio
affects the weight change values of the Ti/PPS systems, it seems
that there is no considerable effect on Ti/PMS system. Densifi-
cation during organic to inorganic conversion can be controlled
by incorporation of the active fillers by reducing the polymer
ratio and promoting the reactions between the polymer decom-
position products and the filler particles to control the shrinkage,
porosity formation and microcracking.

Polished surface SEM images of CMCs made with 80 wt.%
Ti filled PPS and PMS polymers pyrolyzed at various temper-
atures are illustrated in Figs. 13 and 14, respectively. As seen
in the figures, as the pyrolysis temperatures increases a lower
fraction of porosity is observed for PPS samples, while pore
fraction is lower at about 1100 °C but increases at higher tem-
peratures for PMS made composites. The formation of porosity
is in agreement with density values of these samples. For PPS
samples, the density values increases with increasing tempera-
ture and samples with low void content were formed; however,
in PMS samples at 1500 °C pore formation is increased and low
density samples were obtained.

3.4. Mechanical behavior of SiOC-based composites

Hardness tests were carried out to evaluate the effects
of pyrolysis temperature and filler addition into the precur-
sor systems on the mechanical behavior of the composites.
Figs. 15 and 16 show the hardness values of ceramics made
with Ti-added PPS and PMS samples, respectively. Addition-
ally, the hardness of the samples made with neat polymers is
also given in the same figures. It was found that ceramics with-
out filler addition reach the maximum hardness values (8.88 GPa
made with PPS, 10.67 GPa made with PMS) at 1100 °C, which
is the optimum temperature for crack free samples with the least
amount of porosity. However, the polymers exhibited distinct
behavior by the incorporation of Ti particulates. For PPS, at low
concentrations the addition of Ti reduces the hardness values;
however, as the concentration of Ti and pyrolysis temperature
increases higher values (up to 13.20 & 2.05 GPa) are measured
as compared with those for ceramics without filler addition. On
the other hand, for PMS system, it was found that the addition
of Ti reduced the hardness of composites for all concentrations.
The hardness of the samples made with PMS is lower than those
made with neat PMS for all temperatures. Also, the hardness of
composite samples of the PMS system remains almost constant

(d)
Fig. 13. SEM polished surface micrographs of 80 wt.% active Ti filled PPS pyrolyzed at various temperatures (a) 900 °C, (b) 1100 °C, (c) 1300 °C, and (d) 1500 °C.
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at different temperatures. It is known that the Vickers hardness
values of glassy materials are typically given in between 5 and
10 GPa. The ceramics made with neat PPS and PMS samples
yield very comparable results. By the addition of Ti powders,
the values reach up to 14 GPa for composites made with PPS
samples. These values are in the range that the developed mate-
rials have potential to be utilized within various applications.
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Fig. 15. Vickers hardness values as a function of pyrolysis temperature for neat
ceramics and composites made with various concentration of Ti-added to PPS.
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Fig. 16. Vickers hardness values as a function of pyrolysis temperature for neat
ceramics and composites made with various concentration of Ti-added to PMS.
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(d)
Fig. 14. SEM polished surface micrographs of 80 wt.% active Ti filled PMS pyrolyzed at various temperatures (a) 900 °C, (b) 1100 °C, (c) 1300 °C, and (d) 1500 °C.

4. Conclusions

Active filler incorporated silicon oxycarbide-based ceramic
composites were developed based on the pyrolytic conver-
sion of -phenyl and -methyl containing polysiloxanes. The
effects of filler ratio and pyrolysis temperature on the phase
development and mechanical properties of the composites
were investigated. X-ray diffraction measurements revealed
that the thermal transformation of the polymers without filler
addition yields amorphous silicon oxycarbide ceramics at
temperatures below 1300°C; however, at higher tempera-
tures crystalline B-SiC phases formed. SiOC phase forma-
tions were confirmed with SEM-EDX analysis that were per-
formed on fracture surfaces of neat and composite ceramic
samples. Neat poly(phenyl)siloxane samples showed the for-
mation of pores increasing with increasing pyrolysis temper-
ature; however, a less fraction of pore formations observed in
poly(methyl)siloxanes. This is associated with the lower ceramic
yield and higher free carbon content of phenyl containing silox-
ane relative to methyl containing precursor. The decompositions
of the polymers and release of hydrocarbons results with porosity
formations.

Active Ti fillers were added into the polymers to compensate
the negative mass loss and shrinkage effect due to the decom-
position of the polymers. Active fillers compensate the mass
losses with both decreasing the polymer ratio and with reaction
of active filler and decomposition products of the polysiloxanes.
XRD analysis revealed that TiC, TiSi, and TiO phases formed
within the amorphous matrix due to the reactions between the
active Ti particulates and the polymers. It was found that there is
considerable effect of the addition of fillers on the thermal trans-
formations and therefore on the mass loss and densifications.
Although neat PPS and PMS samples show weight loss values
of about 25 and 15%, respectively, incorporation of active fillers
decreases these values nearly to 2%. The results also imply that
pyrolysis temperature has some significant effect on the densifi-
cation behavior. At higher pyrolysis temperatures the formation
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of pores was detectable in Ti/PMS samples while a relatively
smooth surface was observed in Ti/PPS systems.

The pyrolysis products of the polymer precursors exhibited
distinct mechanical behavior by the incorporation of Ti particu-
lates. With addition of Ti into PPS increased the hardness values
with increasing the filler ratio and reached to ~14 GPa, which is
close to the hardness of some technical ceramics such as alu-
mina. However, addition of Ti into PMS polymer decreases
hardness values for all compositions and this is in agreement
with microstructural features of the samples.
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