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bstract

The high strain rate (220–550 s−1) and quasi-static (0.0016 s−1) compression deformation behavior of a sintered Ti6Al4V powder compact
as investigated. The compact was prepared using atomized spherical particles (100–200 �m) and contained 38 ± 1% porosity. The deformation

equences of the tested samples were further recorded by high speed camera and analyzed as a function of strain. The failure of the compact,
hich was found to be similar in the studied high strain rate and quasi-static strain rate testing regimes, occurs through particle decohesion along
he surface of the two cones in a ductile (dimpled) mode consisting of void initiation and growth and by void coalescence in the interparticle bond
egion. The effect of strain rate was to increase the flow stress and compressive strength of the compact while the critical strain corresponding to
he maximum stress was shown to be strain rate independent.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

There has recently been a great deal of interest centered
round the processing [1–11] and use [12–22] of porous Ti com-
onents for biomedical applications. This has been primarily
riven by the fact that the porous surfaces can facilitate a higher
egree of bone in-growth and body fluid transport through three-
imensional interconnected arrays of pores, leading to improved
mplant fixation [23]. The use of porous Ti as the coating layer on
he implant surfaces further reduces the extent of stress shield-
ng, which causes well-known implant loosening, and hence
rolongs implant life-time.

Porous Ti components can be simply manufactured by means
f two different powder sintering methods involving one or two

rocessing steps [2]. In the first method, sintering of powder
ompacts, the green powder preform compacted at room tem-
erature is directly sintered at a high temperature. In the second
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ethod also known as the space holder method, a solid space
olding material such as ammonium hydrogen carbonate, and
arbamide particles is mixed with Ti powder and the mixture is
re-shaped under pressure. The space holder is then removed in
n intermediate heating stage at a relatively low temperature, and
nally the preform is sintered at a temperature of 1100–1400 ◦C
2]. The size, level and geometry of pores of the final sintered
art can be easily altered by varying the size, amount and shape
f the space holder.

Although, both methods allow a direct near net-shape fabri-
ation route for porous implant components, the porosity levels,
ore sizes and shapes of the components produced are quite dif-
erent from each other. In the space holder method, the resulting
orous structure resembles the structure of the open-cell foamed-
etal with relatively high porosity levels ranging between 35

nd 80% and large pore sizes ranging between 200 and 500 �m,
epending on the volume, size and shape of the space holder
sed [24]. On the other hand, in the powder compact sintering
ethod, the porosity level is relatively low, varying between 5
nd 38%, the average pore size is relatively small. Moreover,
orosity and pore size vary with the powder size, applied cold
ompaction pressure and sintering temperature [7,25]. Since
ower porosity levels and smaller pore sizes are attained as com-
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ig. 1. Optical micrograph of the sintered powder compact showing Wid-
anstätten microstructure.

ared with Ti foam produced by space holder method, sintered
owder compacts exhibit higher strength and modulus values. It
as previously reported that the compressive yield strength of

intered Ti compacts was lower than that of the human cortical
one, a result which was proposed to be due to the relatively
ow yield strength of Ti powder used [7]. The use of stronger
i6Al4V (Ti64) alloy powder in the sintered powder compacts,
owever, increased the yield strength to values comparable to
hat of human cortical bone [25].

In bone-replacement, mechanical strength retention of the
mplant at increasing loading rates should also be considered. An
xtensive literature survey by Yeni and Fyrie [26] has remarked
n the strain rate dependent mechanical properties of natural
one. A recent study on the high strain rate testing of trabecular
nd cortical bone using a Split Hopkinson Pressure Bar (SHPB)
pparatus has further shown that the ultimate strength values
ncreased while the modulus values decreased with increasing
train rate [27]. In the present experimental study, the compres-
ive mechanical behavior of a Ti64 powder compact that can
otentially be used in biomedical applications as load carrying
mplants including human cortical bone replacement, in ballistic
pplications such as protection against projectiles and in crash
bsorption applications was investigated at high strain rates
sing a compression SHPB apparatus. In a previous study, the
igh strain rate and quasi-static strain rate compression behav-
or of a similar Ti64 powder compact with a lower aspect ratio

l/d = 0.66) and a porosity level (37 ± 1%) was determined [25],
hile in this study longer cylindrical compact specimens were

ested. In addition, the accompanying deformation sequences of
he powder compacts at high strain rates as a function of strain

A
t
g
d

Fig. 2. Schematic diagram of co
Engineering A  474 (2008) 335–341

ere determined using a high-speed camera. The compression
ehavior and deformation mechanisms of the compacts at high
train rates were further compared with those of quasi-static
train rate.

. Materials and testing methods

The sintered Ti64 alloy powder compacts were prepared
sing atomized spherical particles (Phelly Materials Inc.). The
hemical composition of the powder [25] complied with ASTM
580-1 standard [28]. The particle sizes ranged between 100
nd 200 �m with a mean particle size of 170 �m. Green pow-
er compacts, 26.5 mm in length and 16.5 mm in diameter were
ompacted at room temperature inside a tool steel die at a pres-
ure of 400 MPa using a polyvinyl alcohol solution (10% by
olume) as the binding material in an amount of 5% by weight.
he sintering of green compacts was performed in a tightly
nclosed horizontal tube furnace under a high purity (99.998%)
r flux (400 cm3/min) at 1200 ◦C for 2 h. The compacts were

nserted into the furnace at room temperature inside an enclosed
i box on a graphite plate which prevented the bonding between
i box and compacts. The compacts were heated and cooled at
rate of 5 ◦C/min. During the heating cycle under Ar flux, the

ompacts were kept at 450 ◦C for 1/2 h in order to allow com-
lete burning-off of the binder. The compacts showed 1.3 and
.7% sintering shrinkages in length and diameter, respectively.
he specimen dimensions, ∼16 mm in diameter and ∼26 mm

n height (l/d ∼ 1.6), were the same for both quasi-static and
igh strain rate tests. The ends surfaces of the compacts were
round and then polished before testing. The porosity level of
he compacts was measured to be 38 ± 1%. Compacts with simi-
ar powder sizes and porosity levels were previously determined
o contain almost 100% three-dimensional interconnected pores
ith a mean pore size of 63 �m [25]. The microstructure of

he powder was composed of needle-like �-phase, referred as
cicular alpha (�) and sintering at high temperature above the
eta (�)-transition temperature (1050 ◦C) and subsequent slow
ate cooling in the furnace under Ar atmosphere resulted in
he development of the so-called Widmanstätten microstruc-
ure (Fig. 1). Detailed information on the as-received powder

icrostructure and microstructure development after sintering
s given elsewhere [25].

High strain rate compression tests were performed using a
ompression type Split Hopkinson Pressure Bar (SHPB) set-up.
cylindrical specimen is sandwiched between the incident and
ransmitter bars, Fig. 2, and a constant amplitude elastic wave is
enerated by the striker bar. Strain gages mounted on the inci-
ent and transmitter bars allow the compressive stress–strain

mpression SHPB set-up.
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be valid.

Typical compression stress–strain curve of the compact at
high strain rate (227, 339 and 557 s−1) and quasi-static strain rate
(0.0016 s−1) are shown in Fig. 6. Stress–strain curves of three
A. Taşdemirci et al. / Materials S

esponse of the specimen to be established using uniaxial elas-
ic wave theory. A more detailed overview of SHPB testing is
ound in Ref. [29]. The SHPB apparatus used consists of Inconel
18 bars: the lengths of striker, incident and transmitter are 362,
450 and 1850 mm, respectively, all with a diameter of 19 mm.
etailed information about the SHPB used is given in elsewhere

30]. The strain rate (ε̇), the strain (ε) and the stress (σ) of the
ested sample were calculated using the following equations:

˙(t) = −2Cb

Ls
εr(t), (1)

(t) = −2Cb

Ls

∫ t

0
εr(t), (2)

(t) = EbAb

As
εt(t), (3)

here Cb is the elastic wave velocity in the bar, Eb the elastic
odulus of the bar, Ls the sample length and As and Ab are the

ample and bar cross-sectional areas, respectively. εr and εt are
eflected and transmitted strains measured from strain gages on
he bar, respectively. Eqs. (1)–(3) are only valid when the force
quilibrium in the specimen is established and the force equilib-
ium in the specimen is further checked using a dimensionless
umber (R) [31]:

= −2(F1 − F2)

(F1 + F2)
, (4)

here F1 and F2 are the front and back surface forces, respec-
ively, on the SHPB test sample. This number is a measure of
he extent of deviation from stress equilibrium in the specimen.

hen the value of R reaches 0, stress equilibrium in the sam-
le is reached. Since the transmitter bar of the used SHPB is
horter than the incident bar, the tensile wave reflected from the
ransmitter bar end separates the bars and, therefore, the sample
eforms only once under compression. The samples in SHPB
ere deformed at average strain rates of nearly 220, 340 and
50 s−1 and at least two tests were performed for each strain
ate. The deformation process at high strain rates was observed
y photographing the specimen sequentially in predetermined
hort time intervals (of the order of few microseconds) using
high speed camera during SHPB testing. With the Ultra 8

igh-speed camera used for the present study, a maximum of 8
rames can be photographed at speeds up to 100 million frames
er second. In the time domain, the interframe time can be varied
etween 10 ns and 1 ms. The camera can be synchronized with
he incident bar strain-gage or can be delayed to photograph the
vents of interest only.

Quasi-static compression tests were conducted on a
isplacement controlled SHIMADZU AG-I universal tension-
ompression test machine with cross-head speeds of 2.5 mm
er min, corresponding to strain rates of 0.0016 s−1. In quasi-
tatic strain rate testing, the strain values were corrected by

ubtracting the test machine displacement calculated from mea-
ured machine compliance from the total displacement. Four
ompression tests were performed at the quasi-static strain rate
tudied. F
Fig. 3. Typical SHPB strain gage readings of Ti64 compact.

. Results and discussions

Typical SHPB incident, reflected and transmitted strain read-
ngs for a tested compact sample are shown in Fig. 3 as a function
f time. The corresponding stress and strain rate versus strain
urves are further shown in Fig. 4. As is also noted in Fig. 4,
he strain rate in a typical SHPB testing is not constant. The
train rate for the compact is generally high at the beginning of
he deformation, decreases gradually as the strain increases and
ncreases near the end of the deformation. Therefore, an average
train rate is calculated for each test by integrating the strain rate
alues until about a final strain (point a in Fig. 4) and dividing the
ntegration by the final strain. The dotted line in Fig. 4 shows the
alculated average strain rate. Fig. 5 shows the variation of the
imensionless number R in Eq. (4) with the strain in a compact
ample tested at the highest average strain rate studied, 557 s−1.
t is seen that the equilibrium condition in the sample, i.e. R
pproaches 0, attained at strain values above 0.013; therefore,
he stress values above this critical strain level are considered to
ig. 4. Stress and strain rate vs. strain graphs of the strain recordings in Fig. 3.
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ig. 5. Dimensionless number R vs. strain for the compact sample tested at an
verage strain rate of 557 s−1.

amples are shown in the same figure for the quasi-static strain
ate testing in order to show the variation of the stress values
etween each samples tested at the same strain rate. The effect
f strain rate is clearly seen; it increases the flow stresses and
ompressive strengths (the maximum stress) of the compact. The

eformation of the compact for both strain rate regimes can be
ivided in four different regions as numbered in Fig. 6 from I to
V. The photographs of the deformed compact samples for high
557 s−1) and quasi-static strain rate (0.0016 s−1) at strain lev-

b
c
t

Fig. 7. High speed camera recordings of a compact sample tested at 22

Fig. 8. Pictures of a quasi-statically tested compact sample at
ig. 6. Typical compression stress–strain curves of the compact at high and
uasi-static strain rates with four different deformation regions.

ls corresponding to each deformation region are further shown
n Figs. 7 and 8, respectively. The deformation mechanisms of
he compact are interpreted based on the stress–strain curves
n Fig. 6 and the corresponding photographs of the deformed
ompacts shown in Figs. 7 and 8.
The compact is elastically compressed until about 1% strain at
oth strain rates, reflected in the linear portion of the stress–strain
urves in region I. In this region, it is presumed that the sin-
ered particles are compressed uniformly at quasi-static strain

7 s−1 to various strains: (a) 0%, (b) 2.5%, (c) 4.6% and (d) 8%.

strains of (a) 0%, (b) 2%, (c) 4%, (d) 5% and (e) 10%.
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ate, while the stress distribution in the samples tested at high
train rate is non-uniform. The elastic deformation continues
ntil about 1% strain, nearly corresponding to the proportional
imit or yield strength of the compact. Inelastic deformation of
he particles presumably takes place in region II and continues
ntil about the compressive strength. Figs. 7 and 8(b) show pic-
ures of the deformed compacts at strains of 2.5 and 2 in region
I for dynamically and quasi-statically tested samples, respec-
ively. No particle decohesion is noted from the surfaces of the
ompact samples in region II. Particle decohesion starts to occur
t one of the ends of the compact sample at about 4% strains in
ynamically tested compact sample (Fig. 7(c)), while it is clearly
bserved from the video recordings of the quasi-statically tested
ample that particle decohesion starts from the surface of the
ample at a strain of ∼4% (Fig. 8(c)), nearly corresponding to
he maximum stress in Fig. 6.

In region III, the deformation starts to become non-uniform
s the localized deformation builds up on the surfaces of two
ones, whose apices meet at the center of the specimen. Parti-
le decohesion starts from one of the ends of the sample and
roceeds along the surfaces of the cone. The vertical surface
racks in this region become visible, again starting from one
nd of the sample (Figs. 7 and 8(d)) and the stress values
ecrease accordingly in this region. Following particle sepa-
ation along the diagonal axis at strains of about 8%, the two
one apices shear on top of each other (arrow in Fig. 9); hence,
tress values fluctuate around a constant stress in region IV. Pic-
ures of an untested sample and dynamically and quasi-statically
ested and failed samples are shown in Fig. 9. It is noted in

ig. 9 that the failure modes of the compact are very simi-

ar for dynamically and quasi-statically tested samples, except
hat the quasi-statically tested sample deformed until larger
trains.

p
t
c
s

Fig. 9. Photographs of the untested, dynamically tested (22
e and Engineering A 474 (2008) 335–341 339

SEM micrographs of the fracture (separated) surfaces of
he failed compact specimens and interparticle bond regions
hown in Figs. 10 and 11(a) and (b) for dynamically and quasi-
tatically tested samples, respectively. These micrographs show
ome of the features of the important deformation mechanisms
f the compacts including (i) the separation of particles primar-
ly occurs at the interparticle bond region (Figs. 10 and 11(a))
nd (ii) the fracture of interparticle bond region is mainly ductile
ype composing of dimples (Figs. 10 and 11(b)). The interpar-
icle bond regions are, however, largely smeared in the sample
ested at high strain rate (shown by arrows in Fig. 10(a)). Void
ormation at the interparticle bond region primarily in � platelets
s observed (Fig. 12). The growth and coalescence of these
oids eventually lead to development of macrocracks and com-
lete separation of interparticle bond region. Void initiation and
rowth and void coalescence leading to ductile dimple type of
ailure were commonly observed in bulk Ti64 alloys tested under
hear and compression at quasi-static and dynamic strain rates
32–36].

The proportional limit of the compact at the quasi-static strain
ate was found to be 104 MPa (98–108 MPa). The stress values
orresponding to 2% strain vary between 171 and 183 MPa for
uasi-static testing and 225–250 MPa for high strain rate testing
etween ∼220 and 550 s−1. The maximum stress varies between
10 and 228 MPa at the quasi-static strain rate, while it increases
o values of 265–291 MPa in the high strain rate regime studied.
he values of compressive strength of the compact are, however,
lightly lower than those of smaller aspect ratio compact samples
0.66) tested at similar strain rates [25]. The discrepancy arises

artly from slightly lower porosities of the compacts samples
ested and partly from the higher specimen aspect ratio. The
ritical strain, the strain corresponding to the maximum stress,
tarted to develop in compacts of lower aspect ratio in the range

7 s−1), and quasi-statically tested compact samples.
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of 2–5 × 10−2 s−1 [38]; hence, this material also satisfies the
strength requirement of cortical bone replacement. The proof
stresses of the Ti powder compacts in the porosity range of
30–35% were previously shown to be less than 100 MPa [7]. The
ig. 10. SEM images of a dynamically tested and failed compact sample: (a)
mage from the section “a” in Fig. 9 and (b) dimpled mode of failure of inter-
article bond region.

etween 7 and 8% [25]; in contrast, higher aspect ratio compact
amples with slightly higher porosity tested in this study show
ower critical strains, 4%. This is attributed to higher aspect ratio
f the compact tested, resulting in the development of the local-
zed deformation at earlier strains. It is further noted the critical
train for localization is strain rate independent within the stud-
ed strain rate regime. This is in good agreement with previous
tudies on a bulk Ti64 alloy [32]. The critical strain level was,
owever, shown to be quite different in the Widmanstätten and
quiaxed microstructures of a bulk Ti64 alloy; although Wid-
anstätten microstructure showed strain localization at 8–10%

trains, equiaxed structure did not show any localized shearing
32], confirming a strong dependency of mechanical properties
n the microstructure. Generally, as the strain rate increased,
oth yield and flow stress values of bulk Ti64 alloy were found
o increase [32–36]. The similar strain rate dependency of pow-
er compacts with bulk alloys found previously in Ti64 and

ron alloys [32,37] tends to lead to the conclusion that strain
ate dependency of the powder compact is simply derived from
he rate dependency of bulk Ti64 alloy. The yield strength of
ompact was also found to be comparable to that of human cor-

F
p

ig. 11. SEM images of a quasi-statically tested and failed compact sample: (a)
mage from the section b in Fig. 9 and (b) dimpled mode of failure of interparticle
ond region.

ical bone, 104–125 MPa measured within the strain rate regime
ig. 12. The interparticle bond region of a quasi-statically tested compact sam-
le, showing voiding and void coalescence.
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igher proportional limit of the studies powder compacts than
i compacts shows the potential for using Ti64 alloy powders in

ncreasing of yield strength of sintered powder compacts.

. Conclusions

High strain rate and quasi-static compression behavior of
sintered Ti64 alloy compact with a porosity level of 38%
as determined. The deformation sequences of the dynamically

ested compact samples were recorded in the SHPB during test-
ng using a high speed camera. It was found that the strain rate
ncreased both flow stress values and compressive strength of
he compact within the studied strain rate regime. The failure of
he compact was found to be due to particle decohesion on the
urfaces of cones starting to form at each end of the specimen,
nd was the same for dynamically and quasi-statically tested
amples. The critical strain corresponding to the initiation of
article decohesion was, however, strain rate independent. The
icroscopic analyses of deformed samples of compact have fur-

her shown that fracture occurred in a ductile (dimpled) mode
onsisting of void initiation and growth and by void coalescence
n the interparticle bond region.
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