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Abstract: Ti6Al4V powders with three different particle size distributions (0-20, 2045, and 45-75 pum) were used to evaluate the effect of
the particle size distribution on the solid-state sintering and their mechanical properties. The sintering kinetics was determined by dilatometry
at temperatures from 900 to 1260°C. The mechanical properties of the sintered samples were evaluated by microhardness and compression
tests. The sintering kinetics indicated that the predominant mechanism depends on the relative density irrespective of the particle size used.
The mechanical properties of the sintered samples are adversely affected by increasing pore volume fraction. The elastic Young’s modulus
and yield stress follow a power law function of the relative density. The fracture behavior after compression is linked to the neck size devel-
oped during sintering, exhibiting two different mechanisms of failure: interparticle neck breaking and intergranular cracking in samples with
relative densities below and above of 90%, respectively. The main conclusion is that relative density is responsible for the kinetics, mechani-

cal properties, and failure behavior of Ti6Al4V powders.
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1. Introduction

Titanium and its alloys are relatively new engineering
materials with high specific strength and lightness, excellent
corrosion resistance, and exceptional biocompatibility [1].
The Ti6Al4V alloy is one of the most commonly used, in-
cluding in aerospace [2—4] and biomedical applications such
as in bone implants [5-6]. Over the past two decades, many
jobs have been dedicated to researching the best method to
manufacture Ti6Al4V by powder metallurgy (PM). Differ-
ent PM techniques have been considered to produce dense
and porous components made from this alloy [7-13]. To
achieve complete densification, hot isostatic pressure,
channel angular pressure, and spark plasma sintering have
yielded the best results [11-13].

Recently, additive fabrication techniques such as elec-
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tron beam melting (EBM) have produced metallic parts
with a complex shape by melting successive layers of
powders [14—17]. However, conventional PM methods, in-
cluding powder pressing and pressureless solid-state sinter-
ing, remain the most pertinent route to producing different
and complex components with controlled mechanical prop-
erties. The residual porosity after conventional sintering
strongly reduces the mechanical properties of the sintered
components, which can be beneficial in certain applications,
especially bone implants.

Control of the porosity (shape, size, and volume fraction)
is based on the knowledge of sintering parameters such as
particle size, temperature, and sintering plateau because they
play a fundamental role in the final densification [8,18-20].
Different studies have evaluated the effect of pressure and
particle size on densification during compaction [21], and a
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reduction of the particle size is known to accelerate the sin-
tering and reduce the sintering activation temperature [22].
However, nanopowders are not easy to handle, especially in
an industrial process. Thus, their price remains very high.
Xu and Nash [23] performed a dilatometric study of the
Ti6Al4V powders sintered in vacuum at different heating
rates, and they estimated the activation energy for the densi-
fication process. They found that densification is driven by
the lattice diffusion mechanism. However, higher relative
densities can also be achieved through sintering under
flowing Ar [9,23-25]. They estimated a wide range of acti-
vation energy values (131-328 kJ-mol'); however, they
concluded that lattice diffusion is the predominant mechan-
ism. Nonetheless, the effects of particle size and sintering
temperature on the densification process as well as on the
final properties of the sintered component from this alloy
remain unclear. Thus, industrial applications remain limited.
Here, we investigate the effect of particle size, different
thermal schedules, and initial packing on the sintering ki-
netics and mechanical properties of Ti6AI4V powders. The
sintering kinetics were estimated from dilatometry tests. The
microstructural features of sintered samples were observed

Fig. 1.
the three ranges of particles.

Two approaches were used for the sintering study: sin-
tering was evaluated (i) in the a-phase range of Ti at low
temperatures between 900 and 1000°C and (ii) at elevated
temperatures between 1150 and 1260°C after the transition
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by scanning electron microscopy (SEM), and the mechani-
cal properties were evaluated by microhardness and com-
pression tests. A failure analysis after compression testing
enabled observation of cracks after compression, and the
failure behavior was characterized as a function of relative
density.

2. Experimental

Commercial Ti6Al4V alloy powders (Raymor, Quebec,
Canada) with particle size distributions between 0 and 45
um and 45-105 um were used. The powders were sieved
into three particle-size ranges based on the International
Sieve Equivalency with the EE standard of ASTM Interna-
tional (ASTM E 11-87 [26]) using mesh equivalents of 200,
325, and 635. This process resulted in a nominal aperture in
microns of 75, 45, and 20 pm, respectively. The shape and
size of the different sieved powders were observed by SEM
(JEOL JSM6400), as shown in Figs. 1(a)-1(c). In addition,
the particle size distribution was measured via the laser light
scattering technique (Coulter LS100Q). The three size dis-
tributions used in this work are shown in Fig. 1(d).

40 60 80
Particle diameter / pm

100

SEM micrographs of sieved Ti6Al4V powders: (a) 0-20 pm, (b) 2045 pm, and (c) 45-75 pm; (d) particle size distribution of

of the Ti from the a to the  phase. In both cases, cylin-
drical compacts 8§ mm in diameter and 10 mm in height
were fabricated. Samples sintered at low temperatures
were prepared by pouring powders into 8-mm-diameter
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zirconia crucibles to obtain compacts with a 30% or higher
volume fraction of pores. Compacts sintered at elevated
temperatures were compacted in an 8-mm diameter steel
die with a pressure of 500 MPa using a solution of poly-
vinyl alcohol (PVA) as a binder at 1wt%. The binder was
subsequently removed by heat treatment at 500°C for 30
min under an argon atmosphere. The green density of
these compacts was approximately 70%; the main goal of
these samples was the formation of highly dense com-
pacts.

Sintering experiments were performed on a Linseis L75V
vertical dilatometer at 25°C-min ' with a plateau of 1 h to
assess the sintering kinetics. The dilatometer was purged
with flowing high-purity argon for 30 min to remove the air
before the sample was heated. After sintering, all samples
were cut and metallographically prepared for SEM observa-
tion. The samples’ microhardness was measured on
cross-sectional polished surfaces via a microhardness tester
(Mitutoyo MVK-HVL) with a load of 5 N and a dwell time
of 155 [27].

After sintering, the bottom and top surfaces of samples
were polished, and simple compression tests were per-
formed following ASTM D695-02 with an Instron 1150
universal mechanical testing machine at a strain rate of 0.5
mm-min~' [28]. The elastic modulus (E) and the yield
strength (o,) were estimated from the stress—strain curve
obtained from the load-displacement data provided by the
Instron universal machine. To calculate the stress, the sur-
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face area of the sample was corrected by assuming that the
volume was constant during compression. This assumption
is likely false—especially for the less dense samples; how-
ever, it is reasonable at low strain in the domain where E
and oy are estimated. The axial strain is calculated as the ra-
tio of the real axial displacement (after machine stiffness
correction) to the initial height of samples. After compres-
sion tests, several micrographs of the fractured samples col-
lected by SEM were used to analyze the origin and propaga-
tion of the fissures.

3. Results and discussion
3.1. Dilatometry analysis

The axial shrinkage as a function of the time throughout
the sintering cycle for samples sintered at different temper-
atures or with different particle sizes at the same tempera-
ture are shown in Fig. 2. Initially, a positive deformation due
to the thermal expansion of the samples is obvious. When
sintering is activated, shrinkage is observed in the curve
near 800°C for all samples. After that, pronounced shrin-
kage continues until the isothermal temperature is reached.
Afterward, the shrinkage behaves exponentially until the
sintering plateau is attained. Finally, the shrinkage, which is
due to the sample cooling, is almost linear. Shrinkage in-
creases with increasing temperature and with decreasing
particle size, consistent with the sintering theory described
by Bolzoni et al. [29].
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Fig. 2. Shrinkage as a function of time and temperature (a) at different temperatures for samples with particles sizes less than 20
pm and (b) at 1000°C for the three different particle size distributions.

To illustrate the effect of the sintering temperature, Fig.
2(a) shows the shrinkage as a function of time for the dif-
ferent temperatures used to sinter the sample, for samples
with a particle size distribution of 0—20 um. Shrinkage at

higher temperatures was four-fold greater than that
achieved at lower temperatures for the same powder sizes.
The greater difference between the maximal shrinkage
reached at 950°C and 1000°C is likely associated with
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atomic mobility due to the crystalline structure of the o
and P phases of the alloy because the phase-transition
temperature is reported to be 980°C. However, the transi-
tion from a to B estimated from the dilatometry curves for
all samples in this work is 1096°C. The increase in the
transus temperature could be associated with oxygen con-
tent because it is an a stabilizer. The transition temperature
for Ti6Al4V has been reported to increase to 1034°C be-
cause of residual oxygen after sintering [30]. The oxygen
content in the surface of the Ti6Al4V particles and the re-
sidual oxygen after PVA elimination could increase the
oxygen content in the system, promoting stabilization of
the o phase. Nevertheless, the oxygen content was not
measured because such measurements are beyond the
scope of the present work.

Fig. 2(b) shows the shrinkage as a function of time for

samples sintered at 1000°C with three different particle sizes.

Greater shrinkage is seen with finer powders—1.27 times
greater than the shrinkage of intermediate powders and 1.73
times greater than that of coarser powders.

Fig. 3 shows the green and sintered relative densities as a
function of the sintering temperature for different particle
sizes. The green density of the samples sintered at lower
temperatures is approximately 55% because of the initial
particle packing being obtained by simply pouring the
powders into a zirconia crucible. This procedure was used to
fabricate compacts with a greater volume fraction of pores,
thereby enabling the effect of the pores on the compacts’
mechanical properties to be investigated. However, samples
sintered at higher temperatures have green densities of 71%.
These samples were obtained by uniaxial compression of
powders at 500 MPa.

In order to compare the maximum sintered density as a
function of the initial packing, one sample of each particle
size was sintered at 1260°C (filled symbols in Fig. 3). The
maximum density reached (96%) corresponds to the smaller
particles sintered at the higher temperature after compres-
sion of powders. Nevertheless, the sample sintered at the
same temperature but with a green density of 55% reached a
relative density of 92.5%, which means that the initial
packing only slightly influences the final density. Neverthe-
less, this difference in density strongly influences the me-
chanical properties, especially for structural applications,
where demand higher relative densities. The densities of the
sintered samples agree with those reported by Yan ef al. [8],
who evaluated three different particle sizes of Ti6Al4V alloy
sintered at 1300°C under vacuum.

The highest sintered relative density (96%) value is 14%
higher than that reported by Panigrahi et al. [31], who used
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irregularly shaped titanium powders (15 and 20 um) sintered
at 1250°C. However, this value is similar to that reported by
Kim et al. [32], who determined a value of 95% for
Ti6Al4V alloy samples sintered at 1360°C with a heating
rate of 5°C-min ' and a residence time of 120 min. For the
intermediate particle size distribution, relative density values
between 88% and 92% were obtained. For the coarser
powders, the relative densities reached a range between 76%
and 78% for samples sintered in the same temperature
range.
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Fig. 3. Green and sintered relative densities as functions of
the sintering temperature.

The densification rate of samples with a particle size less
than 20 um during the sintering plateau for different tem-
peratures was plotted as a function of relative density (Fig.
4). Samples sintered at temperatures where the o phase is
predominant are presented in Fig. 4(a); Fig. 4(b) presents
temperatures where the B phase is predominant. For all of
the samples, the maximum densification rate occurs at the
beginning of the sintering plateau. It then decreases as the
relative density increases. Notably, the relative density at the
beginning of the sintering plateau increases with increasing
temperature. To compare between samples, the same rela-
tive density is chosen. We estimated that the densification
rate is slowed tenfold by reducing the sintering temperature
from 1260 to 1150°C. This reduction is 13 times greater
when the a phase is driving the sintering, i.e., at lower tem-
peratures (Fig. 4(a)). The densification rate is higher for the
B phase domain despite the relative density being approx-
imately 80%; however, the densification rate is very similar
for all samples at the end of the plateau, which suggests that
the densification achieved during the sintering plateau
reaches equilibrium, which further suggests that there is a
maximum value of densification that can be achieved at
each temperature.
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Fig. 4. Densification rate as a function of the relative density of samples with powders less than 20 pm: (a) sintered at lower tem-

peratures and (b) for samples sintered at higher temperatures.
3.2. Activation energy

The data from Fig. 4 were used to estimate the activation
energy (Q) via the equation proposed by Wang and Raj [33]
based on the Arrhenius plot. Two temperature ranges were
evaluated: from 900 to 1000°C and from 1150 to 1260°C.
The initial Eq. (1) was proposed by Wang and Raj [33]:

dp

In (TT de———+ln[f p)|+Ind-ninG (1)
where T is the heating rate, G is the grain size, R is the uni-
versal gas constant, 7 is the absolute temperature, Q is the
activation energy, f (p) is only a function of density, # is the
time exponent of sintering and A4 is a parameter of the ma-
terial that is insensitive to G, 7, and p.

Knowing that7 is equal to the differential of the

. . dr _ .
temperature with respect to time ’mn and substituting this
t

value into Eq. (1), we obtain
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Fig. 5.

Here, sintering is evaluated at a constant temperature,
which leads to Eq. (3). This approach eliminates the diffe-
rential of temperature, leaving only the change in density as
a function of time:

dp)_
ln(T dtj_ 3)

The terms on the right-hand side of Eq. (3) involve grain
growth and are considered negligible because the particle
size and relative density at which analyses were performed
are not significant for grain growth. Thus, we calculated the
activation energy by measuring the densification rate
reached at a given relative density for different sintering
temperatures (Eq. (3)).

—%+ln[f(p)]+lnA—nlnG

Fig. 5(a) shows the Arrhenius plots for the samples sin-
tered between 900 and 1000°C, and Fig. 5(b) shows those
sintered between 1150 and 1260°C. To calculate the value of
0, a linear regression is performed, and the value of the
slope of the points corresponds to O/R, where the value of O
is obtained by knowing that R = 8.314 J'mol K .
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Arrhenius plots of the densification rate for the estimate of activation energies: (a) lower temperatures and (b) higher temperatures.
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Three values of Q were estimated at low temperatures
(Table 1). The values of Q for the finest and intermediate
powders at the same relative density (0.6) are quite similar:
302 + 8 kJ'mol " and 313 kJ-mol ', respectively. The value
of O for the coarser powders was 343 + 2 kJ'mol ', which is
12% higher than that obtained for smaller powders. Never-
theless, this value was estimated for a relative density of
0.56.

Table 1. Activation energies of the Ti6Al4V alloy calculated in
the lower temperature range (900-1050°C, in which the «
phase is predominant) for the different particle size distribu-
tion ranges

Temperature  Size of par-  Relative den-

range ticles / pm sity / % 0/ (I moly
900—1050°C 0-20 60 302+8
(o phase of 2045 60 313+2
Ti6Al4V alloy) 4575 56 343+2

Fig. 5(b) shows that a larger number of estimates of O
can be made from 1150 to 1260°C because more common
values of relative density were found between the different
particle sizes. The values of Q for the finest powders are 225,
247, and 273 kJ-mol ' for relative densities from 0.85 to 0.9
(Table 2).

Table 2. Values of the activation energy of the Ti6Al4V alloy
calculated in the higher temperature range, for the different
particle size distribution ranges

Temperature Size of par-  Relative den- _
rzr:nge ticles / r:lm sity / % 0/ (mol™)
0-20 85 225+5
0-20 88 247+ 4
1150-1260°C 0-20 90 273+£5
(B phase of 20-45 80 304+ 16

Ti6Al4V alloy) 20-45 83 220+ 1
2045 85 232+5
45-75 74 338+1

For the intermediate powders (2045 pm), three values of
the activation energy were estimated (304, 220, and 232
kJ-mol ") at three different relative density values of 80%,
83%, and 85%, respectively. For coarser powders, only one
value of O could be estimated (338 kJmol " at 74% of the
relative density). If the activation energy values are com-
pared for samples with the same densification, then we find
that the fine and coarse powders with 85% relatively density
had practically the same values. Therefore, the activation
energy is not directly affected by the particle size. Rather, an
effect related to the relative density of the material was
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found. This effect depends on the particle size and the sin-
tering temperature and is intrinsically related to the growth
of the necks and the local configuration of the particles.

The range of estimated O values is 225 to 343 kJ-mol
for relative densities between 56% and 90%. Different authors
have reported that lattice self-diffusion is the driving mechan-
ism for both o and [ phases of the titanium, giving a range of
activation energies from 123 to 328 kJmol ' [18,31,34-39].
Robertson and Schaffer [38] also estimated the activation
energy of the Ti6Al4V powders with a particle size distribu-
tion of 90-106 um and found a value of 290 kJ-mol '; they
concluding that lattice self-diffusion is the predominant
mechanism. Xu and Nash [23] estimated the activation
energy of Ti6Al4V powders with different relative densities
and found values similar to those reported in the present
work; nevertheless, they concluded that lattice self-diffusion
is the predominant diffusion sintering mechanism. However,
the range of values is relatively wide and it includes values
of O that could be associated with either volume or
grain-boundary diffusion mechanisms. Notably, the value of
QO in the present work decreases with increasing relative
density; for example, O values greater than 300 kJ-mol ' are
obtained for relative densities lower than 80% regardless of
the sintering size or the temperature. Q values between 220
and 240 kJ'mol " are estimated for relative densities from
80% to 90%. At densities greater than 90%, Q increases to
273 kJ'mol . This behavior reflects the different sintering
stages suggested in the sintering diagrams constructed by
Swinkels and Ashby [40]. This behavior also suggests that
the existing local microstructure affects the ratio between
the neck size and particle size, which controls the redistribu-
tion of mass during sintering.

Therefore, based on the values obtained from the activa-
tion energy, we conclude that the first stage results in a rela-
tive density as high as 80% and is controlled by the volume
diffusion mechanism. The intermediate stage is then con-
trolled by the grain-boundary diffusion mechanism. This
stage ends at approximately 90% relative density. The last
stage is controlled by the lattice self-diffusion mechanism. A
change in the mechanism of grain-boundary diffusion in the
network when the relative density reached approximately
90% was observed for sintered alumina particles with an
average size of 3 um [41]. This value was also found for 10
um silver particles [40] and for stainless steel particles [42].

3.3. SEM analysis

The sintered samples at the highest temperature (1260°C),
whose images from three different particle sizes are shown
in Figs. 6(a)-6(c). Samples sintered at the lowest tempera-
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ture (900°C) are presented in Figs. 6(d)—6(f) and include the
three different sizes. The pore size and volume decrease as
particle size decreases. Spherical and isolated pores are
found in the sample with the highest relative density (96%;
Fig. 6(a)). Meanwhile, the shape of the coarser particles is
still evident even when sintered at the highest temperature

(Fig. 6(c)).

A lamellar microstructure was detected for samples sin-
tered above the B transition as shown in Figs. 6(a)-6(c). By
contrast, samples sintered at the lowest temperature show
small necks. The sample prepared from the coarser particles
appears to exhibit only adhesion contact (Fig. 6(f)). The po-
rosity of the samples is clearly affected by the sintering tem-
perature and by the particle size of the powders, as expected.

for (d) 0—20 pm, (e) 2045 pm, and (f) 45-75 pm.

3.4. Mechanical properties

3.4.1. Microhardness

To assess the progression of sintering, microhardness
measurements were performed with a load of 500 g on the
polished surfaces. To obtain a representative value of the in-
terparticle bonding during sintering, indentations were made
at the neck sizes developed between particles. Thus, some
samples were not measured because indentations could not
be made between particles because the necks were too small
to be indented (Figs. 6(e) and 6(f)). The average values for
the microhardness as a function of temperature are shown in
Fig. 7. The microhardness values increased with increasing
sintering temperature for all particle sizes. The maximum
microhardness value was HV 353, which is almost four
times higher than the lowest value (HV 89).

The highest value is similar to that reported by Yan et al. [8],
who determined a value of HV 354 for a sample prepared
with 44-um Ti6Al4V powder and at a sintering temperature
similar to that used in the present work. The highest value is
also similar to the values reported by Chavez et al. [30] for
powders with a size distribution of less than 45 pm and sin-
tered between 1200 and 1400°C. However, these values are
slightly lower than those reported by Khan et al. [25] (val-

ues of HV 364 to HV 483), who sintered pre-alloyed < 20
pm powders of Ti6Al4V at 1300°C. Notably, the values ob-
tained decreased as the particle size was increased for the
same sintering temperature. This observation is explained
mainly by the relative density obtained with coarser powd-
ers being lower than that obtained with the finer ones. Fig.
7(b) shows the average values of the microhardness as a
function of the relative density; a linear behavior is observed,
where the microhardness increases as much as the relative
density. Nevertheless, microhardness values for samples
with the same relative density but with different particle
sizes indicate contradictory effects. For samples with lower
densities, smaller particles result in higher microhardness;
meanwhile, samples with relative densities of approximately
90% exhibit larger intermediate particle sizes with respect to
the finest ones. This observation is possibly associated with
the grain size, which likely grew during sintering for the
finest particles, as evident in Figs. 6(a) and 6(b). Thus, the
residual porosity exerts less influence than the grain size on
the microhardness values.
3.4.2. Compression tests

The compression behavior of samples with different par-
ticle sizes and sintered at different temperatures is shown in
Fig. 8. The stress—strain curves of the 2045 um samples



1396

sintered at 900 to 1260°C are presented in Fig. 8(a). As ex-
pected, the compressive resistance decreases with increasing
sintering temperature. This behavior is consistent with the low-
er relative density reached during sintering. The curve shows
three stages. The first stage is a steep stress increase that cor-
responds to linear elastic behavior. In the second stage, the
stress gently increases, suggesting plastic deformation. The fi-
nal stage shows a decrease in stress, indicating sample failure.
Next, to evaluate the effect of particle size and initial
packing, the stress—strain curves for samples with different
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particles sizes sintered at 1260°C and prepared from uniaxi-
al compression and loose powders are shown in Fig. 8(b).
The compression resistance decreased with increasing par-
ticle size. This trend is logical because the relative density
decreased as well. Fig. 8(b) shows that porosity plays a ma-
jor role in the compression properties rather than the particle
size of the powders or the initial packing of the samples.
The pore volume fraction remaining after sintering does not
increase the strain of the samples, unlike samples with arti-
ficially large pores [28,43].
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Fig. 7. Average values of microhardness for the different particle size ranges as a function of (a) the sintering temperature and (b)

the relative density.
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tween 20 and 45 pm and (b) for samples with different particle sizes and sintered at 1260°C.

To establish the effect of particle size on mechanical
strength, values of £ and the yield strength (oyieq) Were es-
timated from the stress—strain curves. Because the mechan-
ical strength strongly depends on the porosity, values of £
and oy;qq are plotted as functions of the relative density in
Fig. 9.

Both the £ and the oy;ciq exhibit polynomial behavior as a
function of relative density regardless of the particle size

and the sintering temperature. A wide range of E values
were obtained (3 to 85 GPa; Fig. 9(a)). A 10% pore volume
fraction can reduce the theoretical £ value for the casting
alloy by up to 50%. This effect is slightly lower for oyiciq,
where a 15% porosity is required to reduce the yield stress
to 50%. The range of values for the gy;qq is from 50 to 800
MPa (Fig. 9(b)). A comparison of the £ of samples with ap-
proximately the same relative density but prepared with dif-
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ferent particle sizes reveals that the E values are very similar
except when samples with 75% relative density were pre-
pared with particles < 20 um and 45-75 um. The samples
with the coarser powders have an E value twice as high as
that of the finest particles. This difference in E values could
arise from the difference in sintering temperatures used to

120 -
—— Gibson and Ashby n=2
~~~~~~~~ Gibson and Ashby n=5 g
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<
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achieve the same relative density. Coarser powders were
sintered at 1260°C, whereas the finest powers were sintered
at 1000°C. The sintering temperature likely affects the size
of the interparticle necks developed during sintering, which
results in greater sample elasticity. However, the oyicq is un-
affected by particle size.

1000 —— Gibson and Ashby n=1.5
900 | oo Gibson and Ashby n =15
o Exp. 020 pm
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- x Theoretical
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Fig. 9. Mechanical properties of the sintered samples as a function of the relative density: (a) Young's modulus and (b) yield stress.

The results were compared to several models proposed in
the literature for both £ [44-47] and oy;cia [46—48] (Table 3).
Most of the models are based on the Gibson and Ashby
power law [46] with some changes to parameters related to
the pore shape, critical pore volume fraction, etc. However,
these parameters are not easy to assess and most of them
only work for the system proposed by each author. Thus, we
used a straight line to compare the experimental results with
the power law proposed by Gibson and Ashby (Fig. 9). The
values obtained from the model overestimate the experi-
mental ones; nevertheless, the behavior proposed by the
power law is pertinent. Therefore, the exponent #» in the
power law was fitted for the experimental E values, and n
=5 was found to give a good match with the experimental
values (Fig. 9(a)). The same value of n was used to esti-
mate the oy;qiq, resulting in good agreement with the expe-
rimental results.

3.4.3. Fracture analysis

Fracture micrographs after compression testing of sam-
ples with different relative densities are shown in Fig. 10.
The images are ordered according to the relative density of
the samples from 58% to 96%. Figs. 10(a)-10(c) shows
samples with a relative density lower than 88%. Failure
clearly occurred at the interparticle necks, indicating the
concentration of stress in this area. However, samples with a
relative density of 92% show failure at both interparticle
necks and inside the particles (Fig. 10(d)) [49-51]. This ob-

servation indicates that the resistance reached this degree of
densification to facilitate a more continuous matrix. Thus,
the porosity begins to be more isolated and failure can
therefore occur anywhere.

Table 3. Models proposed to predict the behavior of E and
Gyiaa s functions of relative density

Model Constant values Authors
n
(P a=045 .
E—Eo[l aj w164 Kovacik [44-45]
Gibson and
E=E,D" =
0 n=2 Ashby [46]
=1.018 Simoneau
E=Ey(1-p)" “
0a(1-p) n=2.707 et al. [47]
oo D ! s Gibson and
°\ D, e Ashby [46]
2
1—
E=b ( 1p) F»=4p7 Nielsen [48
l+[—lJp / pp?  Nielsen [48]
Fy

The sample with a density of 94% (Fig. 10(e)) shows that
the failure originated in the isolated pores, indicating a stress
concentrator. Finally, the sample with the highest density
(96%; Fig. 10(f)) exhibits failure at the intergranular level.
The sample is preferentially broken through the grain boun-
daries or through the division of the lamellar microstructure
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obtained from sintering this type of powder. This breakage
occur parallel to sheets of the B phase, which are the weak-
est of the alloy. The type of fracture found in samples with

Int. J. Miner. Metall. Mater., Vol. 25, No. 12, Dec. 2018

densification greater than 92% is associated with isolated
pores that are nearly spherical, as reported for forged tita-
nium alloys [52].

Fig. 10. SEM micrographs of samples with different relative densities, after the samples were subjected to compression tests: (a)

58%, (b) 62%, (c) 88%, (d) 92%, (e) 94%, and (f) 96%, respectively.

This analysis suggests that the type of rupture generated
during compression tests is a function of the neck size be-
tween particles, which is closely linked to the relative den-
sity in the sample. Thus, sintering geometry shows that the
ratio between shrinkage (AL/L,) and neck ratio (X/D) is [49]

(s ®

where X/D is the ratio of the diameter of the neck (X) to the
diameter of the particle (D), AL/Ly is the sample shrinkage,
and b is a parameter determined experimentally (b = 3.6 in
this work).

Similarly, the usual assumption is that volume changes
during sintering (AV/V;) are isotropic. Thus, if the mass re-
mains constant during sintering, then the relative density
depends on the initial green density, and the shrinkage is as
follows [49]:

p=—"P0 )

ALY
1+—
( LO]

where Dy is the initial relative density or green value and D
is the relative density value reached.
Thus, an estimate of the relative density values as a func-

tion of the neck size and particle diameter ratio can be ob-
tained from Egs. (4) and (5), respectively. The neck values
were measured for different samples from scanning elec-
tronic microscopy (SEM) images; the average value of 50
necks was measured, and the particle size was considered
constant during the sintering process. To measure the inter-
particle necks, we obtained the Ferret diameter from the
fracture images. For the case where the relative density of
the samples is greater than 90%, the neck sizes were ob-
tained by measuring between spherical pores, which induces
a small error for samples with a relative density value great-
er than 90%, where grain growth may be important. How-
ever, the error can be considered smaller due to the particle
size used here.

Fig. 11 shows the relative density as a function of the
neck/particle size ratio estimated from Egs. (4) and (5) as
well as the experimental values obtained from the fractured
samples. The values estimated from Egs. (4) and (5) nicely
approximate the experimental results.

As shown in Fig. 10, the type of fracture that occurs in
samples with a densification of approximately 92% can be
observed in both particles and interparticular necks, imply-
ing a change in the fracture mechanism. Given the value of
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the relative density in Fig. 11, we estimate that the failure
will occur at the interparticle necks when X/D < 0.54.
Meanwhile, X/D > 0.54 will result in intergranular fractures.
This analysis indicates that porosity rather than particle sizes
or sintering conditions plays a major role in the mechanical
properties of sintered materials.
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0.95 | +
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0.90 i
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5 & 900°C, 2045 pm
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Fig. 11. Relative density as a function of the ratio of neck di-
ameter to particle diameter.

4. Conclusions

The sintering of the samples prepared with different par-
ticle size distributions was investigated to evaluate the effect
of particle size on the sintering kinetics and mechanical
properties of sintered compacts. We drew the following
conclusions:

As expected, the densification of samples was dependent
on the particle size and sintering temperature as well as the
initial packing. Densification was higher for smaller par-
ticles and higher temperatures. However, the particle size
did not affect the diffusion mechanisms. Rather, the porosity
evolution was assessed during sintering (or densification).
This porosity evolution drives the predominant diffusion
mechanisms, and they change as a function of the relative
density. Volume diffusion is predominant at relative densi-
ties below 0.8. Grain-boundary diffusion drives the mass
transport at relative densities from 0.8 to 0.9, and the vo-
lume diffusion is again predominant at relative densities
greater than 0.9.

Compression strength was also strongly affected by the
pore volume fraction; however, the particle size and sinter-
ing conditions did not affect its behavior. This behavior can
be predicted by the power law proposed by Gibson and
Ashby, with the exponent fitted from the experimental re-
sults.

The microhardness exhibits linear behavior with respect
to the relative density; nonetheless, samples with relative
densities greater than 90% were affected by the grain
growth and higher values of microhardness were found for
intermediate particle sizes. The fracture mechanisms are
linked to the ratio between the neck and particle size, which
is closely related to the relative density or pore volume frac-
tion. In addition, the shape and interconnectivity of the po-
rosity plays a major role in the fracture mechanisms during
compression tests. Therefore, the fracture changes from the
interparticle necks to the intergranular space is estimated at
an X/D ratio of approximately 0.54 when the pores become
isolated. We concluded that particle size and sintering con-
ditions affect the densification, whereas the diffusion me-
chanisms, compression properties, and fracture mechanisms
were not affected.
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