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ABSTRACT

The powder compaction modeling of advanced sintering techniques such as
spark plasma sintering is a crucial step in the conception of complex shape
objects and the understanding of the process. The complete identification of
common powder compaction models requires lengthy experimental investiga-
tions based on creep and compaction tests. In order to circumvent this problem,
a semi-theoretical approach can be employed whereby the mechanical behavior
of the powder material is determined theoretically and the temperature-de-
pendent equivalent creep behavior of the material is determined experimentally.
Extending the use of this approach to polymers, metals and ceramics is dis-
cussed and compared to other independent methods.

Introduction ¢ and possible specific parameters that may vary

depending on the sintering techniques [1-3].
The modeling of the powder compaction in spark Parameters such as the current, the electromag-
plasma sintering is a key step in the engineering of netic field, the local stress, local temperature
complex shapes. Establishing all the constitutive gradients or the presence of plasma may acceler-
parameters required for a sintering model constitutes ate the sintering kinetics [4-6].

a challenge that classically entails extensive experi-
mental studies. A comprehensive sintering model
should take into account:

Aside from the last-cited parameters that need to
be identified by comparison with the pure thermo-
mechanical behavior, the main challenge with the

e The dense material deformation behavior (often determination of classical sintering models lies in the
associated with linear viscous or creep power experimental deconvolution of the temperature-de-
law), pendent creep behavior (that describe the dense

e the mechanical moduli (describing the deforma-  phase behavior) and the porosity-dependent moduli
tion behavior of the porous medium), (governing the porous material behavior). In the case

e the sintering stress, of spark plasma sintering, at least four model
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parameters (creep and moduli parameters) are
required, but the experiments only provide two
information, the displacement and the applied load.
The classical approach employed to establish a com-
paction model consists in performing experiments in
different loading modes (die compaction, sinter-
forging, isostatic loading, forging etc.). Classically,
the power law creep is determined at different tem-
peratures by creep tests on full dense samples. The
porosity-dependent moduli are determined by hot
isostatic pressing and sinter-forging tests on samples
at different porosity rates [7]. A simpler approach
based on die compaction and sinter-forging has been
adapted to spark plasma sintering (SPS) for Ti-6Al-
4V [8] and TiAl [9] and Ni [10]. These approaches
facilitate the identification of all the sintering
parameters, but they require extensive testing in
order to reach the deconvolution of all the compul-
sory parameters. It is also to be noted that full dense
creep tests for the identification of the power law
creep may yield a different behavior if the specimen
is subjected to phase transition, particularly during
the densification stage or to grain growth that is
particularly significant in high density ceramics.
Setting aside stable large grain size alloys (less sen-
sible to grain growth), the classical method does not
easily apply to ceramics or nano-sized metals. To
address this problem, in situ methods may be
preferable. In this paper, a direct in situ method is
considered based on a previously described method
[11] and applied to various materials. Using this
approach, the porosity-dependent moduli are deter-
mined by means of a theoretical law and the creep
parameters are identified via simple SPS tests. A
comparison of the stress exponents 1 obtained via the
in situ approach and by the method of Li et al. [12]
will be made. The in situ approach will also be ana-
lyzed using the Skorohod [13] and Abouaf [7, §]
models for Ti-6Al-4V. Finally, the accuracy of the
in situ methods in regard to the basic material classes
(polymer, metal and alloy, ceramic) will be discussed.

In situ methods of sintering parameters
extraction

Regression approach for the identification
of the creep parameters

The in situ methods based on the continuum theory
of sintering [2] consider the following hypothesis:

1. the generalized porosity-dependent moduli
determined by Skorohod [13] provides a reason-
able approximation of the stress/strain distribu-
tion in the equivalent porous medium
represented by the powder

2. the material ductility potentially influenced by

the heating rate and the electric current can be
described by a general exponential form of
temperature dependence [14, 15]

3. the temperature/pressure gradients in the sam-

ple are negligible (reasonable in small sample
sizes)

4. the powder/die friction is low. It has been

experimentally demonstrated that for small pellet
geometry and the use of a lateral graphite foil, the
powder/djie friction is very low [16].

Based on the above hypothesis, we have realized it
is possible to identify the creep parameters employ-
ing Skorohod moduli [13]. Based on hypothesis
number 2, a constant heating rate regime regression
can be analyzed assuming an Arrhenius-type ductile
behavior. This behavior can predict the evolution of
ductility that increases and accelerates with the
temperature. As we have already shown in ref. [11],
the regression equation for this method is the

||

following:
nln pes) — | —In(T)
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where # is the dimensionless power law creep stress
exponent, |o;| the applied stress (Pa), |¢;| the speci-
men strain rate (s~'), 0 the porosity rate, T the tem-
perature (K), R the gas constant (| K~! mol™), ¢ and
Y are the dimensionless shear and bulk moduli
determined here by Skorohod [13], Ay and Q the pre-
exponential constant (Ks™'Pa™™) and activation
energy (J mol™") of the power law creep Arrhenius
term.




In this method, the parameters Ay and Q are
determined for different values of n. In the original
method [11], the n value is determined by compar-
ison of the curves shape for each n values (between 1
and 5 here). As it will be discussed later, this quali-
tative identification of 7 is not always possible due to
the accuracy of the comparison of the curves at dif-
ferent n. We have then added to this method another
independent determination approach of n based on
the work of Li et al. [12]. This approach is called the
“multistep pressure” method and is described in the
next section.

Multistep pressure approach for a separate
identification of n

In this method, different successive steps of pressure
are investigated in a classical die compaction SPS
experiment and in isothermal condition. The value of
n can be identified by the typical acceleration of the
strain rate resulting from the pressure “jump” from
one step to another [12]. If the difference of porosity
between the two steps of pressure is small, the rela-
tion allowing to calculate # is given by:

In (M>
. |é22|

" In (@) =
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where the indices 1 and 2 indicate the different
compressive strain rates ¢, and stress isobar ¢, before
and after the pressure “jump.”

However, if the transition time between the two
pressures is long or if the pressures difference is too
high, a slight change of microstructure (mainly the
porosity) can influence the n determination using
Eq. (2). To account the eventual microstructure
change during the pressure “jump,” a more general
and comprehensive form of Eq. (2) has been deter-
mined by Li et al. [12]:

exp(—|ex|)—(1—00)|é,

= exp(—|ex|)—(1-6,
In (2 exp(leza| — leaa )/ S2H2=0)

with 6y the initial porosity.

This method is specifically dedicated to the iden-
tification of n. The other advantage of this approach is
that it can be applied to the SPS in closed conditions
to the first study (die compaction with graphite tools,
pulsed electric current, vacuum atmosphere etc.). For
the theoretical point of view, Eq.(3) has been

determined with the same powder densification
model used in the regression method (Olevsky [2])
and the same hypothesis of mechanical moduli ¢ and
Y (Skorohod [13]). The two methods are then coher-
ent to each other as they use the same model and
hypothesis. This method is investigated to calculate a
value of n that can be compared to the value obtained
qualitatively using the first regression method. A
discussion on the accuracy the n determination with
both approaches will be done for varied materials.
The influence of the mechanical moduli ¢ and ¥ on
creep parameters identification will be also
discussed.

Experiments

All the experiments where performed on an SPS
machine (Dr. Sinter 2080, SPS Syntex Inc, Japan) of
the Plateforme Nationale CNRS de Frittage Flash
located at the University of Toulouse III-Paul Saba-
tier. Three tests were carried out for the regression
method experiments; one was meant to determine the
specimen displacement, another one to subtract the
elastic and thermal expansion contributions and the
last one to determine the sample temperature by an
additional K type thermocouple placed in the pow-
der. Six different powders of 4Y-ZrO, (from Tosoh)
for the ceramic, Fe (from Fluka), Ti-6Al-4V (from
Aubert & Duval) and Al (from Goodfellow) for the
metals and alloys, poly(methyl methacrylate)
(PMMA from Aldrich) and polystyrene (PS from
Goodfellow) for the polymers were analyzed. These
powders have been selected to represent the behavior
of the three main classes of materials from polymers
(PMMA, PS), low-temperature metal (Al, Fe), high
temperature alloy (Ti-6Al-4V) to ceramics (4Y-ZrO,).
The multistep method has been used for all metal and
ceramic samples in classical SPS die compaction
configuration and isotherm conditions. The dwell
temperature has been reached by a 100 K/min tem-
perature ramp followed by the holding of 250 °C for
Al, 600 °C for Fe 850 °C for Ti-6Al-4V and 1100 °C
for 4Y-ZrO,, After stabilization of the temperature,
about 3—4 successive pressure steps were generated
manually in order to measure the variation of strain
rate at each pressure “jump.” Different values of # are
determined to calculate a standard deviation to esti-
mate the error of the method. For each multistep
tests, the thermal expansion can be neglected because



the experiments are in isothermal conditions, but the
sample real temperature has been determined sepa-
rately by an additional experiment with a thermo-
couple in the powder.

Results and discussion

In a first section, the outcome of the regression and
multistep method for different materials is presented
and discussed. The next section is a discussion on the
influence of the mechanical moduli on the extracted
creep parameters. In this section, the regression
method is expressed using the Abouaf model and
experimental moduli we previously determined for
Ti-6Al-4V. This fully experimental approach enables
the comparison of the creep parameters identified by
experimental /theoretical moduli and reveals the
accuracy of the first methodology.

Determination of the creep parameters
by regression and multistep approaches

The experimental sintering curves of each of the
powders studied are reported in Fig. 1. Due to the fact
that all of these materials have very different sintering
temperatures, different conditions have been exam-
ined for each one of these powders (see the experimental
conditions inserted in Fig. 1). Setting aside polymers that
have a typical viscous behavior, working out the  has
been done via the multistep method [12] in isothermal
conditions on all the other materials. The typical
stress/displacement curves for all the materials tested
by multistep method are reported in Fig. 2, and the
n values extracted from these curves are provided in
Table 1. The average n values are estimated using
Eq. (3) and the strain/strain rate/stress values before
and after each pressure “jump” [12]. The location of the
measures of strain rate used in Eq (3) on the displace-
ment curves is highlighted in Fig. 2 by blue and red
lines (with in bleu the slope before the pressure “jump”
and in red the slope after the pressure “jump”). In
addition, all the Ay and Q values obtained by linear
regression using Eq. (1) for each n value tested ranging
from 1 to 5 are reported in Table 2. Based on this data,
the modeled curves for each material and each tested
n can be obtained (Fig. 1). The comparison of the
n qualitatively obtained using the experiment/mod-
eled curves (Fig. 1) and the average n value resulting
from the multistep method are reported in Table 1.

The curves reported in Fig. 1 point out the high
sensitivity of the different modeled relative density
curves shapes to the value of considered n. These
differences can be quite high, like in the PS experi-
ment and very low such as it has been observed in the
Ti-6Al4V experiment. The metals and alloy pow-
ders exhibit between 2 and 7% of densification in the
range of the low temperatures. This phenomenon can
be attributed to the plastic deformation of the metals
particles. This phenomenon is typically not explained
by our model which is restricted to the high tem-
perature creep behavior. However, except for the
case of aluminum and iron, this contribution is low
on the other powders. The comparison of the curves
(Fig. 1) concern then the main densification part of
the curves; the initial part can be subject to discrep-
ancy originated from plasticity and we showed pre-
viously [17] the final stage can also be disturbed by
the grain growth.

Both methods indicate n values with a different
range of accuracy, but they converge to similar
n values. The use of the multistep method is partic-
ularly well suited for Ti-6Al-4V and Al where the
qualitative evaluation of 7 is difficult (relative density
curves are similar for the different tested n values).
An n value close to 1 is observed for yttria-stabilized
zirconia (YSZ) and the polymer powders. For the
polymers or amorphous glass materials, a linear
viscous behavior is classical [18]. Concerning YSZ,
this result seems to indicate a dominant Coble grain
boundary diffusion creep mechanism [19]. Similar
n values, close to 1, are reported for this material in
refs. [20, 21] and n = 2 in [22]. For iron and alu-
minum metals, the low-temperature densification is
not accurate, but for the middle section of the curve,
n values seem close to 2 for Fe and 4-5 for Al. As to
Al, the n value is typical [23], for Fe the 1 value of the
pure metal should be near 4 [24], but the value is
closer to the iron oxide exponent closer to 1 [25]. For
the iron powder, the hypothesis can be made that the
lower n value is due to the creep behavior of an iron
oxide shell as it is well known that transition metal
particles are usually passivated by an oxide layer.

Influence of the mechanical moduli ¢ and
on the identified creep parameters

The determination of these parameters depends
heavily on the porosity-dependent moduli here, ¢
and { that govern the mechanical field behavior in
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the equivalent porous material. These parameters are
generally considered using theoretical approxima-
tions such as the one we used in the regression
approach (Skorohod theoretical moduli [13]). How-
ever, these moduli may evolve with the material
and/or the powder morphology. Using experimen-
tally determined moduli (instead of theoretical
moduli) will thus help improve the accuracy of the
identified creep coefficients preventing the compen-
sation of these coefficients for non-adapted moduli.
Such a comparison is possible on the Ti-6Al-4V case

(K)

360 380 300 310 320 330 340 350 360 370 380

Temperature (K)

(Fig. 1) using the moduli we previously determined
in ref. [8] on the same powder and using Abouaf
model [7]. The regression Eq. (1) that uses the
Olevsky [2] model needs then to be reformulated
using the Abouaf model. Abouaf regression Eq. (4)
has been determined from Eq. (5) of stress in the case
of die compaction (see ref. [8]). The formulation of the
regression equation using the Abouaf model is also
useful because numerous experimentally determined
moduli [8-10, 26-29] use this model.
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Fig. 2 Displacement and stress curves for the multistep method of Li et al.

Table 1 Comparison of the stress exponents determined inde-
pendently by the multistep method (Li et al.) approach and esti-
mated qualitatively (regression method) on the curves in Fig. 1

Materials n multistep method + n qualitative
4Y-ZrO, 1.7 0.7 1

Fe 2.2 0.4 2

TA6V 1.9 0.5 2-3

Al 5.4 0.9 4-5

nTH n
el (4+3) 0
In = +1In(T) = In(Ag) — RT 4)
9(3) " ol

n+l

Lo/ a 1\ 71
loz| = A7n[é| (5) <E+/7> 9 (5)

where c and f are the Abouaf shear and bulk moduli.

Equation (4) was tested on Ti-6Al-4V, and the
experimental ¢ and f moduli of Ti-6Al-4V can be
found in Ref. [8]: their fitting expression is reported
below.

B 15

f=0.023 (%) (6)
1.3

c=1+130 <—(£1_02)> (7)

where p is the relative density.

The complete methodology applied to the Abouaf
model is reported in Fig. 3 with on the right side, the
regression curves for the determination of A, and
Q for different n values, and on the left, each modeled
densification curves using the determined creep
parameters. Like for the previous approach (Fig. 1 for
Ti-6Al-4V), this new approach using experimentally

Table 2 Identified creep

parameters using the n 4Y-Zi0, Al Fe TA6V PMMA PS
Eirffsgi,fn ::éog (i‘:l’ thAdoin 5 o 232 49.0 198 527 62.5
& ol Ay 6.02El 930E—6  5.66E—5  8.39EI 1.80E1 3.83E2
2 Q288 33.8 675 228 76.6 75.7
Ay 313E—4  361E-12  164E—11  100E—4  635E-3  3.24E-3
3 Q35 443 86.0 259 101 88.9
Ao 1.63E—9  140E—18  473E—18  120E—10 224E—6  2.74E—8
4 Q  4» 54.9 104 289 124 102
Ay 84TE—15  545E-25  137E-24  144E—16  7.88E—10  232E—I3
5 Q491 655 123 319 148 115
Ay 440E—20  2.12E=31  395E-31  1.72E-22  278E—13  1.97E—I8
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Fig. 3 Regression method applied to the Abouaf model and for Ti—-6A1-4V.

determined ¢ and f succeeds in explaining the main
experimental data points. Some discrepancy can be
observed at the end of the sintering stage between the
experimental points and the simulated curves. Like
previously, the n qualitative identification is also
difficult as the variation of the modeled curves with
n is particularly small in this case. The value of creep
activation energy experimentally measured in Ref. [8]
for n = 2 is 416 k] mol~! which is close to the present
identified value of 405 k] mol™! but far from the
228 k] mol ' value determined using theoretical
compaction moduli (see Table 2). This example
clearly illustrates the compensation that occurs on the
identified creep parameters to correct the curves
when theoretical moduli are employed. In other
words, the identified creep parameters (4, and
Q) correct the eventual mistake originated from the
difference between the experimental and theoretical
moduli.

Conclusion

The capacity of the regression approach to predict
spark plasma sintering densification in a wide range
of materials has been analyzed, and three main con-
clusions are highlighted.

o Firstly, this approach of densification parameters
extraction is fast and successful for the establish-
ing of the densification model regardless of the
materials. The model/experiment error is less
than 7%. For the metals, 2-7% of discrepancy is
associated with a phenomenon of plasticity at low
temperatures not considered by the model.

e The combination of the regression method (which is
very efficient to determine the creep parameters A
and Q) and the multistep method of Li et al. for the
independent determination of 7 is particularly well
suited for materials in which the qualitative estima-
tion of n (by the regression approach) is difficult.

e Finally, the comparison for Ti-6Al-4V of the
regression with theoretical/experimental moduli
shows different identified creep parameters for a
same densification curve. When theoretical mod-
uli are employed, the identified creep parameters
compensate the eventual moduli discrepancy;
these creep parameters can then be considered
more as equivalent parameters.
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