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The electrical and thermal contact resistances are key parameters for obtaining an accurate electro-thermal
model of the spark plasma sintering (SPS) process. However, due to the lack of a general expression, these pa-
rameters are usually determined empirically. Thus, they are only valid for a specific material and SPS config-
uration. A simple method based on a limited amount of experiments as well as a new formulation of the electrical
and thermal contact resistances are developed. First, the evolution of those resistances is optimized on simple

shapes (pellets) experiments. They are then transferred into the electro-thermal simulation of complex shapes
configurations, which showed a good agreement between the experimental and computed data.

1. Introduction

Spark plasma sintering (SPS) is a powder consolidation technique
that can produce fully dense materials within minutes and at lower
production costs compared to other conventional techniques [1]. The
application of uniaxial pressure combined with a pulsed direct current
allows the sintering of powders or porous materials such as ceramics,
refractory metals, or intermetallics at a temperature lower than their
melting temperature [2,3]. Compared to conventional sintering, the SPS
allows to lower the consolidation temperature as well as the processing
time. One of the benefits is to keep a fine microstructure throughout the
process, which can enhance the mechanical properties of the material
[4-6].

Since the 2000s the number of publications regarding numerical
modeling of SPS has significantly increased because it can offer several
benefits and possibilities [7]. One is the determination of the tempera-
ture and the current that goes through the SPS column (comprised of the
electrodes, spacers, punches, die and sample) [3]. After a thorough
calibration, it allows a better understanding of the mechanisms involved
and the model can then be used as a predictive tool for other experi-
ments. Such a tool would then help reducing thermal gradients in the
sample, which would lead to more homogeneous densification and
microstructure.

Several authors have identified the electrical and thermal contact
resistances (ECR and TCR respectively) as crucial parameters to obtain a
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good thermo-electrical model of the process [8]- [13]. Those resistances
can be found at each interface between each part of the SPS apparatus
(tooling parts and sample). A theoretical expression of the ECR and TCR
could be used [10,14], but is difficult to implement in the model due to
the presence of parameters like the lateral pressure or the specific sur-
face area of the contact that cannot be determined experimentally. Thus,
they are usually evaluated empirically and are only valid for a specific
machine, configuration, or material. A formulation developed with a
certain configuration of the SPS apparatus are usually not transposable
to another machine or material. Therefore, the objective of this study is
to develop a simple approach based on an optimization algorithm to
determine the ECR and TCR of an SPS apparatus. With this method, an
accurate electrothermal model of the sintering of a material by SPS can
be obtained with only one experimental trial. Furthermore, the contact
resistances numerically identified can then be used for any complex
configuration provided that the same tooling (die and punches) and
experimental conditions (pressure and heating rate) are employed. The
benefits of this method are its ease of use as well as its versatility in terms
of materials, which are not only limited to ceramics. To validate the
model and demonstrate its feasibility, it is first calibrated on three
different configurations of alumina samples and one titanium aluminide
pellet. Then, the contact resistances optimized on simple pellets are
tested on more complex bi-material configurations to show the effi-
ciency of the approach.
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2. Materials and methods

All the sintering experiments were performed on the SPS machine Dr.
Sinter 2080 (Japan) located at the Plateforme Nationale CNRS de Frit-
tage Flash (University of Toulouse III — Paul Sabatier).

The graphite used for the dies, spacers and punches was provided by
Toyo Tanso©. For all experiments, a 200 pm graphite foil (PERMA-
FOIL®Toyo Tanso) was placed to cover the inside wall of the die, as well
as at the interfaces between the punches/sample and spacers/electrodes.
A graphite felt is placed all around the outside wall of the die to mini-
mize the heat loss during the experiment. The two different materials
used, were one ultra-pure alumina (99.9 %, spray-dried granulates with
an average crystallite size of 150 nm and a mean granulate size of 35 pm,
from Nanoe) and a titanium aluminide powder (Ti-4822-9, with an
average grain size of 75.4 pm, from Praxair).

Two different sets of experiments were performed in this work. The
first one is conducted to calibrate the thermo-electrical model and the
second one to test its efficiency on more complex configurations. The
first set of experiments consists in the sintering of 3 mm thick pellets of
alumina and TiAl inside dies of different diameters (i.e. 8, 20 and 36
mm). The different setups are illustrated Fig. 1. For the 8 mm setup, T-
shaped punches were used for the stability of the assembly. The second
set of experiment, on which the model will be tested consists in three
different configurations illustrated Fig. 2. The first configuration con-
sists in the sintering of a bi-material pellet composed of a pre-sintered
alumina pellet on top of a TiAl powder. For the three configurations,
the alumina part was pressed and then sintered at 1000 °C for 1 h in a
Nabertherm®© oven up to a 50 % density. The goal of this step is to pre-
sintered the alumina so that it acquires a minimal mechanical strength.
This allows its manipulation and facilitates the setting up of the bi-
material samples. The second set-up is composed of a 15 mm diameter
TiAl pellet (in powder form) enclosed in a pre-sintered alumina part
(which is composed of two pieces as illustrated Fig. 2b). The last
configuration is a TiAl star-shaped object placed under an alumina
counter-part. This set-up relies on the patented sintering technique
developed in the work of C.Manieére et al. [15] that allows the fabrica-
tion of complex shapes by SPS. The counter-part is first pressed in a 36
mm die with a suitable punch and then pre-sintered. The TiAl powder is
then introduced in the counter-part and the whole assembly is then
sintered.

For all configurations, the current delivered by the SPS generator,
during all the thermal cycle is acquired by the SPS machine. It is

important to note that the current measured by the SPS machine cor-
responds to the average value of the current. The actual current
responsible for Joule heating of the apparatus corresponds to the root
mean squared (rms) value of the current [14,16]. To switch from the
average to the rms value of the current the same corrective factor as A.
Pavia et al. [16] was used since it was determined on the same SPS
machine. For the experimental validation, the choice has been made to
work with the current and not the voltage, since the SPS machine used in
this study is a current generator and not a voltage generator. A previous
study of the machine has showed that a precise current measurement is
easier [16]. However, depending on the machine, in some cases it is
better to work with the voltage instead of the current [17].

For the first set of experiments, the temperature was measured at
three different locations in the die (as illustrated Fig. 3 (a)) with K-
thermocouples. One is placed in a hole located in the outside wall of the
die (1.5 mm in diameter and 3 mm in depth) to measure the control
temperature, which is used by the SPS machine for the current regula-
tion. For each configuration, the two other thermocouples are placed
inside the powder sample. One in the middle and one located 1 mm
away from the inside wall of the die (Fig. 3 (b) and (c)), through holes
drilled across the die walls. The three thermocouples are placed 120°
away from each other, as showed Fig. 3 (a). These two measurements are
used to fit the thermo-electrical model.

For the second set of experiments, besides the control temperature
being measured in the die (like the previous one), the temperature was
also measured in the TiAl powder and the pre-sintered alumina. For the
bi-material pellet, the temperature was measured at the center of each
pellet (Fig. 3 (d)). For the TiAl pellet enclosed in the alumina, the
temperature was measured in the center of the TiAl and 5 mm away from
the inside wall of the die (Fig. 3 (e)). For the last configuration the
temperature was taken in the middle of the star-shaped TiAl and 3 mm
away from the inside wall of the die (Fig. 3 (f)).

For each experiment, the pressure is applied linearly from 0 to 25
MPa in 3 min. The higher the applied pressure is, the lower the contact
resistance is. However, since holes were drilled across the die wall, an
important pressure is more likely to break it. Then, the pressure is held
for the rest of the experiment. For the calibration trials, after the pres-
sure build-up, the setpoint temperature (measured on the die outside
wall) is set to increase at a rate of 100 °C/min from room temperature up
to 1200 °C, the thermocouple upper use limit. For the three complex
configurations, the pressure was linearly applied during the first five
minutes of temperature rise. All experiments where stopped whenever

. N N
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Fig. 1. Cross section of the three calibration configurations of the SPS column with die sizes of (a) 8 mm, (b) 20 mm and (c) 36 mm.
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(a) ! (b) ! (C) I

Fig. 2. Cross section of the three complex configuration - (a) bi-material alumina/TiAl pellet, (b) TiAl pellet encapsulated in alumina and (c) TiAl star-shaped object

with an alumina counter-part.

(b)

thermocouple

(c)

— - =

(e) (f)

Fig. 3. Position of the thermocouples in the die for the calibration trials (a), the alumina pellet (b), the TiAl pellet (c), the bi-material pellet (d), the TiAl encapsulated

(e) and the star-shaped object (f).

one of the thermocouples used as reached the 1200 °C. The regulation of
the set-point temperature is obtained through PID regulation on the root
mean square of the current delivered during the SPS experiment [18].
Thanks to a good PID regulation, the measured temperature (as well as
the calculated one) accurately follows the set-point temperature. Thus,
to facilitate easy reading of the results, the temperature of the outside
wall of the die will not be showed in the results.

3. Theory/calculation

All the computational work was done on Comsol Multiphysics©
software. The SPS process was modeled using a finite element analysis
considering only the thermal and electrical aspects of the process. The
model used for the FEM calculations is 2D-axisymetric and the geometry
was treated as a union. For each simulation, in addition to the materials
parameters, the input variable is the setpoint temperature taken on the
outside wall of the die (heating ramp of 100 °C/min up to 1200 °C) while
the output parameters are the Current and Temperatures (at the border
and center of the sample). Even though powder was used for the ex-
periments, the sintering aspect of the process was neglected. A pre-
liminary unpublished study has showed that the creep and sintering
considerations have a very limited effect on the calculated temperature

and current (only a difference of less than 1% is introduced).
3.1. Thermo-electrical simulation

During the SPS, most of the heat is generated by Joule heating when
the current flows through the column. The constitutive thermal and
electrical equations, as well as their coupling, has been widely studied in
the literature [3,19]. The general heat equation applied to a volume V
with a surface S can be written as follow:

or
/ PG av — / VYTV + / Gdv+ / o+ doomy + d + do)dS (D)
v ot v % s

Where p is the density, Cp the specific heat, T the temperature and k the
thermal conductivity. This equation is usually paired with the charge
conservation equation [19]:

v =0 ®))

The coupling between the thermal and the electrical aspect of the
problem is achieved by the second term on the right-hand side of Eq. (1),

which describes Joule heating. It depends on the electrical field F and
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the current density 7 as follow:
G.=ET ©)

The boundary conditions are contained in the last term of Eq. (1). ¢,
Geonys G- €1 g, are respectively the thermal conduction, convection and
radiation and the heat transfer induced by imperfect contacts between
the bodies of the SPS column. The last one will be developed later in this
paper. The heat is radiated to the surroundings from the surface of each
component, whereas the cooling of the two electrodes is obtained by
convection using a water cooling circuit:

'r = 0s€ Te4 - Ta4
{ o = hm(m(n - T3> “)
Where o is the Stefan-Boltzman constant, € the emissivity and h, the
convection coefficient. T, is the emission surface temperature, T, the
chamber temperature, T; the electrode surface temperature and T,, the
water cooling temperature.

The convection coefficient is set at 200 W/(m?K) and the emissivity
of the electrodes, the graphite tooling and the graphite felt are 0.71, 0.8
and 0.3 respectively [20]. The electrical and thermal properties of
graphite, Inconel, alumina and TiAl used in the simulation of the process
are summed up in Table 1 [21]. The porosity dependence of the prop-
erties for the alumina and titanium aluminide was the same as in the
work of R.Orrl1 et al. [3]. As a first approximation the porosity was
assumed constant and equal to the compacted bulk density of the
powders, which are 50 % for the alumina and 65 % for the titanium
aluminide. Furthermore, it is important to note that compared to bulk
graphite, which is isotropic [22], the electrical and thermal conductivity
of the graphite foil are respectively about 40 and 140 times superior
parallel to the surface according to the producer Toyo Tanso©.

3.2. Theory on contact resistances

Thermal and electrical contact resistances (TCR and ECR respec-
tively), are induced by imperfect contacts between two interfaces. In an
ideal situation, when two objects are in contact, the current can flow
freely through the interface from one element to the other. Thus, there is
neither current nor temperature discontinuities at the interface. How-
ever, in a real contact, only a fraction of the surface allows the current
flow due to surface asperities. This is called the specific surface area. It
leads to a discontinuity of the electrical potential and the temperature.
Though, it is easier to work with the expression of the electric and
thermal fluxes at the interface since it is difficult to experimentally
determine the specific surface area.

{ J=0,(Vi — V)

do = Iu(Ti ~ T3) ©

Where o, and h, are the electrical and thermal contact conductance,
and Vy and Ty are the electrical potential and the temperature on both
sides (x = 1 & 2) of the interface.

Table 1
Physical properties of inconel, graphite, alumina and TiAl.

Material Heat Thermal Electrical Density
capacity (J. conductivity (W. resistivity (Q.m) (kg. m™3)
kg Lk m LK

Inconel 344 + 2.50 10.1 + 1.57 x 9.82 x 10~7 4 1.60 8430
x 107! T 102T x 1070T

Graphite 34.27 +2.72 123 - 6.99 102 1.70 x 107°-1.87 1904-
T-9.60 x T+155x10° x108T+1.26 x  0.01414T
107412 T2 101 T2-2.44 x

107513

Alumina 850 39,500 T - 1.26 8.70 x 10'° T~482 3899

TiAl 583 +9.40 9.47 + 1.19 x 4.06 x10774+6.45 3900
x1072T 102T x 100T

All the contact resistances that were considered in the model are
summed up in Fig. 4. For all the horizontal contacts: electrode/spacer,
spacer/spacer, spacer/punch and punch/sample, the values of the
electrical and thermal resistances used were the ones developed by C.
Manieére et al. [12]. However, it has been showed that the impact of the
contact resistances on the final electrothermal simulation is negligible at
high pressures (>10 MPa) [19,23]. Thus, even if it does not fully
correspond to the actual values of the resistances, it would only have a
negligible impact on the outcome of the simulation.

The crucial parameters in the thermo-electrical model are therefore,
the vertical TCR and ECR punch/die and sample/die. The graphite foil
placed on the inside wall of the die greatly influences the electro-thermal
behavior of the SPS column. A great amount of current flows through it
which leads to a localized heating of the foil due to the TCR between the
graphite foil and the die, punches and sample [21]. Thus, the contact
resistances were considered on both side of the graphite foil. Those re-
sistances, directly linked to the pressure between the two objects in
contact, are very difficult to evaluate experimentally. However, vertical
contact resistances in the SPS have been studied in the literature. First,
they were considered as constants with temperature and pressure [8,9].
However, the contact pressure varies over the SPS trial as the temper-
ature increases and thus as the materials creep. Then, a temperature and
pressure dependence were introduced in the expression of the ECR and
the TCR [10,14]. However, most of the time those expressions are
difficult to implement in the model due to the presence of unknown
parameters that cannot be determined experimentally. Thus, the ex-
pressions of the ECR and TCR can be determined empirically while
keeping a temperature dependence [11,13]. Nevertheless, those ex-
pressions only correspond to a specific SPS configuration or material. To
have a good grasp on the issue, the evolution of the current and tem-
peratures in alumina samples with sizes of 8, 20 and 36 mm was
modelled using the ECR and TCR determined by C. Maniére et al. [12]:

ECR punch/die (Q.m*) = d,,(1,7.10 — 9,5.107".T)F,

TCR punch/die (mZ.K / W) = dpgp (80 + 50 2(1)_027;07‘) Fp =
Where d,g is the thickness of the graphite foil, and F, and Fr are
dimension dependent factors.

Fig. 5, Fig. 6, Fig. 7 illustrate the difference between the experi-
mental and calculated data. In their work those resistances where also
determined with alumina samples and on the same machine used for this
study. However, C. Maniére et al. [12] work was performed on samples
sizes of 10, 20 and 30 mm in diameter, with homothetic dies configu-
rations, which is not the case in the present study.

> ECR & TCR electrode/spacer

__» ECR & TCR spacer/punch

__» ECR & TCR punch/sample

> ECR & TCR sample/dic

* ECR & TCR punch/dic

———

— ECR & TCR spacer/spacer

Fig. 4. Location of the contact resistances along the SPS column.
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Fig. 5. Evolution of the current through the SPS column for 8 mm (a), 20 mm (b) and 36 mm (c) diameter alumina samples.

(a) Center temperature of the Smm alumina sample (b) Center temperature of the 20mm alumina sample
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Fig. 6. Evolution of the temperature at the center of alumina pellets with a 8 mm (a), 20 mm (b) and 36 mm (c) diameter.

The significant difference with the experimental data shows that the 3.3. Determination of the ECR and TCR
expression developed by C. Maniére et al. [12] only corresponds to a
certain type of configuration, specific to a die, spacer, punch and sample
size. Since a general formulation for the contact resistance has not been
found yet, it is important to develop an effective way to determine the
vertical ECR and TCR in any configuration.

Looking at the expressions of the TCR and ECR Eq. (6), it appears that
they are both decreasing function with temperature. However, the ECR
is a linear function, which is an issue above 1500 °C because the resis-
tance becomes negative. For the scope of this study, a new form of the
TCR and ECR was introduced. For both expressions, a decreasing



A. Van der Laan et al.

@
1400
1200 A
1000 D i
800 aA e
600 |
400 it
200 A

Border temperture of the Smm alumina sample

Temperature (°C)
»

300 400
Time (s)

500 600 700

4 Experimental —— C.Maniére et al.

()
1400
1200
1000
800
600
400 A
200 P o

0 A el

0 100

Temperarre (°C)

4 Experimental

300

(b)
1400
1200
1000

300
600 sihe

</"/
400 at
200 e

0 A

0 100

Border temperature of the 20mm alumina sample

Temperature (°C)
X

200 300 400

Time (s)

500 600 700

4 Experimental ——C.Maniére et al.

Border temperature of the 36mm alumina sample

400 500 600 700
Time (s)
—— C.Maniére et al.

Fig. 7. Evolution of the temperature 1 mm away from the side of alumina pellets with a 8 mm (a), 20 mm (b) and 36 mm (c) diameter.

exponential function was chosen as follow:

{ ECR (Q.m*) = a.exp( — b..T)

TCR (m* K /W) = arexp(— br.T) 7

The a,, b, ar and b; are parameters to be determined and ECR and
TCR are strictly positive. The benefit of this expression is that given the
right couple of parameters a and b, it can approximate the two types of
function seen previously, as illustrated Fig. 8.

First, only the sample of alumina is considered. Due to its low elec-
trical conductivity it is assumed that no current flows between the
graphite and the sample. Thus, only the ECR punch/die, and the TCR
punch/die and sample/die need to be determined, which means there
are six parameters to be found. A Nelder-Mead algorithm with bounded
variables was used to calculate those six parameters [24,25]. This al-
gorithm is used to minimize a least square function, which compares the
calculated values to the experimental ones. The data used for the opti-
mization are the evolutions of the current and the temperatures at the
center and the border of the sample. The initial guess for the parameters,
required by the algorithm, was chosen according to the approximated
values found in the literature [12]. Then, the ECR punch/die is

Example of TCR obtained with the new formulation

2,0E-03
g 1,5E-03
& 1,0E-03
= 5,0E-04
0,0E+00
0 500 1000 1500 2000
Temperature (°C)
=2.58& b=27 - - -a=-3&b=-35

Fig. 8. Illustration of the different functions that can be obtained with the new
formulation of contact resistance.

optimized thanks to the experimental current values, and the TCR
punch/die and sample/die thanks to the temperature values. Since all
the vertical ECR and TCR are intricate (a change in the TCR or the ECR
can affect the current or the temperature respectively), after the two
optimizations, a global one with all the parameters and experimental
data (with the updated initial guesses) is run to verify the convergence of
the algorithm.

4. Results and discussion

The end goal of this study is to obtain an accurate thermo-electrical
model of the sintering of complex shapes by SPS. The principle of the
method developed in this work is to optimize the ECR and TCR on simple
shapes (that requires few experimental tests). This needs to be done on
both materials that are used in the complex shapes configuration,
because the ECR and TCR might differ from one material to another.
Then, the optimized ECR and TCR are used to predict the thermo-
electrical behavior of complex shape configurations. For example,
with only one experimental trial on a 36 mm alumina pellet and one on a
36 mm titanium aluminide pellet, it is possible to obtain an accurate
electrothermal model of any complex configuration using the same
materials, configuration (with identical die, punches and spacer sizes)
and experimental conditions (pressure, heating rate).

4.1. Calibration results for the alumina samples

The comparison between the experimental and the calculated values
of the current and the temperatures with the new expression of the ECR
and TCR are plotted Fig. 9, Fig. 10, Fig. 11. The experimental and
calculated voltage was also added in Fig. 9 but to facilitate easy reading
of the results, only the current will be shown for the rest of the study. In
the same way as the current, the calculated voltage was obtained using a
corrective factor determined by A. Pavia et al. [16]. This factor allows to
model the actual voltage measured outside the power source by the SPS
machine. The experimental measurements show that the 20 mm
alumina sample reach a lower temperature than the two other config-
urations. This could be due to the ratio internal diameter/thickness of
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(a) Evolution of the current and voltage for an 8mm alumina

(b) Evolution of the current and voltage for an 20mm alumina
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Fig. 9. Evolution of the voltage and the current through the SPS column for 8 mm (a), 20 mm (b) and 36 mm (c) die sizes.
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Fig. 10. Temperature at the center of alumina samples with a size of 8 mm (a), 20 mm (b) and 36 mm (c).

the die that is not homothetic compared to the two other configurations.
For all three configurations (diameters of 8, 20 and 36 mm), there is a
good agreement with the experimental value, which is much better than
the one showed in Fig. 5, Fig. 6 and Fig. 7. The evolution of the current,
the voltage and the border temperature are well simulated by the model.
As for the temperature in the middle of the samples, the model is a bit
less effective, but the results are still acceptable and give a good

approximation of the experimental values. This shows the efficiency of
this method thanks to its dual identification through both current and
temperature. Thus, only one experiment is needed to assess the contact
resistance, and therefore the thermo-electrical behavior of the SPS
apparatus.

To make sure the Nelder-Mead algorithm converged to an adequate
solution, a mapping of the error with the experimental current values
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Fig. 11. Temperature 1 mm away from the border of alumina samples with a size of 8 mm (a), 20 mm (b) and 36 mm (c).

was plotted for the different (a., b.) couples the algorithm explored. The
mapping was also completed with a Monte-Carlo algorithm, which
calculated the same error but chose random (a., b.) couples within the
bounds fixed. Fig. 12 shows that the algorithm converged to the best
solution within the bounds.

The evolution of the ECR punch/die and TCR punch/die and sample/
die are plotted in Fig. 13. The fact that there is no obvious relationship
between the parameters can be explained by the non-homothetic rela-
tion between the three configurations. If the expressions here only
depend on the temperature, the influence of the pressure and the specific
surface area is implicitly contained in those equations. If the uniaxial
pressure is identical for the three configurations, the lateral pressure on
the die differs, and thus the contact resistances are different.

4.2. Calibration results with the TiAl samples

The contact resistance assesses the ability of an interface to let the
current flow or conduct temperature. Hence, the ECR and TCR punch/

Cumulated error on the
experimental current

log{Error)

-75 -70 —65 —6.0 -55 -50 —-4.5
de

Fig. 12. Illustration of the cumulated error between the experimental and
calculated values for several a./b, couples.
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die will be considered as identical for an alumina sample and a TiAl one.
Actually, there could be a slight difference since the two sample do not
have the same dilation coefficient. The TiAl tend to apply a higher
pressure on the die due to its higher dilation coefficient. Thus, the lateral
pressure at the interface between the punch and the die could be slightly
lower with a TiAl sample, but this effect is neglected in this work.

For the alumina sample, the ECR sample/die was neglected because
of its insolating properties. This assumption is no more valid for a
conductive sample like a TiAl powder. The same optimization strategy
was used to determine the ECR and TCR sample/die (the ECR and TCR
punch/die were the one identified with the alumina sample). Fig. 14
shows the comparison between the experimental and calculated values
of the current flow and the temperature at the center and the border of
the TiAl sample with the optimized ECR and TCR. The evolution of the
current and the border temperature can be well approximated by the
model. As for the center temperature, the experimental values show a
fast increase in the temperature range of 500—750 °C. One explanation
could be the percolation of the TiAl powder which makes the thermal
conductivity of the sample suddenly increase. Thus, one way to improve
the model would be to consider the effect of the porosity evolution on
the materials properties. However, even if the simulation is not able to
replicate this phenomenon, the agreement with the experimental values
is still acceptable. Testing the model on complex shapes

One of the objectives of this study is the identification of the ECR and
TCR for both alumina and TiAl in order to be able to predict the thermo-
electrical behavior of the sintering of complex shapes by SPS. The un-
known here is the contact resistance at the interface between the
alumina and the TiAl. However, the ECR alumina/TiAl can be neglected
due to the insulating aspect of alumina. Also, as mentioned before, the
horizontal ECR and TCR have a limited impact on the final calculations
of the model. Thus, for the rest of the study, the ECR alumina/TiAl will
be neglected and the TCR alumina/TiAl will have the same order of
magnitude has the punch/sample TCR.

Fig. 15, Fig. 16, Fig. 17 show the evolution of current and temper-
atures for the three complex configurations. The temperatures calcula-
tions are in a good agreement with the experimental data, but it appears
that there is a slight gap between the calculated and experimental
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Fig. 14. Evolution of the temperature at the center (a), the border (b) and the current (c) of the sintering of a 36 mm TiAl pellet.

current values. This gap might be explained by the pressure application
method. For the calibration experiments, the uniaxial pressure was
applied before the increase in temperature whereas for the three com-
plex configurations the pressure was applied during the first five mi-
nutes of temperature rise. It appears that it can significantly affect the
evolution of the current during the SPS trial. Moreover, the creep of the
different materials involved can affect the lateral pressure and thus the

contact resistances. The pressure dependence of the contact resistances
was not considered in this study, but it is implicitly contained in the
expressions of the ECR and TCR. Thus, those expressions are only valid
for a specific set of experimental conditions (pressure, heating rate,
tooling size, etc.), and a change in those conditions would require
further experimental trials. In addition, aging and wear of the tooling
(which were not considered in this work) could also affect the interface
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Fig. 15. Evolution of the temperature at the center of the alumina (a) and TiAl (b) pellet and the current through the SPS column (c) for the bi-material pellet

configuration.
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Fig. 16. Evolution of the temperature of the TiAl pellet (a) and the alumina counter-part (b) and the current (c) through the SPS column for the TiAl encapsulated

pellet configuration.

and thus the contact resistances. To improve the model, further inves-
tigation has to be done to extrapolate the pressure influence on the
contact resistances.

However, it appears that using the ECR and TCR calculated previ-
ously with the alumina and TiAl pellets give a pretty accurate evolution

of the thermo-electrical behavior of the SPS experiments with complex
configurations. It also shows that the expressions of the ECR and TCR are
robust with different configurations. With only two experiments, it is
possible to predict accurately predict the evolution of the current and
temperature for multiple configurations.
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Fig. 17. Evolution of the temperature of the TiAl star-shaped object (a) and the alumina counter-part (b) and the current (c) through the SPS column for the star-

shaped object configuration.

5. Conclusions and future work

A new expression of the vertical ECR and TCR of the SPS column was
developed. The contact resistances were obtained using an optimization
algorithm, which allows the identification of unknown parameters by
fitting experimental curves. The main benefit of this approach is that it
requires only one instrumented experiment per configuration and ma-
terial. The calibration on different die sizes (8, 20 and 36 mm) led to a
good simulation of the evolution of the current and sample temperature
for both alumina and TiAl. Thus, this method can be used on any ma-
terial, and is not restricted to ceramics. The new expressions of the
contact resistances were then tested on more complex configurations. In
terms of temperature calculations, the model can accurately predict the
thermal evolution of the TiAl and alumina parts for all three configu-
rations. It shows the efficiency of this method, which allows to have a
robust simulation from only two trials (one for the TiAl and one for the
alumina).

The main benefit of this approach is that an accurate simulation of
the electro-thermal behavior of the spark plasma sintering of different
complex shapes can be obtained with a very limited number of experi-
ments on simple configurations. Thus, for a given complex shape (with a
given diameter), only two instrumented experiments on simple shapes
(pellets) with the same diameter are necessary. One with the material of
the desired part and the other with the material of the counter-part. The
ECR and TCR are then optimized and implemented in the final model.

However, if the temperatures calculated by the model reflect well the
experimental data, there is a slight gap between the calculated and
experimental current. This gap can be explained by the pressure appli-
cation mode. A progressive applied pressure can modify the current
density in the SPS column, and thus the contact resistances. Therefore, it
shows that the pressure has a significant role in the determination of the
contact resistances. However, it is possible to determine the contact
pressure with the finite element analysis. The next step is then to
implement the pressure dependence in the contact resistance expres-
sions, through the realization of experiments at different pressures. The
contact pressure dependence of the ECR and TCR can then lead to

equations working for any SPS configuration.
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