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Increasing attention is being paid to numericalmodeling of spark plasma sintering (SPS) due to its significant im-
portance for the comprehension and the optimization of this process. In this study, SPS sintering experiments of
aluminawere performed and their results were used to develop faithful simulations of the temperature distribu-
tion, based on a thermal-electrical finite elementmodel. Particular focus was put on the axial temperature distri-
bution within the sample, rarely considered in the literature. The model was used to analyze the influence of
various experimental parameters potentially affecting the temperature distribution (axial asymmetry, die loca-
tion and insulation) and simple methods, based on the die location and its insulation, are proposed to reduce
the temperature inhomogeneities in the sample.
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1. Introduction

Spark Plasma Sintering (SPS) is a consolidation process based on
Joule heating by the application of a pulsed electrical current to a graph-
ite die containing thematerial powder. Compared to other conventional
sintering methods, SPS offers exceptional benefits, including rapid
heating rate and reduced sintering temperature and holding time,
which allow to avoid grain growth and to improve mechanical or phys-
ical properties of the final products. So that, increasing attention is paid
to this technique, which has been applied to a variety of advanced ma-
terials in a wide range of application fields [1–3].

The sample temperature is of particular importance to the SPS pro-
cess, since it determines the structure and properties of the material
and their homogeneity. However, it is difficult to control due to inherent
experimental difficulties and the large number of the involved parame-
ters. In recent years, finite element modeling with consideration of the
coupled phenomena involved during SPS sintering played a crucial
role in understanding this process. Most of the models considered ther-
moelectric coupling [4–7] to determine electrical and temperature
fields. Someworks integrated mechanical coupling to investigate stress
distribution as in [8–12], or a densification model [13–18].

A complex temperature distributionwithin the tools and the sample
has been evidenced, with temperature gradients depending on process
parameters such as the heating rate [15,19–21], geometrical aspects of

the sample and tools [6,7,15,18,22] and thermophysical parameters, es-
pecially material conductivity [3,10,22,23]. A parametric analysis of
Muñoz et al. [21] highlighted the difficulty to predict the effect of one
parameter independently of the others. However, most of the numerical
studies lack of experimental validation and their accuracy depend on
the simplifying assumptions related to the device parts taken into ac-
count, power or heating conditions, and contact resistances between
the graphite tools and between the punches and the sample. Anselmi-
Tamburini et al. [24] and Cincotti et al. [25] highlighted the importance
of considering the RMS (Root Mean Squared) value of the pulsed cur-
rent input to determine the Joule effects. Whereas the first simulations
considered a constant applied electric potential or current, Muñoz and
Anselmi-Tamburini [10] and Wang et al. [15] introduced a Proportion-
al-Integral-Differential (PID) module for better reproduction of the ex-
perimental thermal sintering cycle. Moreover, the contact resistances
have often been neglected in numerical modeling. Few authors devel-
oped calibration or experimental methods to determine them [14,26–
30]. Vertical contact resistances are much larger than horizontal ones
[14,26,27] and the influence of the applied pressure has been outlined
in [24,29,31,32].

In general, symmetrical thermal boundary conditions are used and
the axial temperature distributionwithin the sample has been barely in-
vestigated. In this study, standard sintering experiments were per-
formed with alumina, chosen as a model for non-conductive
materials, and their results were used to develop faithful simulations
with limited approximations. The influence of various experimental pa-
rameters on both radial and axial temperature distributions was then
investigated, and simple methods based on the die location and its
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insulation are proposed to reduce temperature inhomogeneities in the
sample.

2. Procedure and modeling

2.1. SPS experiments and temperature measurements

Standard sintering experiments have been performed with an ultra-
pure alumina (BMA-15 Baikowski, N99.99%), using anHPD25/1 FCT SPS
equipment (FCT Systeme GmbH, Germany) configuration of which is
shown in Fig. 1. It includes a graphite die (with thickness of 10 mm
and height of 48 mm) containing the sample, two punches (with a
height of 35 mm and the same diameter as the sample) protected by
conical spacers (large diameter of 80 mm) and two water-cooled elec-
trodes located at the upper and lower ends of the apparatus. A central
hole of diameter 10mm is drilled in each element for temperaturemea-
surements. The sintering experiments were performed in a tempera-
ture-control mode using an optical pyrometer focused on the upper
graphite punch (position A), at 4 mm from the sample, and a PID con-
troller that allow to adjust the electric current automatically. The tem-
perature was also systematically controlled at three other positions of
the system (Fig. 1): An optical pyrometer focused in a hole (3mmdiam-
eter) drilled in the middle of the die, measured the temperature, TB, at
3 mm from the sample (position B) and two K-type thermocouples
measured the temperatures TS1 and TS2 of the upper and lower spacers,
at positions S1 and S2 respectively. The experimental thermal cycle
consisted of a rise in temperature at 100 °C/min up to 1300 °C with a
dwell time of 10 min, during which a constant pressure of 73 MPa
was applied to the sample. The following pulse sequence was chosen:
10 ms of pulsed current followed by 5 ms of current without pulse.
Graphite foils (Papyex® Mersen) of 0.4 mm thickness were used as in-
terfaces (Fig. 1) and a set of experiments was performed using felt ther-
mal insulator (Mersen) around the die. The samples were processed
with a final thickness of 2.5 mm and two different diameters, 20 and
40 mm.

2.2. Numerical modeling

Finite element modeling was performed using COMSOL
Multiphysics® to simulate the thermoelectric coupling during SPS
sintering, governed by the equations of energy and electric charge con-
servation.We considered the system between the spacers ends and due
to the axisymmetrical configuration, the calculations were limited to
only one-half of its section, where the temperature, T(r, z, t), is given
as a function of time, t, in the cylindrical coordinates (r, z) by:
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where ρ, cp, kr and kz, represent respectively the density, the specific

Fig. 2. Comparison of experimental (Exp) and simulated (Sim) temperatures at the top
(TS1) and bottom (TS2) spacers for symmetrical (a) and asymmetrical (b) thermal
boundary conditions.

Table 1
Parameters of the study. The bold letters correspond to the conditions of the performed
experiments.

Parameters Investigated range

Sample dimensions (mm)
Diameter, ϕ
Thickness, th

20, 40
2.5, 5, 10

Thermal insulation of the die Without, total, partial
Location of the die relative to the sample Centered

Off-centered 1 to 3 mm downward
Off-centered 1 to 3 mm upward

Fig. 1. Illustration of the SPS configuration with locations of the temperature
measurements (points A, B, S1 and S2) and reference locations in the sample (points 1 to
6).
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