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a  b  s  t  r  a  c  t

Current,  voltage  and  temperature  measurements  were  performed  at different  points  of the  system  to
identify  the controlling  parameters  of  the  spark  plasma  sintering  (SPS)  process.  The  very  low  inductance
effects  despite  the  high  intensity  current  circulating  through  the  SPS  column  justifies  the  use  of Joule
heating  to  characterize  the  phenomenon.  The  measurements  also  enabled  the  improvement  and  valida-
tion  of an  earlier  electro-thermal  numerical  model  developed  using  the  finite element  method  (FEM).  It
has  been  shown  that  the  electrical  resistivity  and  the  thermal  conductivity  of  each  of the  elements  are
crucial  parameters  for the simulations.  These  parameters  strongly  modify  the current  modeled,  thereby
affecting  the  temperature  distribution  throughout  the  SPS  column.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

SPS (Spark Plasma Sintering) which consists of heating by apply-
ing a pulsed direct current through the die, and sometimes through
the sample, while applying a uniaxial pressure allows high consoli-
dation and densification rates with negligible grain growth (Chaim
et al., 2008). But, many questions still remain concerning both the
mechanisms involved and the electrical and thermal behavior of
the tools during the SPS cycles. In particular few studies have been
performed on the influence of the pulse sequences of the current
generated by the SPS machines on the temperature distribution
in the tools. Cincotti et al. (2007) developed electrical instrumen-
tation on a 515S SPS apparatus (Sumitomo Heavy Industries Ltd.,
Kanagawa, Japan) to measure the current and voltage with a high
sampling frequency. They determined the root mean square val-
ues (RMS) of this recording in order to simulate the distributions
of temperature, current and strain in the SPS graphite stack con-
taining no sample. Several measurements and models highlight
the presence of temperature gradients depending on the electri-
cal properties (conductivity) of the samples to be sintered. Wang
et al. (2010) also carried out a FEM simulation of temperature
and stress distributions in an SPS Stack containing an insulating
sample (i.e.: alumina). Their FEM analysis includes a self-defined
Proportional-Integral-Differential (PID) Module which is able to
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control the temperature and heating rates along the SPS cycle.
Munoz and Anselmi-Tamburini (2010) also used a simulation code
that includes a PID Module to compare the modeled temperature
and stress field distributions in the SPS stack containing either a
conducting material (copper) or an insulating material (alumina).
A common view of these authors is that current distribution is an
important factor in the distribution of temperatures within the
equipment. The determination of the RMS  values of the voltage
(URMS) across and the current (IRMS) passing through the SPS tools,
the latter being responsible for its heating by Joule effect, is essen-
tial to evaluate the thermal gradients in the SPS column.

In this study a specific instrumentation has been developed
to perform simultaneous temperature measurements at several
points of the SPS column and electrical measurements across it,
giving real time thermal and electrical conditions of the stack
during the overall sintering cycle the (Fig. 1). Then, the differ-
ent values collected were used as input data to an SPS numerical
model of electro-thermal coupling already developed by some of
the authors: Molénat et al. (2010).  Finally, the model was improved
with the results obtained.

2. Electrical and thermal measurements

2.1. Experimental

2.1.1. Electrical measurements: measurements of the RMS values
In usual SPS machines, the input source to heat the tools is a

pulsed direct current for which the waveform pattern can vary.
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Fig. 1. Diagram of the SPS: dimensions of each element, position of thermocouples
and water cooling.

Industrial SPS devices are equipped with current and voltage
sensors which provide average values (of the magneto-electric
type) all along the sintering cycles. These data are crucial to deter-
mining the power injected into the device for resistive heating.
This electrical power P dissipated in a heater of resistance R and
transformed into heat is expressed by Joule’s law (1):

P = 1
T

∫ t

t−T

u(�)i(�)d� = R

T

∫ t

t−T

i2(�)d� (1)

where u and i are the instantaneous voltage and current applied
to the sample and T the AC period.

This relation is valid for direct currents (voltages) (without an
AC component) as well as alternative currents (voltages) but in
this later case U and I represent the RMS  values. In addition, this
relation is no longer valid if the circuit contains a reactive compo-
nent, the dipole considered should be purely resistive. In most SPS
devices, the current delivered is not a pure DC current an alternat-
ing component is present, so the common configuration (12 current
pulses and two timeouts), is a quasi-periodic pulsed DC current. To
allow power modulation, the three-phase full-wave rectification
pulses were individually controlled by delaying the initiation of
the silicon-controlled rectifier (SCR). The pulse characteristics were
variable depending on the power required by the PID temperature
controller to satisfy the set-point temperature. So, the current was
not sinusoidal, the RMS  current and voltage should be calculated
for a whole number of periods. The relationship to obtain the RMS
voltage is of the form (2):

URMS =

√
1
T

∫ t

t−T

u2(�)d� (2)

The RMS  intensity of the current is given by a similar expression.
Thus, to evaluate the power dissipated in the heating tools, the RMS
values of the voltage and the intensity of the current should be
determined. To do so, specific instrumentation was developed.

When confronted with a pulsed current, instantaneous mag-
nitudes of u(t) and i(t) must be recorded to calculate their RMS

values. To do so, sensors were selected for sampling the signals
(u(t) across the column and i(t) passing through) with a sufficiently
high frequency (up to 10,000 Hz) to describe each pulse correctly.
The intensity of current delivered by the SPS machine (SPS Syntex
Inc., model 2080) used in this study can be as high as 8000A. For
security reasons and accuracy of the measurements, it is impor-
tant to not modify this high power circuit and to achieve current
measurements without contact. Ray and Davis (1999) have shown
that a wide band Rogowski coil sensor (Power Electronic Mea-
surements, CWT60) can be used for measuring current at high
frequency bandwidths up to 7 MHz. Ray (1999) stated that this
probe also allows the measurement of high level pulsed currents.
However, one of the limits of this type of sensor is that it is not
able to measure the DC component of a current, which corresponds
to its average value. Therefore, using this type of sensor, the DC
component of the signal should be restored prior to the calcula-
tion of its average and effective values. Fortunately, this becomes
possible by correcting it from the values measured at the dead
times where it should be null. From the instantaneous voltage and
intensity measurements, average and RMS  values are calculated
using a Labview routine (National Instrument software). The signal
was also calibrated using an oscilloscope to verify the correspon-
dence between measured and calculated mean values. To measure
the voltage across the SPS column, the potential was considered
uniform over the entire contact surface. To improve the voltage
measurement accuracy, stainless steel electrodes were designed to
be placed directly between the large upper graphite spacer and the
Inconel part (Fig. 1). These electrodes were linked to a differential
input of the NI Compact DaQ system.

2.1.2. Temperature measurements
A set-up equipped with 8 K-type thermocouples was also devel-

oped in order to perform temperature measurements at several
points of the column at the same time as electric data acquisition.
The data collected were synchronized with the electrical measure-
ments using a Labview routine. The data files thus generated were
used to feed the model developed or to validate it. The thermo-
couple positions are indicated in Fig. 1; T1 control temperature at
the surface of the graphite die, T2 and T3 (upper and lower respec-
tively) temperatures on the small spacers, T4 and T5 (upper and
lower respectively) temperatures on the large spacers.

2.1.3. Standard SPS experiments
To achieve electro-thermal modeling of the SPS system as

faithfully as possible while limiting approximations, standard
experiments have been defined. These SPS manipulations were
performed on graphite dies of 36 mm  inner diameter and on con-
ducting (manganese) and non-conducting (alumina) samples of
6 mm thickness. The samples were previously compacted to get
rid of any changes in their densities because porosity has a strong
influence on their physical properties. An experiment without a
sample (graphite against graphite) was also conducted. The ther-
mal  cycle studied consisted of a rise in temperature at 100 ◦C/min
up to 900 ◦C with a dwell time of 5 min  at this temperature. A pres-
sure of 100 MPa  is applied from room temperature to minimize the
electrical contact resistances.

2.2. Results and discussions

From the thermal data, when comparing the temperature mea-
surements of the upper and lower large spacers, that the graphite
parts located below the matrix were found warmer than that
located above. Even if the column seems to be geometrically sym-
metrical, it does not seem to be in terms of heat transfer. This may  be
due to the non-symmetry of heat loss by radiation, but more likely
to the non-symmetry of heat loss through conducto-convection at
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