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A nickel powder with the particle size 4.3 wm has been sintered, using a SPS apparatus, by identical
set temperature, heating rate, dwell time and pressure in different moulds: (a) with graphite die and
punches, (b) with alumina die and graphite punches and (c¢) with graphite die and punches including
alumina spacers between punches and powder. Although all set sintering parameters are identical, the
microstructure of the resulted nickel specimens depends on the moulds. The bulk density is higher when
an alumina die is used. On the contrary, the bulk microstructure does not seem to be influenced by the
graphite foil presence, generally used between the system parts. The present paper is an attempt to
correlate the bulk microstructure evolution with the electric and thermal characteristics of the moulds
and graphite foil, and the resulted current flow.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Spark Plasma Sintering (SPS) is a powder metallurgy process-
ing for consolidation of a large variety of materials in a short time
[1-3]. Contrary to conventional sintering, the grain growth is lim-
ited [4-6]. In the SPS process, a uniaxial pressure combined with
a pulsed electric current is applied. Thus, the current flow should
be strongly dependent on the characteristics of the different ele-
ments which compose the system (powder, punches, die) and,
particularly, their electrical and thermal characteristics. The Joule
effect of the powder can lead locally to very high temperatures.
For example, the shape of necks formed during the sintering of
a copper powder at 600°C indicates that the temperature was in
fact locally (in the necks) close to its melting point (1084 °C) [7].
That is why a very detailed attention has to be taken to the tem-
perature value because the temperature which checks the electric
power is measured inside the die (at the external surface or inside
a hole). Consequently, the temperature of the sample is not really
determined. This is all the more true as there is a temperature
gradient between the die and the sample. Owing to the electric
characteristics of the powder and the sintering temperature, the die
temperature is superior or inferior to that of the sample. Matsugi
et al. [8] have shown that the temperature of a titanium powder is
superior to that measured in the die. On the contrary, in the case of
an alumina powder, its temperature is inferior to the die tempera-
ture. In addition, Kamiya [9] has shown that in the case of a carbon
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powder electrically insulated by a liner of boron nitride from the
punches, the die temperature is 100 °C higher than that of the sam-
ple for low sintering temperatures (870 °C) but is 100 °C lower for
higher ones (1500 °C). Schmidt [10] has also observed an effect of
the thermal insulation on the thermal gradient. For a sintering at
900 °C, the temperature difference between the sample and the die
is 90°C for an alumina powder and 105 °C for a molybdenum pow-
der. This gradientis only 15 °Cand 40 °Crespectively with a thermal
insulation around the die. More generally, the temperature gradi-
ent also depends on the heating rate, the pressure, the geometry
and the electric characteristics of the die, the chamber volume, the
atmosphere...[11,12].

From a practical point of view, a graphite foil is inserted between
all parts of the system. Indeed, it ensures good physical, electric and
thermal contacts [13]. However, modelling of contact resistance is
very difficult. Anselmi-Tamburini et al. [ 14] have modelled the cur-
rent and temperature distributions in an idealised system, where
no contact resistance is taken into account and, all the graphite
components (die and punches) are considered as a continuous
piece.Vanmeensel et al.[15] have studied the thermal and electrical
contact resistances introduced by horizontal and vertical graphite
foils. They have shown that the temperature difference between
a central and an external pyrometer for different graphite dum-
mies is strongly dependent on the presence of the vertical graphite
foil. They have also observed that the temperature recorded by the
external pyrometer starts to differ significantly from the temper-
ature recorded by the central one in the case of the sintering of a
powder compact when this latter starts to be dense [15]. Zavalian-
gos et al. [16] have reported that an electrical and thermal contact
resistance has to be introduced for a proper description of the inter-
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Fig. 1. Mould setups to study the influence of die and punch electric characteristics on the microstructure of sintered nickel: (a) graphite die and punches (setup 1), (b)
alumina die and graphite punches (setup 2) and (c) graphite die and punches with alumina spacers between sample and punches (setup 3).

faces in the finite element models in order to match simulated
results with experimental data.

In this study, the influence of the electric characteristics of the
mould and of the graphite foil on the system resistance has been
experimentally investigated for the sintering of a conducting pow-
der such as nickel.

2. Experimental procedure

The investigation has been performed by comparing the electric power delivered
by the SPS apparatus and the bulk microstructure for different mould and graphite
foil setups. In all experiments, the sintering temperature is fixed, only the electric
power may change to heat the system at this temperature. The electric power is
determined by the product of the voltage U(t) and the current I(t) recorded during
the thermal cycle.

A nickel powder (Alfa aesar, 99.9%) with a mean particle size of 4.3+ 1.5 um
has been selected. For each experiment, about 3.1 g of powder were poured into a
cylindrical die (15 mm inner diameter, 30 mm outer diameter and 30 mm height)
surrounded by a carbon felt (to reduce the radiation heat losses from the outer
wall). The powder was consolidated using a SPS-515S apparatus (Syntex Inc.) with
a pulse sequence of 12:2 ms (on:off). The temperature was monitored by a K-type
thermocouple set in the die wall at 2 mm far from the sample and half height of the
die.

Firstly, the sintering experiments were carried out with graphite foils, inserted
between the powder and the punches. Three setups have been investigated (Fig. 1).
In the first one (setup 1), the nickel powder is sintered in a graphite die. In the second
one (setup 2), the sintering is performed in an alumina die in order to evaluate
the influence of the electric and thermal die characteristics on the powder heating,
whichis mainly ensured by Joule effect. Finally, to evaluate the heating of the powder
only by thermal conduction, the powder is electrically and thermally insulated from
the punches by alumina spacers in a setup 3. All samples were sintered at 750°C
under a pressure of 15MPa with a heating rise of 50°C/min during 10 min. Other
sintering conditions in terms of heating rate or pressure have not been investigated
due to the low thermal conductivity and the insufficient mechanical properties of
the alumina die.

To investigate the influence of the graphite foil, the sintering experiments were
performed in a graphite mould with a graphite foil of 0.2 mm thickness inserted or
not between the different parts of the system. The various setups are presented in
Fig. 2. Contrary to the setup 4 where graphite foils are introduced between all parts
of the system, the setup 6 does not contain graphite foil. In the setup 6, it has been

z-axis

.% 22Z Nt
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Fig. 2. Graphite foil setups to study the influence of the graphite foil presence on
the microstructure of sintered nickel: (a) classical (setup 4), (b) with graphite foil
only between sample and punches (setup 5) and (c) without graphite foil (setup 6).

considered that there is no physical contact between punch and die because the tilt
of the die during the pressing is unlikely. Indeed, the punches (20 mm in length) are
inserted of 10 mm in the die before the sintering and of 15 mm after the sintering.
Finally, the sintering in the setup 5 was realised with graphite foils only between
the powder and the punches (it is exactly the same setup as setup 1, renamed for
more clarity). The samples were sintered at 750 °C during 10 min. The graphite foil
effect has been evaluated by varying the heating rate (50 and 200°C/min) and the
pressure (30and 70 MPa). Indeed, as the pressure can modify the electrical resistance
of conducting samples, the current (and consequently the temperature) distribution
depends on the mechanical pressure applied [17,18].

Table 1 gives the electrical resistivity and the thermal conductivity of the differ-
ent system parts.

Bulk densities (noted d in the figures) of the sintered samples were determined
using Archimedes method in water. Each value is an average of four measurements.
Sample microstructures were observed, after polishing and chemical etching with
an acid solution of copper sulfate, using an optical microscope (Axiovert 100A). The
grain size (noted G in the figures) is determined by accounting for 300 grains on
several pictures around the sample centre (using the intercept method).

3. Results
3.1. Influence of the mould setup

Fig. 3 shows the electric power delivered according to the die
and punch electric characteristics. During the heating rise, the elec-
tric power in the setups 1 and 2 are similar and higher than that
in the setup 3. During the dwell time, the electric power delivered
in an alumina die (setup 2) is higher than the electric power deliv-
ered in a graphite die with alumina spacers between the powder
and the punches (setup 3) but, lower than the electric power deliv-
ered in a graphite die (setup 1). As expected, the electric power
provided by the SPS apparatus is function of the die and punch
electric characteristics despite a set sintering temperature in the
three cases.
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Fig. 3. Electric power delivered as a function of the mould setup for a sintering cycle
of 750°C under a pressure of 15 MPa with a heating rate of 50 °C/min during 10 min.
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Table 1
Electric and thermal characteristics of the mould and the graphite foil.
Graphite die/punches? Alumina die/spacers® Graphite foil?
Along [100] Along [001]
Electric resistivity (€2 cm) 1.6x1073 1014 0.001 0.05
Thermal conductivity (W/m/K) 80 26-35 160 4
2 Carbone Lorraine data.
b BCE Special Ceramics GmbH data.
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Fig. 4. Shrinkage and shrinkage rate curves of a nickel sample sintered at 750°C under a pressure of 15MPa with a heating rate of 50 °C/min during 10 min in a graphite die

(setup 1) and in an alumina die (setup 2).

Moreover, an electric power peak is observed at about 550°C
in the case of the sintering of the nickel powder in an alumina die
(setup 2). This peak coincides with the radial breaking of the die into
two parts. The density of a sample sintered at 540°C in an alumina
die with a heating rate of 50°C/min under a pressure of 15MPa
without dwell time is only 71.3%. Consequently, the die breaking
cannot be explained by the sample dilatation but may simply have
for origin the poor thermal shock resistance of alumina.

(a) Setup 1
d=904+£0.1%
G=11+1pum

(b) Setup 2
d=9451£01%
G=12+1um

Fig. 4 shows the shrinkage and shrinkage rate curves versus time
of the nickel sintered in the setups 1 and 2. The curves are shifted
towards the high temperatures when, for the die, graphite is used
instead of alumina.

Fig. 5 shows the variation of the sample relative densi-
ties and the microstructure evolution according to the die and
punch characteristics. The highest density (94.5%) and grain
size (12 wm) are obtained for a sintering in the alumina die

(c) Setup 3
d=887+0.1%
G=821£08um

Fig. 5. Microstructure of nickel specimens sintered at 750°C under a pressure of 15MPa with a heating rate of 50 °C/min during 10 min in (a) a graphite die (setup 1), (b) an
alumina die (setup 2) and (c) a graphite die with alumina spacers between sample and punches (setup 3).



L. Minier et al. / Journal of Alloys and Compounds 508 (2010) 412-418 415

1200

1000 Setup 6

W)

800

A7

Setup 4

600

400

Electric power (

200

0 200 400 600 800 1000 1200 1400
Time (s)

Fig. 6. Electric power delivered as a function of graphite foil setup for a sintering
cycle of 750°C under a pressure of 70 MPa with a heating rate of 50 °C/min during
10 min.

whereas the lowest ones (88.7% and 8.2 wm respectively) are
obtained for a sintering in the graphite die with alumina
spacers.

3.2. Influence of the graphite foil setup

The electric power curves according to the graphite foil setups
are presented in Fig. 6 for samples sintered with a 50 °C/min heating
rate under 70 MPa. The electric powers delivered for setups 4 and 5
are considered equivalent and lower than that for the setup 6. How-
ever, when the pressure is lowered to 30 MPa, the electric power
delivered for the setup 4 becomes equivalent to that delivered for
the setup 6. Setup 5 delivers the lowest electric power (Fig. 7).

Fig. 8 shows the sample microstructure according to the
graphite foil setup. No density dependence was found on the
graphite foil setup, contrary to the previous results on the mould
setup. The obtaining of dense compacts under 70 MPa (97.6-97.9%)
makes probably more difficult the observation of the setup effect
on the final density. But, under a pressure of 30 MPa (200 °C/min),
no influence has been also observed even if with relative densities
lower than 94%, the samples are not totally densified (Table 2). The

(a) Setup 4
d=97.6+£0.2%
G=13+£2um

(b) Setup 5
d=979+0.1%
G=12%£1um
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Fig. 7. Electric power delivered as a function of graphite foil setup for a sintering
cycle of 750°C under a pressure of 30 MPa with a heating rate of 50°C/min during
10 min.

sintering without the graphite foil (setup 6) seems to lead to spec-
imens with slightly larger grains whatever the pressure and the
heating rate.

4. Discussion
4.1. Preliminary

The present discussion is mainly based on Joule effect and ther-
mal conductivity considerations because the primary role of the
electric field is thermal through Joule heating. Although the SPS
controller adjusts the used voltage as a variable function of the
overall resistivity of the setup and controls the current for heat-
ing, the voltage does almost not vary from one setup to another
(Fig.9). As the applied voltage is quite similar in all setups, the influ-
ence of the field on mass transport has not been taken into account
to explain the microstructure variations of the nickel specimens.
On the contrary, Joule heating and the heat exchanges between
the different parts of the system change. That is why the sample
temperature might be different from one setup to another.

100pm

(c) Setup 6
d=979+0.1%
G=1712um

Fig. 8. Microstructure of nickel specimens sintered at 750 °C under a pressure of 70 MPa with a heating rate of 50 °C/min during 10 min (a) with graphite foil between sample
and punches and between sample and die (setup 4), (b) with graphite foil only between sample and punches (setup 5) and (c¢) without graphite foil (setup 6).
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Fig. 9. Voltage delivered as a function of the mould setup for a sintering cycle of
750°C under a pressure of 15 MPa with a heating rate of 50 °C/min during 10 min.
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Fig. 10. Equivalent electric scheme of the SPS setup.

The system composed of punches, die and sample can be assim-
ilated to an association of resistances which can be in parallel or
in series according to the die and sample electric characteristics
(Fig. 10). The equivalent scheme (Fig. 10) does not take into account
the graphite foil inserted between the different parts of the system.
Due to the good electric characteristics of the graphite foil (Table 1),
its electric resistance is 100 times higher than that of nickel sample
(p=6.9 x 10-% Q cm) but even if the graphite foil exhibits a relative
large Joule heating, due to its small volume, the resulting effect
on the spatial temperature variation is limited [16]. A general heat
balance, taken into account the heat produced on the one hand,
by Joule effect and, on the other hand, the heat transfers between
each element composing the system, can be schematized as pro-
posed in Fig. 11. The arrows, represented in Fig. 11b, symbolise the

3
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Fig. 11. (a) Joule effects (Ejs, Ejp and Ejp correspond to Joule effects of the sample,
the punches and the die respectively) and (b) thermal energy transfers between the
different system parts (Eth pos (1), Eth pob (2), Eeve p—0 (3), Eth pos (4), Etne p—o (5) cor-
respond to heat transfers by conduction between punches and sample, punches and
die, by radiation from punches to outside, by conduction between die and sample
and, by radiation from die to outside respectively).

Table 2
Influence of the graphite foil on the characteristics of nickel bulks under different
sintering conditions.

Grain size after
sintering (m)
(microscope data)

Sintering conditions Setup Relative density (%)

200°C/min, 30 MPa 4 93.8 £0.1 11+1
5 93.8 £0.1 9+1
6 94.0 + 0.1 15+ 2
200°C/min, 70 MPa 4 97.7 £ 0.1 10+£2
5 98.1 £ 0.1 12+2
6 97.8 + 0.1 13+2

heat transfer between the different elements of the system without
taking into account the quantities of thermal energy exchanged.

The thermal characteristics of the graphite foil are different from
those of the die and punches (Table 1). Its presence may conse-
quently modify the heat exchanges between the die and the sample
on the one hand, and between the punches and the sample on the
other hand. The [100] direction is perpendicular to the z-axis for
the graphite foil between the sample and the punches whereas it
is parallel to the z-axis for the graphite foil between the sample
and the die. Its high thermal conductivity along [100] enhances
the heat losses outside. On the contrary, because of its poor ther-
mal conductivity along [00 1], the foil reduces the heat exchanges
between the die and the sample and between the punches and the
sample.

The energy balance on the whole system determines the electric
power delivered by the SPS apparatus (P ) to the system within the
time At and can be expressed as follows:

Pel At = EJ die (if graphite) + Ej punches + EJ sample + Eth punches<sample
+ Eth punches<«die + Eth* punches— outside + Eth die<ssample

+ Eth* die—outside ( 1 )

Electric power (Pg)) is defined as the energy quantity delivered
by time unit by the SPS apparatus to the system. Ej is the energy
released by Joule effect from the electrically conducting elements
of the system. Ey, is the thermal energy transferred by conduc-
tion between the different system parts. E,- is the thermal energy
transferred by radiation.

The carbon felt surrounding the mould reduces heat exchanges
between the mould and outside. So, the term related to the radial
heat transfer from the die to outside is not considered. Only the
term related to the axial heat transfer from the die to outside
is taken into account because the die upper and bottom are not
recovered. In most setups (when graphite die is used), this term
is constant because the die section does not change. On the other
hand, the thermal energy transferred by radiation of the punches
is only radial. This term is not constant from one setup to another
because the punch temperature may change. However, according
to the temperature and the punch dimensions concerned, which
are at a low level for radiation losses, a difference of punch temper-
ature does not involve a large discrepancy between the radiation
losses.

The die and punch dimensions (with 20mm height for the
punches) are defined such as the punch resistance is higher than
that of the die. Due to the fact that an equivalent or a higher cur-
rent flows through them, the Joule effect is larger in the punches
thanin the die. Moreover, Matsugi et al. [8] have reported that inde-
pendently of the powder, the maximum temperature of the system
is always in the punches. However, Anselmi-Tamburini et al. [14]
have shown that it is true initially only because after the system
temperature distribution becomes homogeneous. Consequently,
the heat transfer from the die to the punches can be neglected.
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An axial thermal gradient is created due to the maximum system
temperature located at the punches. Ozaki et al. [19] have observed
that in an aluminium sample, the centre densification is lower than
the surface densification. So, the heat transfer from the sample to
the punches may be not taken into account.

During the sintering of a conducting material, the current flows
through the punches, the die (if graphite) and the sample. Due to
the fact that the current distribution is function of the electric resis-
tance difference between the die and the sample, the current flows
mainly through the nickel sample, and consequently, its Joule effect
is greater than that of the die. This is confirmed by temperature
measurements, performed by Tomino et al. [20] in the case of the
sintering of a copper powder, which indicate a higher sample tem-
perature than that of the die. So, the heat transfer from the die to
the sample is not taken into account.

The Eq. (1) can be finally rewritten as:

PelAt = Ej die (if graphite) + Ej punches + EJ sample
+ Eth punches—sample + Eth punches—die
+ Eth* punches (radial)—outside + Eth sample—die

+ Eth«die (axial)—outside (2)

Eq. (2) supports the explanation that, for a set sintering temper-
ature, an evolution of the electric power delivered may lead to an
evolution of the heat received by the sample. So, the discrepancy
of the heat really received by the sample with the expected one
due to the sintering cycle could explain the microstructure varia-
tions. The discussion is voluntarily focused on the die heating and
not on the sample heating because the response of the machine in
terms of electric power depends on the temperature measured by
a thermocouple set in the die and not in the sample.

4.2. Influence of the mould setup

The nickel sample is generally heated by Joule effect and heat
transfer from punches, excepted in the setup 3 where the sample
is only heated by heat transfer from the die. The die is heated by
Joule effect and by heat transfer from punches and sample when
graphite made (setup 1). It is only heated by this heat transfer (from
punches and sample) when alumina made (setup 2) and, finally by
Joule effect and heat transfer from punches when the sample is
electrically and thermally insulated (setup 3).

Fig. 3 shows that the set temperature is more easily reached
when the die is heated by Joule effect (setup 3) than by heat trans-
fer from the sample (setup 2). Indeed, a lower electric power is
required. The lower electric power means that, for a time interval,
the thermal energy of the whole system is diminished. In addition,
in this setup 3, the sample is not a heat source (no Joule effect) and
is heated only by the die, leading to a real temperature of the nickel
sample lower in spite of a same set temperature (inside the die).
That may explain that the sintered sample in the setup 3 is the least
dense of the three.

The setup 1 requires the highest electric power of the three
setups. So, the Joule effect of the graphite die in the setup 1 although
present, is too weak, compared with that of the setup 3, to heat as
easily the similar die volume. Indeed, the current can also flow into
the sample in the setup 1. Compared to the setup 2, although there
is a Joule effect of the die in the setup 1, the set temperature is with
more difficulty reached. Indeed, the whole die volume is heated
when the sample is sintered in a graphite die (setup 1), whereas
the die volume heated is limited to the area nearest to the sample
in the setup 2, due to the poor thermal conductivity of the alu-
mina die. The thermal energy of the whole system in the setup 1
is therefore increased. However, as the electric power delivered in

the setup 1 is not only used, as in the setup 2, to heat the sample
by Joule effect, a lower density is obtained. As the electric power
delivered in the setup 1 is partly used to heat the sample by Joule
effect, compared to the setup 3, a higher density is obtained.

In the setup 2, the electric power peak (Fig. 3) due to the crack-
ing of the alumina die, is responsible of an additional Joule heat in
the system, which may contribute to increase the sample density.
However, the shrinkage of the sample sintered in an alumina die
(Fig. 4) starts at lower temperature compared to a specimen sin-
tered in a graphite mould. Consequently, the sample in the setup
2 is heated more efficiently since the beginning of the cycle and
probably would have exhibited the highest density without the
additional Joule heat due to the electric power peak.

4.3. Influence of the graphite foil setup

When the nickel is sintered under 70 MPa, the Joule effect of the
die being negligible, the die is mainly heated by heat transfer from
the sample and the punches [17].

In the setup 4, the graphite foil enhances the heat transfer from
the punches to the die (non-existent in the setup 5 because no
physical contact between punches and die exists). A lower elec-
tric power is consequently expected. However, the graphite foil
reduces the heat transfer from the sample towards the die because
its insertion creates a thermal barrier. That is why the electric
power delivered in the setup 4 is not lower than that delivered
in the setup 5. In addition, the heat transfers from the punches to
the die in the setup 4 reduce those from the punches to the sample.
Such a feature combined with an equivalent electric power deliv-
ered leads to a microstructure slightly finer of the sample sintered
in the setup 4.

In the setup 5, due to an increase of the system resistance by the
insertion of graphite foils between the punches and the sample, it
is necessary to deliver an electric power lower than in the setup 6.
This smaller electric power reduces the Joule effects of the punches
and of the sample. Moreover, the thermal energy produced by the
punches is partially transmitted to the sample when the graphite
foil is inserted between the punches and the sample. That is why
the sample microstructure is finer in the setup 5.

When the nickel is sintered under 30 MPa, the sample is more
resistive [21,22]. Consequently the Joule effect of the die is not any-
more negligible. So the graphite foil enhances the current flow in
the die, what increases its Joule effect in setups 4 and 5. However,
because of its high thermal conductivity along [1 00], the graphite
foil between the die and the sample leads in the setup 4 to thermal
dissipations, which are non-existent in the setup 5. That is why the
electric power delivered in the setup 4 is higher than in the setup
5. Moreover, we may consider that the current repartition between
the die and the sample is identical in setups 4 and 5. Indeed, the
variation of electric power results probably from the heat dissipated
by the graphite foil inserted between the die and the sample (setup
4). Consequently, the Joule effect of the samples is considered iden-
tical in the setups 4 and 5, what leads to close microstructures. The
electric power required for the setup 6 is larger than for the setup
5 because there is for the latter a Joule effect of the die that there is
not for the first one. As the current flows totally through the sample
when no graphite foil is used (setup 6), a coarser microstructure of
samples sintered in such a setup is expected. However because of
small variations of electric power (29% maximum), the grain size is
only slightly different.

5. Conclusion

Although the set temperature is identical for all the investi-
gated setups, the densification of a nickel specimen heated by Joule
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effect (in an alumina die) is larger than that of a nickel specimen
heated by thermal conduction (in the graphite die with alumina
spacers). The repartition of the graphite foil does not influence the
microstructure of nickel specimens because the sample heating is
mainly ensured by Joule effect. Indeed, this observation is not any-
more proper for ceramic material like alumina. In this case, a finer
microstructure is obtained when the sample is separated from the
die by a graphite foil [23].
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