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Abstract: When a current is involved, as in spark plasma sintering, metallic powders are heated by
the Joule effect through both tool and specimen. Other mechanisms might occur, but it is difficult
to separate the role of the temperature from the role of the current inside the sample as, in most
cases, the two parameters are not controlled independently. In this paper, the consolidation and the
densification of a pure copper powder were studied in three configurations for obtaining different
electric current paths: (i) current flowing through both the powder and the die, (ii) current forced into
the powder and (iii) no current allowed in the powder. Electrical conductivity measurements showed
that even low-density samples displayed higher conductivities than graphite by several orders of
magnitude. FEM simulations confirmed that these copper specimens were mainly heated by the
graphite punches. No modification of the microstructure by the flow of current could be observed.
However, the absence of current in the specimen led to a decrease in densification. No significant
temperature difference was modeled between the configurations, suggesting that differences are not
linked to a thermal cause but rather to a current effect.

Keywords: spark plasma sintering; copper powder; electrical conductivity; microstructure

1. Introduction

Spark plasma sintering (SPS) shows high performance in sintering metallic powders
in a short time. Tokita first suggested that the formation of sparks and plasma enhanced
consolidation and densification mechanisms [1], but the lack of evidence for spark discharge
and plasma resulted in further research on the mechanisms occurring in SPS devices.
Unconventional necks between particles were attributed to local overheating at the contact
area [2,3], as well as the occurrence of spark discharges [4,5] or the Branly effect [6].
Ratzker et al. [7] observed that under an electric current, the compressive creep rate of
pure copper increased, but there was no evidence that the electric current affected the
microstructure or enhanced the reduction of powder surface area [8]. Hulbert et al. [9]
concluded, using various in situ techniques, that there was no plasma during the SPS
process. The comparison between SPS and conventional sintering processes such as HP
(hot pressing) led to conflicting conclusions: differences [10-13] as well as the absence of
differences [14-17] between the two processes. However, it seems that specific conditions
must be fulfilled in order to show any current effect. Saunders et al. [18] affirmed that
the formation of plasma cannot be excluded when higher voltages are employed. In fact,
the conditions for plasma formation depend on the electrical and mechanical properties
of the materials to be sintered [19]. Most authors agree in considering that the current
effects (plasma and/or discharge) are expected to occur between particles that are not in
contact [5] or at the beginning of the process when the contact area between particles is very
low [20]. Collet et al. [21] observed no specific current effect during the consolidation stage
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of copper powders at 4 MPa. In addition, Collard et al. [22] showed that heat conduction
made local overheating unrealistic in metallic powders below 100 um in size. Consequently,
copper samples could be considered as acting only as a heating element, as in the study by
Anselmi-Tamburini et al. where the current distribution in copper parts was modeled [23].
Nevertheless, the material may not exhibit a high value of electrical conductivity, causing
the current to flow preferentially through the die and preventing any current effect. Trapp
et al. showed that the electrical resistivities of as-received powders (with a thin oxide
layer) could be several orders of magnitude higher at lower pressures compared to those
of etched powders [24]. The current effect therefore depends on the relative conductivities
of the sample and the die and their dependence on temperature. This raises two questions:
(i) do copper samples behave as heating elements throughout the SPS process and (ii) does
the electric current though the powder affects the consolidation and densification? In
order to answer these questions, copper powder will be sintered in three configurations for
obtaining three different electric current paths: the standard SPS configuration (St) in which
the current flows through both the powder and the die, a second configuration in which
the current is forced (FC) into the powder and a third in which no current (NC) is allowed
in the powder. The experimentally obtained dependency of the effective conductivity of
copper samples on temperature and relative density will be used, together with simple
FEM electrical-thermal modeling, in order to analyze and discuss the results.

2. Materials and Methods

TEKMAT Cu-38 (Tekna) copper powder prepared by the plasma method was used.
This powder consisted of 25 um spherical particles (Figure 1a), with 80% of particles formed
of coarse grains (nearly monocrystalline) and the remainder of small grains (Figure 1b. The
oxygen content was low (0.041 wt.%). For this reason, an oxide of only a few nm thickness,
described more in detail in [18], covered the particle surface.

Figure 1. (a) Morphology (SEM observation) and (b) microstructure (FIB-SEM cross section) of TEKMAT Cu-38 copper

powder particles.

The powder (around 17 g) was sintered using an HPD 10 device (FCT Systeme, Ger-
many). SPS sintering was performed under vacuum (2 x 107> bar). For each experiment,
the die (with 30 mm inner diameter) was surrounded by carbon felt in order to limit
thermal losses, and a graphite foil was inserted between the powder and the die/punches.
Thermal cycles were performed using a constant heating rate (50 °C-min~!) up to 900 °C,
without dwell time, followed by natural cooling. The SPS cycles were interrupted at 500 °C
or 700 °C to observe the progress of consolidation and densification. A 4 MPa pressure
was generally applied during the whole cycle, to ensure electrical contact between the SPS
assemblies and to limit the amount of plastic deformation. Two additional experiments
were performed with a 28 MPa pressure in order to intensify the effect of pressure. A
non-pulsed current with a pattern of 20:0:1:0 (t-on: t-off: n-pulse: t-pause) was used. The
displacement of the punches was continuously recorded during the SPS experiments to
evaluate the sample shrinkage.

Different set-ups were used for controlling the current path in the die and the sample,
in order to analyze the effect of the current (Figure 2). For comparing standard SPS
conditions (St) and heating with no current through the powder (NC), the same die and



J. Manuf. Mater. Process. 2021, 5, 119

30f13

FC

N\

punches were used: a graphite (Mersen 2333) die with an outer diameter of 90 mm. The
thermocouple was inserted through the die at 2 mm from the sample. In the case of NC,
two alumina platelets with a diameter of 30 mm and a thickness of 5 mm were inserted
between the punches and the sample, to force the current to pass through the graphite
die. For the forced current (FC) case, an isolating alumina die with an outer diameter of
50 mm was used. The thermocouple was inserted through the punch in order to prevent
the alumina die breaking. It was placed in contact with the graphite foil, 0.4 mm above the
sample. To ensure a significant comparison between St and FC configurations, a graphite
die (outer diameter of 90 mm) with the same thermocouple location was used. The other
parameters were kept constant: the same sample diameter (inner die diameter of 30 mm),
the same die height (50 mm) and same punch height (35 mm). The final sample height was
typically 3.5 to 5 mm.

St (A) St (B) NC

Alumina Alumina

die platelets
A 4

Figure 2. The configurations used to control the current flow. The two standard SPS configurations (St) with graphite die

differ in the thermocouple position (A or B), in order to ensure relevant comparisons with the cases of forced current (FC,

alumina matrix) or no current (NC, alumina platelets) through the sample.

The sample final densities (df) were evaluated after sintering using the Archimedes
method in water and the reference copper density (8.96 g-cm~3).

The punch displacement was continuously recorded during the experiment and
corrected for the device thermal expansion, which was measured by performing an identical
cycle with a dense copper sample for each experiment. This enabled calculation of the
density evolution using the recorded punch displacement, according to:

P (1)
fLy— ALy’

where AL and ALy are the corrected displacements obtained from the punch displacement
at time t and the final time, respectively. The initial density dy was calculated from the
same equation with AL = 0.

Fractured samples were observed with a JEOL 6400F scanning electron microscope
(SEM). The electrical conductivities of the sintered samples were measured on the flat
surface of the specimens with a SIGMATEST® 2.069 apparatus (0.5-65 MS-m~! probe
range) based on electromagnetic measurements (induced current).

3. Results

Table 1 summarizes the experimental conditions for the different samples and gives
the measured values of the final density and sample height.
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Table 1. Experimental device characteristics and initial and final densities of sample heated up to 900 °C at constant heating

rate (50 °C-min~!) under pressure P. The initial density (dy) was calculated from the measured shrinkage at 900 °C, the

measured final density (df) and the sample height (Lf).

Thermocouple Pressure Final Initial Final Shrinkage
Configuration . P Height Density Density AL/Ly

Location P (MPa)

Lf (mm) d() (0/0) df (0/0) (0/0)

B FC (Alumina die) Punch (A) 4 4.83 60.6 76.4 20.7
B St (Graphite die) Punch (A) 4 4.90 58.2 73.6 20.8
B St (Graphite die) Die (B) 4 3.62 58.5 72.6 19.4
B NC (Graphite die + )
alumina platelets) Die (B) 4 3.90 58.7 69.8 16
B St (Graphite die) Die (B) 28 3.40 63.1 97.3 35.1
B NC (Graphite die + )
alumina platelets) Die (B) 28 34 63.4 96 34

The initial densities obtained after a cycle at 4 MPa in the graphite die were close to
each other (around 58.5%). The initial density obtained in the alumina die at the same
pressure was higher (60.6%). When the pressure was increased to 28 MPa, the initial density
was approximately 63%.

The presented densification curves were obtained from the measured punch displace-
ments corrected for the device thermal expansion and the final measured specimen density
(Archimedes) and dimensions. The device thermal expansion was measured by performing
an identical cycle with a dense copper sample for each experiment.

3.1. Comparison of Standard SPS Conditions with Different Thermocouple Positions (StA and StB)

Figure 3 compares the densification curves obtained in the graphite die standard con-
figurations (St) for the two thermocouple locations (A and B). The densification curve StB
shows some fluctuations at the beginning of the cycle which originate from a temperature
regulation problem. A fitted curve (dashed line) is added to facilitate comparison with StA
and for use in the following analysis.

The StA curve shows strong densification from low temperatures. This will also be
observed later for another configuration. It suggests a higher sample temperature in the
set-up, leading to a higher final density for the same measured temperature when starting
from the same initial density (Table 1). This illustrates the sensitivity to thermocouple
position and justifies the choice of two different St references for FC (which does not allow
the position B in the alumina matrix) and for NC (for which the alumina platelets would
have distorted the temperature evaluation in position A).
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Figure 3. Comparison of standard SPS configurations (St) with two different positions of the thermo-
couple used to control the thermal cycle (positions A and B in Figure 2).

3.2. Comparison between Standard SPS (StA) and Forced Current (FC) Conditions

Figure 4 compares the densification curves obtained in the graphite die (StA) and
alumina die (FC) configurations. Some experiments were interrupted at intermediate
stages during heating, in order to observe the microstructure evolution on fractured

samples (Figure 5).

80%

75% |

70% _
'J /
65% o
”
wre e awe? "‘"‘/

-
ratm® '...-4

Density
)
3\

~
\

fnw e

60% - Secaswb wosr =
f
___‘__n-#"-
55%
0 200 400 600 800

Temperature (°C)

Figure 4. Densification of the copper powder during sintering for standard SPS conditions (St)
and forced current (FC) conditions, with applied pressure 4 MPa and heating rate 50 °C-min—!
(thermocouple in position A).
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Figure 5. Fracture surfaces observed by SEM on samples after SPS processing in standard (StA) and
forced current (FC) conditions, under 4 MPa at 50 °C-min ! up to 500 °C, 700 °C and 900 °C.

The densification curves are parallel, with a significant slope from low temperatures
which appears to be a “signature” of heating control by the thermocouple in position A.
An acceleration can be observed at around 650 °C in both cases.

The final density (Table 1) was higher after sintering in an alumina die. However, we
note that the initial density was also higher after compaction in this die. Consequently, there
was no significant effect of the FC configuration with respect to the standard configuration.
L. Minier [25] observed a larger discrepancy between the densities of nickel samples
sintered in alumina and graphite dies, with densities of 94.5 and 90.4%, respectively.
However, nickel is four times less conductive than copper and, unfortunately, the initial
densities were not estimated, and the temperature regulation location was different.

SEM observations did not reveal any differences between the two configurations. The
fractographs at 500 °C showed that there were no (or very few) dimples on the particle
surface. Their absence indicates that neck formation and diffusion bonding has not yet
taken place. Flattened areas at the contacts were observed (indicated by white arrows in
the enlarged picture in Figure 5). The fractography at 700 °C show that small areas with
dimples appeared, confirming the development of necks between particles. Some areas
with dimples are indicated by white arrows in the enlarged picture in Figure 5. At 900 °C,
the areas with dimples have increased in size, due to neck growth.

3.3. Comparison of Standard SPS (5tB) and No Current (NC) Conditions

Figure 6 compares the densification curves obtained in graphite dies in the configura-
tions with alumina platelets (NC) and without (StB). The fractured samples were observed
and showed the same characteristics as those in Section 3.2., i.e., flattened contacts without
bonding at 500 °C and diffusion bonding and increasing dimples above 700 °C. They are
not reported here.
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Figure 6. Densification of the copper powder during sintering in the cases of no current (NC)
and standard SPS (StB), with applied pressure 4 MPa, heating rate 50 °C-min~! (thermocouple in
position B).

Almost no densification was observed below 400 °C. The densification curves diverge
above 600 °C, leading to a lower density for the NC configuration.

To enhance the difference between the two configurations, the pressure was increased
in order to favor the contact areas at low temperature and, consequently, the current flow
through the sample.

The densification curves under a pressure of 28 MPa, as well as the fractography at
different temperatures, are shown in Figure 7.

100%
|
95% T ... StB (28 MPa) )?/
90% ——NC (28 MPa) #
85% ,x/
> &
2 80% /
e ‘/
75% /" —
rg
70% :,/f‘fﬂ
S
65% PORE el
U
60%
0 200 400 600 800

Temperature (°C)

Figure 7. Densification of the copper powder during sintering in the cases of no current (NC) and standard SPS (StB) when
a pressure of 28 MPa is applied. Fracture surfaces observed by SEM in the sample obtained in standard conditions (StB) at

500, 700 and 900 °C.

As expected, under 28 MPa pressure, densification began earlier than under 4 MPa,
with the higher pressure leading to an increased plastic deformation. The St and NC
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curves diverge earlier (from 300 °C). The highest final densification still occurred in the
standard configuration.

Both samples were almost dense at 900 °C, but the final density was slightly higher in
the standard configuration (97.3 £ 0.5%) than in the no current configuration (96.0 & 0.2%).
At 28 MPa, the necks formed earlier compared to the experiments at 4 MPa, but there is
no visible microstructural difference between NC and St configurations; hence, only the
fractographs of the sample obtained for NC are presented Figure 7.

4. Discussion

No significant difference could be observed between FC and St configurations, but a
small systematic difference between St and NC configurations was observed. Differences
linked to the position of the thermocouples were also noted, i.e., faster densification before
600 °C for the thermocouple in position A (located in the punch).

Furthermore, some evaluations of heating by simulation were performed, using
electrical conductivity data measured in our materials.

4.1. Electrical Conductivity throughout the SPS Process

The electrical conductivity of a sample depends on its purity, density and temperature,
but also on its thermal history. Compressibility tests, performed in an 8§ mm tungsten
die, showed that the relative densities of copper compacts varied between 55.5% when
compacted under 2 MPa to 60% under 20 MPa. Even in the case of the 60% dense compacts,
the electrical conductivity was too low to be measured with the SIGMATEST® 2.069 probe
(<0.5 MS:m~!). The diffusion bonds between particles were not yet formed and the
native oxide layer on the copper particles acted as conductivity barrier, so that high
electrical contact resistance existed between the particles. For this reason, the correlation
between electrical conductivity and density was investigated via electrical conductivity
measurements at room temperature on samples sintered at different temperatures in the
SPS device (Figure 8), in order to estimate the conductivity of samples during the sintering
process after the very first step, where grain-to-grain contacts are formed.

6 x 107

5x107
£
S~
v
"6' 4x107
>
=
g 3xw0f
=]
T
<
S 2x107
©
=
=
° 107 +
Q
w

0 1 1 1 1 1 1 ! i

55% 60% 65% 70% 75% 80% 85% 90% 95% 100%

Sample density

Figure 8. Effective electrical conductivity at room temperature of Cu samples sintered by SPS at
temperatures between 300 and 1000 °C.

The linear regression shows that the effective electrical conductivity at room tempera-
ture (o) can be expressed as a function of the sample relative density 4:

o, = 1.33 x 10° x (d — 0.55), )
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This simple linear relationship, which is similar to the well-known Bruggeman effec-
tive medium formula [26] with a realistic percolation threshold of 55% instead of 1/3, is in
better agreement with experimental results than previous experimentally based relations
such as that of Argento [27]:

3
. d—da 2(1=do)
o _0<1—d3> , 3)

The effective conductivity becomes zero when the density is 55%, which roughly
corresponds to the natural packing density of the powder, and it reaches 60 x 10° S/m
for dense copper, which is a classic typical value for Cu. It must be kept in mind that
(2) was obtained for sintered samples, while cold-compacted samples exhibited very low
conductivity even at 60% density. Note that from 58% density, the partially sintered samples
had a conductivity of the order of 5 x 10° S/m, while that of graphite is of the order of
6.3 x 10*S/m, i.e., 70 to 80 times lower.

During sintering, the electrical conductivity of the sample (o7) also varies with tem-
perature T, due to the intrinsic temperature dependency of bulk conductivity:

1

M1 (T —Tp) @)

or
where o is the electrical conductivity at room temperature (calculated using (2)) and o is
the temperature coefficient of resistivity (« = 0.00393 °Clin copper [28]).
The evolution of the effective electrical conductivity of the sample (or) throughout
a typical SPS experiment at constant heating rate is shown in Figure 9. The density was
calculated from the punch displacement, continuously recorded during the SPS cycle. It
evolved from 58 to 72% between room temperature (Ty = 20 °C) and 900 °C at 4 MPa.
The sample conductivity was deduced from (2) and (4). The electrical conductivity of the
graphite die is plotted for comparison. It was calculated from (3) with ¢ = 62,500 S-m~! at
room temperature (Mersen data) and « = —0.0005 °C-1[28].

1 = 108 1
— & )
— ] 5 ) P
0.9 o 10 ==t o= F" 9 0.9
——————————————— Fl Dense Cu (S/m) 7/
—— Dense Cu (S/m) 'S Graphite (S/m) / i
Graphite (S/m) 0.8 > £ 10° ~ = Sintered Cu [28MPa] (/m) | , 7 08 =
= == Sintered Cu [4MPa] (S/m) g _g = = Density [28 MPa] P g
= == Density [4‘MPa] 1 — a c 5 | o _ o o
P 0.7 S 10 —= 0.7
- p.o 4 -
o ot & 8 -
—== =t 0.6 £ 104 ! ! 4 06
o
K]
I s s 05 ALt 103 L L 1 " s 1 L s 0.5
300 600 900 0 300 600 900
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(@) (b)

Figure 9. Evolution of the relative density of a copper sample during SPS experiments at constant heating rate

(dT/dt =50 °C-min~1) and effective electrical conductivity of the copper sample calculated from the density and Equations
(2) and (3), for two applied pressures: (a) p =4 MPa and (b) p = 28 MPa. The conductivities of graphite and dense copper are
plotted for comparison purposes.

The shape of the conductivity curve, with a minimum value (for sintered Cu), results
from two opposite and competitive effects when the temperature is increased: the increase
in particle contacts due to sintering (2) and the decrease in the bulk conductivity (4):

- From room temperature to around 450 °C, the sample conductivity decreases because
the bulk conductivity decrease overrides the slow sintering processes. This estimation
assumes that good conductivity contacts are formed, which is required for applying
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(2). At the very beginning of the SPS process, the powder conductivity is much lower,
due to the abovementioned point;

- Above 450 °C, the strong densification while the temperature is increasing leads to an
increase in the effective electrical conductivity.

As soon as good conductive contacts between particles were formed, the effective
conductivity of the copper sample became more than 25 times higher than that of the
graphite tool. As the diameter ratio between the sample and the die was 3 (90 and 30 mm,
respectively) i.e., the surface ratio was 8, the specific resistance of the powder sample
opposing the current flow was typically 1/3 of that of the die, so that a significant total
current was flowing in the powder and in the die.

4.2. FEM Simulations of the Different Configurations

FEM simulations were used to compare the characteristic behaviors of the St, FC
and NC configurations, using simplified conditions representative of experiments. In
each case, a predefined voltage was applied, with a value adapted to ensure a roughly
constant sample heating rate close to 50 °C/min. The thermal boundary conditions were:
(i) the thermally insulated ends of the (long) punches and (ii) the radiative loss to the
environment from the other outer surfaces (emissivity set to 1). These oversimplified
conditions were not intended to simulate complex actual experiments, but to provide
general tendencies. Calculations were performed in 2D axisymmetric conditions, using
COMSOL Multiphysics software.

Figure 10 shows the maps of current density together with current lines, the dissipated
Joule power and the temperature when the sample temperature is around 700 °C (600 s).
Table 2 shows, for the three configurations, the fraction of the current which passes through
the sample and the comparison of the production of heat by the Joule effect in the sample
with the heat flows exchanged by conduction, for the punches and the die, respectively.

NC St ‘ FC

Figure 10. FEM simulation of heating for the three configurations. Snapshots of current density (i), heat production

rate (P) (logarithmic scale) and temperature (T) at ¢ = 600 s (average T around 700 °C inside the specimen). The same

temperature—color scale is used for the three configurations in each case.
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Table 2. Calculated values of ratios of current and heat exchanges to Joule heating inside the specimen for the different

configurations at ¢ = 600 s (average T around 700 °C inside the specimen). These ratios do not strongly evolve with time

during heating.
Standard SPS No Current
(St Forced Current (FC) (NC)
Configuration $ I:%j ‘ <j > |
Current through sample 0 0 0
Total current intensity 28% 100% 1%
Punches to sample heat flow 410 130 1250
Joule power inside sample
Die to sample heat flow —360 ~110 —1000

Joule power inside sample

A high fraction of the current passes through the sample in the standard configuration
(80%) and, of course, in the FC configuration (100%). A small part of the current passes
through the edges of the sample even in the NC configuration, due to the very high
conductivity of the powder compared to that of graphite, but it remains very small (1%).

Power dissipation (density of heat production) is highest at the punches and negligible
in the sample in all cases (log representation in the figure). The local contribution of the
Joule effect in the sample is, in any case, negligible for these copper samples.

In all cases, the punches-to-sample heat flow is considerably larger than the Joule
power inside sample. Consequently, the sample is mainly heated by the punches.

The sample is cooled (negative flow) by the die, which is itself cooled by the external
exchanges, as this flow is very large compared to the production of heat in the sample.

4.3. Simulations vs. Experimental Results

Figure 11 shows the calculated evolution of the temperature deviations between the
thermocouple positions and the mean temperature of the samples. The sample was colder
than the thermocouple in position A (located in the punch, considered as a heating source)
and hotter than the thermocouple in position B (located in the die, considered as a cooling
source). The simulations did not support these experimental results well. Indeed, the
densification was greater and occurred earlier when the thermocouple was in position A.
This suggested an underestimation of the sample temperature regarding location B.

There was no significant temperature difference between the configurations for the
same thermocouple location (FC and STA on the one hand, NC and STB on the other hand).
The experimental observation that only the absence of current (NC) led to a significant
decrease in densification can therefore not be linked to a thermal cause. This suggests that
the flow of a current in the sample modifies the densification mechanisms in this copper
powder, for the given conditions. This effect appears to be a “threshold” effect because
switching to 100% of the current (FC configuration) did not produce an effect significantly
different from 30% of the current (St configuration). No modification of the microstructure
by the flow of current could be observed to indicate the nature of this effect.
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Figure 11. FEM simulation of heating for the three configurations. Evolution of the difference
between the mean sample temperature (Tm) and the temperature at the thermocouple position (A or

B) during the simulated heating at about 50 °C-min .

5. Conclusions

The densification curves of a pure copper powder were analyzed for three different
configurations and with different thermocouple positions, from the relative electrical con-
ductivities of the sample and the tool, from FEM simulations and from SEM observations
of fracture surfaces. Densification appeared to be sensitive to the position of the regulation
thermocouple. This could be explained by different actual thermal cycles applied to the
samples, due to thermal gradients inside the system. Only the absence of current in the
specimen led to a decrease in densification. The effective conductivity of the copper sample
was more than 25 times higher than that of the graphite tool. Therefore, copper specimens
were scarcely heated by the tool. However, FEM simulations highlighted no significant
temperature differences between the configurations, suggesting that this was not linked to a
thermal cause but rather to a current effect. However, no modification of the microstructure
by the flow of current could be observed.
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