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Spark plasma sintering (SPS) is a powder metallurgy process that sinters powder materials within a short
time by simultaneous application of electrical current and pressure. SPS differs from other conventional
powder metallurgy processes by its heating mechanism, which is Joule heating of the sample within
a graphite die. This study investigates the consolidation of aluminum powder by SPS. Different pressures
were used and particle bonding evaluated by means of fracture surface analysis. Electrical resistance,
obtained from online monitoring of the variation of voltage and current during the process, showed an
enhanced descent at 0.3 Tm, and the area under this drop was associated with ductility: the greater the area,
the higher the ductility. This temperature corresponds to a significant increase in the hardness ratio of
the oxide layer to aluminum, where breakdown of the oxide layer becomes easier, permitting enhanced
metallurgical bonding between the powder particles.
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1. Introduction

Spark plasma sintering (SPS), also called field-assisted
sintering, is a powder metallurgy (P/M) process that uses
uniaxial pressure and pulsed direct electrical current to perform
rapid powder consolidation. It differs from conventional P/M
processes by its heating mechanism: Joule heating. Heat arises
from the electrical current that flows through the die-punch-
conductive powder assembly during the process. SPS provides
high heating rates and short processing times (Ref 1), yielding
dense compacts (Ref 2).

Aluminum (Al) possesses a native oxide film and is hard to
sinter by conventional P/M processes (Ref 3). Munir (Ref 4)
showed that the presence of stable surface oxides at high
temperatures and limited oxide solubility in the metal particles
can result in retardation of sintering such that it requires an
incubation time. For Al particles having a 100 Å thick oxide
layer, the incubation time is around 116 days at 873 K (Ref 4).
Therefore, sintering of Al requires creating metal-to-metal
contact by disrupting their surface oxide layers. Thus, SPS
becomes an attractive process for sintering of Al particles; this
is supported by several studies, the main outcomes of which
are detailed below.

• Xie et al. (Ref 5) carried out SPS on Al powder and ob-
served that the tensile strength of the sintered compact is
comparable with base Al metal for the following sintering
conditions: 823 K at 47 MPa and 873 K at 23.5 MPa.
However, the ductility of the former was lower than that
of the base metal, suggesting that a higher temperature
improves metal/metal bonding, creating higher ductility.

• Nagae et al. (Ref 6) compared the sintering of Al powder
by pulsed current sintering (PCS) and simulated hot press-
ing (HP)—i.e., operating the PCS at a heating rate of 18 K/
min. They reported improved tensile properties for PCS
sintered gas-atomized Al powder compared to the simu-
lated hot pressed. The authors suggested that use of Joule
heating to preferentially heat interfacial regions of particles
could improve break-up of the oxide layer during PCS.

• Xie et al. (Ref 7) sintered pure Al by pulse electrical cur-
rent sintering (PECS) at various pulse frequencies and
found that relative density, electrical resistivity and tensile
properties was not significantly affected by pulse fre-
quency.

• Xie et al. (Ref 8) discussed the breakdown mechanism of
the oxide layer of Al during PECS through the fractions
of metal/metal bonding interfaces for a sintered specimen
using high-resolution TEM. The improvement in bonding,
associated with the plastic deformation during compaction,
led the authors to speculate that the high-temperature con-
tact points of PECS will favor oxide breakdown rela-
tive to hot pressing.

• Zadra et al. (Ref 9) showed that the application of pres-
sure at higher temperatures improves ductility so that the
neck growth between powder particles and the electric
current supports uniform sintering resulting in better duc-
tility.

• Kwon et al. (Ref 10) observed that oxide layer debris cre-
ated improved metal-to-metal contact upon SPS. They
also carried out O2 content analysis and found a lowering
of the content with increasing sintering temperature that
was associated with the generation of microplasma be-
tween particle contacts, pressure and reduced atmosphere
that comes from carbon mold.
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• Finally, Sweet et al. (Ref 11) showed that SPS of Al re-
sulted in a reduced oxygen content in the sintered com-
pact. That behavior was not observed during conventional
sintering trials. Correspondingly, tensile elongations reach-
ing up to 32.7% was reported, a value comparable with
1xxx wrought alloys in an annealed condition. In compar-
ison, tensile elongation of 0.4% was reported for conven-
tional P/M process.

These outcomes suggest that the interacting factors influ-
encing the sintering of Al powders are temperature and plastic
deformation, which directly affect the oxide breakdown and
improve the bonding quality. In this context, this study aims
to detect the oxide layer breakdown through the evolution of
variation in resistance by online monitoring of voltage and
current data of SPS during densification, and by linking this
behavior to ductility. Bulk densities of sintered compacts were
evaluated by the Archimedean method. A three-point bending
test was applied to investigate the ductility of the samples, and
fracture surface analysis was carried out using SEM to
evaluate the particle bonding. Comparisons between resistance
profiles and fracture surfaces are made to assess interface
quality.

2. Experimental

Experiments were performed using gas-atomized Al (H-15)
powder supplied by Valimet (Stockton, CA). Chemical com-
position of the powder is listed in Table 1, per the supplier�s
certificate of analysis. Particle size distribution (PSD) of the
powder was measured using a HORIBA LA-920 laser diffrac-
tion particle size analyzer according to ASTM B822-02. D10,
D50 and D90 of the powder are given in Table 2. An SEM
image of the initial powder is shown in Fig. 1. The oxide layer
of the powder was investigated using transmission electron
microscopy (TEM) with an FEI Tecnai G2 F20 transmission
electron microscope operated at 200 kV, as shown in Fig. 2.
The oxide layer thickness was approximately 4 nm.

SPS was carried out under vacuum with an SPS 10-3
apparatus (Thermal Technologies Inc., Santa Rosa, CA).
Cylindrical samples were produced using 50 g of powder with
a 38 mm diameter graphite die-punch set (Isocarb Graphite I-
85, Electrodes Inc., Sante Fe Springs, CA). Graphite foil with a
thickness of 0.13 mm was used between the sample-punch and
upper spacer-upper electrode. The sintering cycle consisted of
heating samples at 100 �C/min up to 500 �C (0.75 Tm homol-

ogous temperature) and then holding them at 500 �C for 1 min.
One of four different pressures (20, 30, 40 and 50 MPa) was
applied to a sintering cycle. Al samples were also produced
using 20 MPa pressure followed by 50 MPa pressure at the end
of the process, during the cooling period (this procedure will be
referred to as 20-50 MPa hereafter). In addition, the same
sintering cycle with 50 MPa was applied to a near fully dense
Al sample in order to have the reference resistance versus
homologous temperature profile. Three samples were produced
for each condition. The dimensions of each component of the
SPS setup are provided in Table 3.

The bulk density of the samples was measured using
Archimedes� method as described in ASTM standard B963-13.
Resistance profiles of each sintering cycle were obtained by
dividing voltage with electrical current data during SPS. The
estimated resistance during the process was determined using
Eq 1-3 and procedure described below.

Table 1 Chemical composition of the powder

Elements (wt.%)

Material Al Fe

Al (H-15) 99.8 0.11

Table 2 PSD of the powder

D10 (lm) 10
D50 (lm) 21
D90 (lm) 45

Fig. 1 SEM image of Al (H-15) powder particles

Fig. 2 Transmission electron micrograph of Al (H-15) powder par-
ticle
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Resistance of a part can be calculated using Eq 1 (Ref 12):

R ¼ qh=A ðEq 1Þ

where R is the resistance in ohms (X), q is the resistivity in X/
m, h is the height in m and A is the cross-sectional area in m2.
The electrical resistivity values (Ref 12-15) used during the
calculations are given in Table 4. Since a water cooling system
was used for the stainless steel electrodes, room temperature
resistivity was used for the electrodes.

In the SPS setup, resistance also comes from the contact
between parts (Ref 16). Wei et al. (Ref 17) estimated temper-
ature- and pressure-dependent equations for horizontal and
vertical contact resistance in the SPS tooling setup based on the
regression analysis of experimental results:

Rh T ;Pð Þ ¼ �0:24 � lnT þ 1:94ð Þ � 27:61 � P�1:09
� �

m cm2
� �

ðEq 2Þ

Rv T ;Pð Þ ¼ �0:0057 � T þ 18:59ð Þ � �0:0079 � P þ 1:14ð Þ m cm2
� �

ðEq 3Þ

where T is the temperature (�C), P is the pressure (MPa), and
Rh and Rv represent the horizontal and vertical contact resis-
tance, respectively. Resistance that comes from the contact
between parts can be obtained by dividing Eq 2 and 3 with
the area of contact.

Three-point bending tests (sample dimensions: 2.5 mm9 7
mm9 37 mm) were carried out using a Tinius Olsen H25K-S
Instron with a crosshead loading speed of 10 mm/min and a
support span of 18.75 mm. The flexural stress, rf, in MPa, was
obtained using:

rf ¼ 3PL=2wt2 ðEq 4Þ

where P is the load in Newtons, L is the span between two
sample support beams in mm, w is the width and t is the
thickness of the sample in mm. The flexural strain, ef, was
obtained using:

ef ¼ 6Dt=L2 ðEq 5Þ

where D is the maximum deflection at the center of the sam-
ple in mm. Three-point bending sample tests were done for
each condition, and errors estimated through calculations of
the standard deviation. Fracture surface observations were
performed with a Hitachi SU-3500 scanning electron micro-
scope.

3. Results and Discussion

3.1 Effect of Pressure

The density of the compacts, expressed as a fraction of the
theoretical density (2.7 g/cm3), is given in Table 5. As
expected, with an increase in pressure, the final density of the
material approaches the theoretical density.

Figure 3 presents the resistance and relative density behav-
ior as a function of homologous temperature at different
pressure conditions. High resistance occurs during the initial
stage of the process and decreases as the material densifies,
reaching a saturated value for higher-density samples. Further-
more, descent in resistance is enhanced after 0.3 T/Tm. What
follows is our interpretation of the mechanisms leading to
this observed phenomenon.

SPS differs from hot pressing by its Joule heating mecha-
nism, defined as the heat generated from resistance to the
electrical current. During SPS of metal powders, the majority of
current flow is through the punch-sample assembly (Ref 12).
Hence, the total current can be assumed to pass through the
punches and sample (Ref 12). Therefore, the main locations of

Table 3 Dimensions of the parts

Part Diameter (mm) Height (mm)

SS upper electrode 59 500
SS lower electrode 59 250
Spacers 59 45
Upper punch 37.7 45.3
Lower punch 37.7 36.2
Die 38 (inner)

73 (outer)
46

Near fully dense Al 37.7 16.7

Fig. 3 Variation of resistance and relative density with homologous
temperature

Table 4 Electrical resistivity values

Material Electrical resistivity, X m (T in K)

AISI 304 SS (Ref 13) 7� 10�18T4 � 3� 10�14T3 þ 5
�10�11T2 � 4� 10�8T þ 2x10�5

Graphite (Ref 14)
1= 3= 6:083� 10�6 þ 1:4585� 10�6T=ðð
1000þ 2:3568� 10�6=T=1000ÞÞ

Al (Ref 15) 1� 10�10T � 8� 10�9

Graphite foil (Ref 12) 2:5� 10�3

Table 5 Final densities of the sintered compacts

Sample, MPa Relative density

20 0.925± 0.004
30 0.952± 0.004
40 0.966± 0.005
50 0.984± 0.006
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Joule heating are the punches, the sample and the graphite foils
between the punches and the sample (Ref 12). Following the
methodology presented by Chawake et al. (Ref 12), we calcu-
lated resistance using Eq 1 for each part (electrodes, spacers,
punches, foils and Al sample) and Eq 2 and 3 for the addition
of contact resistances.

Electrical resistance that is provided by the densifying
component: To calculate the resistance of the powder Al
sample, the electrical resistivity of bulk Al (Table 4) was
used in the equation for porosity-dependent electrical resistivity
(Ref 18):

q ¼ q0 1þ 11h2
� �

= 1� hð Þ
� �

ðEq 6Þ

where q is the resistivity of porous material, q0 is the resistiv-
ity of bulk material and h is the porosity. Combining Eq 6
with Eq 7 (Ref 12) gives:

Rmax ¼ qhi=A ðEq 7Þ

where hi is the instantaneous height of the sample and A is
the cross-sectional area, and the predicted maximum electrical
resistance (Rmax) provided by the sample was 1.09 10�6 X.

The electrical resistance provided by a fully dense Al
sample during the whole sintering cycle was also calculated
using Eq 1, where the height was 16.7 mm. The total resistance
was obtained by summation of the calculated resistance of each
component. The effect of the calculated resistance that comes
from the Al sample, for both the powder and the near fully
dense case, was negligible in comparison with the other
components.

Figure 4 shows the resistance versus homologous temper-
ature behavior during a 50 MPa sintering cycle for Al powder,
a near fully dense Al sample and the calculated total value.
Xie et al. (Ref 8) demonstrated that a fully dense sintered Al
powder compact, where bonding between metal particles
occurs, has an electrical resistivity similar to bulk Al. Montes
et al. (Ref 19) showed that the electrical conductivity of bulk
aluminum and fully dense aluminum samples are alike.
Therefore, it can be assumed that the total resistance of the
sintering cycle for the near fully dense sample run came from

the electrodes-spacers and punches only, as the resistivity of
bulk Al at 10-8 X/m is about two orders of magnitude smaller
than that of graphite, at 10�6 X/m, respectively. The calcu-
lated resistance agreed with the experimental resistance curve
of a dense Al sample (Fig. 4). The resistance profile of the
powder Al sample ended up with the similar value to that of
the dense Al sample and the calculated resistance. This is in
agreement with the work of Chawake et al. (Ref 12); as the
metallic material densifies, the major contribution to the
saturated resistance comes from the graphite parts. Based
on this observation, the different behavior of the resistance
curve of powder Al samples comes from the powder. From the
above analyses, the maximum electrical resistance provided
by the densifying component was 1.09 10�6 X. However,
this value was negligible in comparison with the resistance
values in Fig. 4. Chawake et al. (Ref 12) proposed that an
additional electrical resistance component is attributable to the
presence of the initial oxide layer on the surface of metallic
particles. In that study (Ref 12), Ni powder had an initial
resistance was 1.59 10�2 X. This system showed an en-
hanced densification at 0.4 Tm which corresponds to the
dielectric breakdown of the Ni particles� oxide layer
[69 105 V/cm (Ref 20)] under an electrical field. Thereafter,
the resistance started to reach a saturated value
(3.09 10�3 X), after which it was coming from the graphite
parts. Montes et al. (Ref 21) demonstrated that a powder mass
having a porosity of 35%, formed by Al powders with
22.2 lm mean particle radius and a 4.5 nm thick oxide layer,
had an electrical resistivity of approximately 10�3 X/m at
room temperature. Using Eq 6, which does not take into
account the effect of surface oxides, the resistivity of an Al
powder bed with 35% porosity is on the order of 10�8 X/m.
Therefore, powders coated with surface oxides provide higher
resistance.

During field-assisted sintering, amplification in local field
strengths is expected (Ref 22). If the local field strength is
greater than the dielectric breakdown strength of the surface
oxide, the oxide surface may break down. Bonifacio et al. (Ref
23) showed dielectric breakdown of the surface oxide of Ni
powder particles with the help of in situ TEM experiments
during electric field-assisted sintering. Although an increase in
local field strength is possible during SPS, it is not clear
whether it can reach the dielectric breakdown strength of Al
oxide [�19107 V/cm1 (Ref 24)] which is two orders of
magnitude greater than that of nickel oxide [69 105 V/cm (Ref
20)]. An in situ TEM analysis similar to the study of Bonifacio
et al. (Ref 23) is required for Al particles to better investigate
whether the dielectric breakdown of the surface oxide film can
occur. Mechanical disruption of the surface oxides of Al
powder during plastic deformation is one way to break the
oxide layer (Ref 25). Previous work suggests that it is much
easier to break up oxide film on Al at higher temperatures (Ref
26).

Al powder has an inherent oxide layer, and thus resistance
profiles and fracture surface analysis can also be used to
evaluate whether breakdown of the oxide layer is occurring and
how applied pressure influences the breakdown. This under-
standing is critical, as the inability to break down the oxide
layer will yield incomplete, or complete absence of particle
bonding between metal particles (Ref 27), resulting in low
ductility and brittle fracture (Ref 28).

Initial resistance during SPS of metallic powders, such
as Cu and Fe, decreases with the progress of densification (Ref

Fig. 4 Resistance vs. T/Tm of aluminum powder, a near fully dense
aluminum sample and the calculated total value for 50 MPa sintering
cycle
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29). This change in resistance is mostly attributable to the
creation of a metal-to-metal contact area between powder
particles by the breakdown of the oxide film (Ref 29). As the
fraction of metal/metal bonding increases, reduction in the
resistance becomes higher (Ref 5). The densification rate is

high at the initial stage, and slows as the material densifies (Ref
30). Figure 3 reveals that resistance decreases as densification
progresses. Moreover, the change in the resistance increases
significantly after 0.3 Tm, and densification is enhanced. This
observation of enhanced densification and decreased resistance

Fig. 5 Three-point bending test results of the different pressure
samples

Fig. 6 Fracture surfaces of the samples (arrows point out dimple regions): (a) 20 MPa, (b) 30 MPa, (c) 40 MPa, (d) 50 MPa

Fig. 7 Fractional resistance vs. homologous temperature curve
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at �0.3 Tm can be connected to the breakdown of the oxide
layer leading to the formation of high amounts of metal/metal
bonding. Tylecote (Ref 26) demonstrated that the hardness ratio
of Al2O3 to Al increases with an increase in temperature and
that a significant change in this ratio occurs above 200 �C,
associated with the softening of Al. Hence, it is easier to break
up oxide film on Al above this temperature (Ref 26). The
temperature where this rise in hardness ratio was observed
corresponds to 0.3 Tm, and matches the temperature at which a
significant reduction in resistance was observed in this study.

To support the oxide breakdown evidence presented above,
three-point bending tests were performed for each sample to
assess the ductility of the samples. Fracture surfaces were
examined using SEM for any indication of dimples as a sign of
plastic behavior, i.e., particle bonding. In particular, the
relationship between resistance profiles and fracture surfaces
showing particle bonding, ascribed to the breakdown of the
oxide layer, is considered. Figure 5 shows the flexural strength
and strain values. Corresponding fracture surface micrographs
are presented in Fig. 6. Flexural stress and ductility of the
samples were enhanced by an increase in pressure (Fig. 5),
which is indicative of good particle bonding between metal
particles.

Looking at fracture surfaces, the occurrence of particle
debonding at 20 MPa can be readily observed, and some small
dimple formations (neck development) occur on the particle
surfaces. At 30 MPa, a similar behavior was observed with
more pronounced dimples that still remain minor. These dimple
formations are characteristic of metal-to-metal bonding. At
40 MPa, prior particle boundaries began to disappear and
dimple formations are enhanced. The 50 MPa sample exhibit a
significant presence of dimples, which supports the occurrence
of particle bonding. It is expected that additional oxide layer
disruption will occur with an increase in applied pressure.
Except from less porosity, the better ductility, and thus bond-
ing, at higher pressures is likely the result of both greater oxide
layer disruption and greater consolidation between metal-to-
metal contacts.

Oxide layer disruption, (i.e., good bonding and better
ductility) was further analyzed by plotting fractional resistance
and homologous temperature of the samples. Figure 7 shows a
representative graph using a 50 MPa sample. If the area
between the tangent line and the curve (as shown in Fig. 7)

is calculated, a relationship with the ductility (flexural strain) of
the samples can be made. Figure 8 presents the ductility and
area values of different pressure samples. The increase in the
area was attributed to greater oxide layer disruption. As the
area increases, the ductility increases and better ductility is
ascribed to better bonding between particles through great-
er metal-to-metal contact. However, the residual porosity also
affects mechanical properties (Ref 31). Therefore, similar
density samples may be required to better comment on the
relationship between oxide layer breakdown and good bonding.
The next section will be used for this purpose.

3.2 Comparison of Similar Density Samples

To increase the final density of the sample, 20 MPa sample
was pressed up to 50 MPa during cooling period. Table 6
shows the final densities (as a fraction of the theoretical density)
of 20–50 and 40 MPa sample. Both samples have similar
densities. Table 7 shows three-point bending test results and the
calculated area of both sample types, and it reveals that
the 40 MPa sample has a higher ductility than the 20–
50 MPa sample. This is a sign of better metal-to-metal
bonding, since the samples have similar densities. The area is
higher for the 40 MPa sample where the ductility is also higher.
These observations suggest that deviation of the current curve
can be used to assess the quality of the interface between Al
particles: the greater the area, the better the quality of the
interface. Moreover, dimple formations are more pronounced
for the 40 MPa sample, as indicated by fracture surfaces
(Fig. 9).

The reported good necking quality of SPS Al samples in the
literature (Ref 5-11) indicates that SPS has a positive effect on
neck development. Pressure is considered as an important
parameter to disrupt the oxide layer during SPS of Al powder
(Ref 8). Similar to Xie et al. (Ref 8), we believe that oxide
breakdown during SPS of Al comes mainly from the plastic
deformation and that the effect of the pressure should be
amplified by the application of current, which results in Joule
heating as a self-heating mechanism within the powder bed.
Furthermore, in a study (Ref 9) where the pressure was ramped
up during heating, as opposed to before heating as done in this
study, improved ductility was observed and associated to the
fact that the material was subjected to higher electrical field due
to the lower powder density. Hence, it allowed improved
mobility of atoms and diffusion (Ref 9). The authors also

Fig. 8 Area vs. ductility values for the different pressure samples

Table 6 Relative densities of the samples

Sample, MPa Relative density

20-50 0.961± 0.002
40 0.966± 0.005

Table 7 Three-point bending test results and the calcu-
lated area of similar density samples

Sample,
MPa

Flexural
stress, MPa

Flexural
strain, % Area

20-50 182± 16 6.6± 1.9 0.0051± 0.0015
40 237± 14 15.9± 1.9 0.0120± 0.0008
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suggest that loose powder allows a better surface cleaning of
the powder, because of a greater possibility of sparks and/or
higher local temperatures between particles and that minimiza-
tion of gas entrapment with ramping pressure improves
plasticity (Ref 9). Enhanced ductility with ramping pressure,
in comparison to constant pressure, reveals the aid of electri-
cal current (Ref 9). This self-heating and possible formation of
localized high temperatures at the particle contacts (Ref 32)
would help to break down the oxide layer by mechanical
pressure as the material will be softer and thus can be more
effectively deformed. Nagae et al. (Ref 6) report better tensile
properties for pulsed electric current sintered gas-atomized Al
powder than for hot-pressed ones. They attribute this enhance-
ment of tensile properties to the effect of Joule heating. From
these observations, it can be concluded that pressure is
important in breaking down the oxide layer during the SPS
of Al, but that an electrical field, which is inherent to SPS, may
also help to disrupt the oxide layer.

4. Conclusion

SPS of pure Al powder was performed. Different pressures
used during the process were 20, 30, 40 and 50 MPa. Final
densities of the samples increased with pressure and reached
near full density at 50 MPa. Ductility of the samples increased
with pressure as observed with three-point bending tests.
Resistance profiles indicate an enhanced decrease in resistance
at 200 �C. This behavior is ascribed to breakdown of the oxide
layer and an assessment methodology is presented to comment
on the quality of the interface between Al particles. The results
are consistent with the ductility and fracture surfaces of the
samples.
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