
Contents lists available at ScienceDirect

Materials Science & Engineering A

journal homepage: www.elsevier.com/locate/msea

Spark plasma sintering and spark plasma upsetting of an Al-Zn-Mg-Cu alloy

Mehmet Masum Tünçaya,b, José Alberto Muñiz-Lermaa, Donald Paul Bishopc, Mathieu Brochua,⁎

a Department of Mining and Materials Engineering, McGill University, 3610 University Street, Montreal, QC, Canada H3A 0C5
b Department of Metallurgical and Materials Engineering, Marmara University, 34722 Goztepe, Istanbul, Turkey
c Department of Process Engineering and Applied Science, Dalhousie University, 1360 Barrington Street, Halifax, NS, Canada B3J 1Z1

A R T I C L E I N F O

Keywords:
Spark plasma sintering
Forging
Al alloys
Mechanical properties

A B S T R A C T

Al-Zn-Mg-Cu alloy powder Alumix 431D was sintered at 400 °C by spark plasma sintering (SPS) and upset
forging was applied to the sintered sample through SPS. Densities of 99.1± 0.3% and 99.8± 0.1% of theoretical
were obtained for the sintered and forged samples, respectively. T6 temper was carried out on the samples and
microstructure analysis and mechanical properties before and after heat treatment were evaluated.
Microhardness of 173± 3 and 172±3 HV were attained in the T6 temper of as-sintered and forged samples,
respectively. The flexural strength and strain values were significantly improved after the forging process, which
can be mainly attributed to the better particle bonding in addition to the occurrence of some recrystallization.
Significant loss in the ductility was observed after the T6 temper.

1. Introduction

Powder metallurgy (P/M), which is the manufacturing of parts from
powder material, offers high material utilization, production of near-
net shaped parts, and reduction or elimination of the costs related with
complex machining operations [1–3]. Al P/M alloys have a wide range
of applications such as hand tools, office machinery and automotive.
Nevertheless, the properties of the conventional press and sinter parts
are frequently insufficient for many of the more demanding applica-
tions envisioned for the technology [3]. Alumix 431D alloy, is a com-
mercial powder blend composed of a mixture of pure Al with a master
alloy containing Al, Zn, Mg and Cu. This powder blend is chemically
similar to AA7075, and it is used in the fabrication of products requiring
low weight and high strength [4].

A technical challenge inherent to P/M processing of Al alloys is the
native oxide film present on the powder particles. This tenacious oxide
layer of Al is highly stable from a thermodynamic standpoint and will
prevent sintering if left intact during the processing cycle [5]. Thus, it is
necessary to break the oxide layer in order to form appropriate me-
tallurgical bonding between powder particles. Successful sintering of
high strength Al alloys such as Alumix 431D alloy, can be obtained by
liquid phase sintering, which is capable of disrupting the stable oxide
layer covering the Al particles [6]. However, this manifests hetero-
geneous shrinkage of the powder compacts which is disadvantageous in
the context of near-net-shape processing [6].

Spark Plasma Sintering (SPS) is an axial pressure-assisted process
that uses joule heating from the passage of a high DC pulsed current

through a graphite die and powder [7]. Solid state transport mechan-
isms (bulk and grain boundary) are favored during the process [8]. SPS
is considered as an important process due to the ability to clean particle
surfaces [9]. This is accomplished by contributing to the rupture of the
oxide layer at the surface of the pure aluminum powder, which has
been demonstrated in previous studies [10–17]. However, it has been
shown by Garbiec and Siwak [18] and Rudinsky et al. [19] that Alumix
431 powder sintered by SPS exhibits low ductility during tensile or
bending tests due to the lack of bonding between particles. It has been
suggested that the formation of the spinel layer arising from the reac-
tion of Mg and the alumina layer would impose the requirement for a
higher applied load to break the oxide layer [20]. Alternatively, forging
of aluminum P/M products is known to close the residual porosity and
disrupts the oxide film around the powder particles because of the high
strains and strain rates involved [1]. This enhances the metallurgical
bonding across the interfaces where the oxide layer is broken [1].
Upsetting is a type of forging where a workpiece is reduced in dimen-
sion between two parallel plates and reduction in initial height without
extensive spreading and substantial flow along the tool surface occurs
[21].

The purpose of this study is to investigate the effect of hydraulic
press forging [22] through SPS upsetting on the mechanical properties
of Alumix 431D compact which is sintered by SPS. Bulk mechanical
properties were measured through three-point bending test and corre-
lated with fracture surface analyses in order to assess the nature of
particle bonding. In addition, electron backscattered diffraction (EBSD)
was also utilized to analyze the nominal grain size and grain boundary
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mis-orientation angles after upset forging by SPS.

2. Experimental

Alumix 431D powder from ECKA granules with a chemical com-
position provided by the supplier's certificate of analysis, listed in
Table 1, was used in the present study. A scanning electron microscopy
(SEM) image of the starting powder is shown in Fig. 1. The morphology
of the powder exhibits irregular shape as a result of production by air
atomization.

A two-step process has been applied to the powder using SPS where
the first step was the sintering of the powder and the second step was
forging. A schematic of this process is presented in Fig. 2. Six cylindrical
samples of 10 mm in height by 20 mm in diameter were spark plasma
sintered using an SPS 10-3 apparatus from Thermal Technologies Inc.,
and using a 20 mm diameter Isocarb graphite I-85 die-punch set from
Electrodes Inc. Sintering was performed at a temperature of 400 °C
under 50 MPa of applied pressure and a 60 min holding time. The initial
heating rate to reach 350 °C was 100 °C/min and a rate of 50 °C/min
was applied subsequently up to 400 °C in order to avoid overshooting
the target temperature. Temperature was measured using a C-type

thermocouple placed in the bottom punch which had a hole drilled to
2 mm from the surface of the sample. The pressure was constant
throughout the sintering cycle. Apart from sintering, a secondary for-
ging process that imposed 32% compressive strain was applied to three
sintered samples using the SPS apparatus. This represented the max-
imum amount of deformation that could be applied due to the limited
length of the punch. This process was carried out by placing the 20 mm
diameter sintered samples in a larger (25 mm diameter) Isocarb gra-
phite I-85 die-punch set and heating them to 400 °C. All specimens were
heated from ambient to 350 °C at rate of 100 °C/min and then at 50 °C/
min from this point to the intended forging temperature of 400 °C. The
samples were kept at 400 °C for a period of 4 min and then deformed at
that temperature under a maximum pressure of 36 MPa, achieved by
loading at 0.55 MPa/s which took 1 min to reach full pressure. The
forged products were then cooled down to room temperature and re-
moved from the SPS unit for analysis.

Bulk density was measured on sintered, forged and heat treated
samples using the Archimedean method as described in ASTM standard
B963-13 [23]. In order to heat treat the produced samples, differential
scanning calorimetry (DSC) was first conducted with a NETZSCH STA
449F3 instrument to determine the initial melting temperature. For this
purpose, 11 mg of the forged samples were heated up to 650 °C under
flowing argon while using a heating rate of 10 °C/min. An initial
melting event with a peak temperature of 475 °C, which corresponded
to the melting of MgZn2 phase [24], has been observed. Therefore, a
solutionizing temperature of 450 °C was adopted. T6 temper was ap-
plied to both sintered and forged samples using 4 h solutionizing at
450 °C followed by artificial aging at 125 °C for 24 h after water
quenching. The nomenclature and their descriptions for all of the
samples are given in Table 2.

Sintered and forged samples (before and after heat treatment) were
mounted, ground and polished using 320 and 400 grit papers, followed
by 9 and 3 µm diamond suspensions with an end step of colloidal silica
suspension on a Vibromet polisher. Microstructural analysis was per-
formed with backscattered electron (BSE) imaging and energy dis-
persive spectroscopy (EDS) using a Hitachi SU3500 SEM. Electron
backscattered diffraction (EBSD) was used to analyze the grain micro-
structure. X-ray diffraction (XRD) analysis was carried out using a
Bruker D8 Discovery X-Ray Diffractometer (Cu-source radiation).

Mechanical properties were evaluated by microhardness and three-
point bending tests. Microhardness was measured with a Clark
Microhardness (CM-100AT) indenter using a load of 10 g. The reported
hardness values represent an average of 10 indentations. Three-point
bending tests (sample dimensions: 1.8 mm × 4.3 mm × 20 mm) were

Table 1
Chemical composition (wt%) of the Alumix 431D powder utilized.

Al Zn Mg Cu Sn

Bal. 6.1 2.5 1.6 0.3

Fig. 1. SEM image of Alumix 431D powder.

Fig. 2. Schematic of the two-step SPS process used in this study.
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carried out using a Tinius Olsen load frame (model H25K-S) with a
crosshead loading speed of 10 mm/min and a support span of
18.75 mm. The flexural stress and strain values were obtained using
fundamental equations which can be found elsewhere [25]. Three tests
were done on each sample type considered, i.e., T1, T1-forged, T6 and
T6-forged. Fracture surface observations were performed with the
aforementioned SEM.

3. Results and discussion

3.1. Spark plasma sintering

SPS of Alumix 431D powder was carried out and a density of
99.1±0.3% theoretical density (TD) was obtained for the T1 condition
considering 2.79 g/cm3 as the full TD for the alloy [26]. The image
analysis confirmed the value with a density of 99.3±0.3%. A re-
presentative low magnification BSE micrograph taken after sintering is
shown in Fig. 3. A low level of isolated rounded residual porosity re-
mained after sintering as indicated by the annotated arrows. The mi-
crostructure was heterogeneous and was comprised of three distinct
regions. High magnification BSE micrographs recorded from each of
these regions are presented in Fig. 4. The first region (Fig. 4a) contained
large amount of bright secondary phases that most likely correlated to
remnants of the master alloy powders. The second and third regions
(Fig. 4b and c) had progressively lower concentrations of secondary
phases suggestive that they represented transformative states of the
master alloy the alloying elements diffused away from it and into ad-
jacent grains of pure aluminum. A similar behavior has been also re-
ported by Rudinsky et al. [19] where it was ascribed to the insufficient
diffusion distance of the alloying elements (Zn, Mg, Cu) to attain
homogenization during SPS processing at 425 °C for 1 h.

XRD was then utilized in an effort to determine the principal phases
present. The resultant spectrum (Fig. 5) indicated that α-Al and MgZn2
were present consistent with the works of LaDelpha et al. [26], Ru-
dinsky et al. [19], and Pieczonka et al. [27].

After sintering, a T6 heat treatment was applied to the T1 samples.
The density of the T6 sample was 98.8±0.2% TD. The density ob-
tained by image analysis was 99.0± 0.2%, supporting the oil

impregnation method. A representative BSE micrograph of a T6 tem-
pered sample is shown in Fig. 6. It was observed from this micro-
structure that a considerable fraction of the secondary phases originally
present in the as-sintered sample were now dissolved. However, in
some isolated regions that contained the secondary phases were still
present (for example, region 1 in Fig. 6).

High magnification BSE micrographs of the T6 sample are presented
in Fig. 7 which corresponded to the three regions depicted in Fig. 6. It
can be seen from Fig. 7a in comparison with Fig. 4a that the secondary
phases were partially dissolved but some coarse precipitates remained
in the microstructure. When compared to Fig. 4b, the microstructure in
Fig. 7b was more homogenous. Finally, a homogenous microstructure
was ultimately observed in Fig. 7c. These observations were sub-
stantiated via XRD as the spectrum recorded from the T6 sample
(Fig. 5). In this sense, the intensity of all peaks ascribed to MgZn2 had
decreased appreciably but the phase remained readily detectable
thereby supporting the notion of partial dissolution [28].

3.2. Spark plasma upsetting

In the next phase of research, upset forging within the SPS system
was applied to the sintered samples. The final density of the forged
products measured by oil impregnation and image analysis were
99.8±0.1% TD. A representative low magnification BSE micrograph
obtained from a T1-forged sample is depicted in Fig. 8. The level of
remaining porosity in this condition was evidently decreased due to the
forging treatment. However, as in the as-sintered samples, a hetero-
geneous microstructure consisting of the aforementioned three regions
persisted. According to the XRD spectrum presented in Fig. 5, the
MgZn2 phase remained present in the T1-forged sample.

High magnification BSE micrographs of the three regions identified
in Fig. 8 are presented in Fig. 9. The microstructure in region 1 con-
sisted of large precipitates and when compared to region 1 of the as-
sintered sample (Fig. 4a), coarsening of the precipitates was noted.
Considering the fact that the forged samples were heated to 400 °C, this
precipitate growth should be due to Ostwald ripening [29]. A similar
behavior has been reported for hot deformed AA7050 alloy [30]. Ad-
ditionally, Deschamps et al. [31] explained that the warm deformation
accelerates the coarsening of the precipitates due to the formation of
additional vacancies as a result of the plastic flow, which thereby en-
hances the kinetics of diffusion. Furthermore, it has been reported by
Huo et al. [32] that MgZn2 precipitates show a linear coarsening be-
havior with increasing warm rolling reduction of AA7075, which has
likewise been attributed to the accelerated coarsening kinetics due to
the plastic strain.

EBSD analysis of the T1-forged sample has been carried out and the
map is shown in Fig. 10a. An orientation imaging microscopy (OIM)
reconstruction was performed and the result is shown in Fig. 10b. The
mis-orientation angles of the grain boundaries can be distinguished by
colors: blue lines for 2–5°; red lines for 5–15°; thin black lines for
15–30°; bold black lines for> 30°. Boundaries having mis-orientation
angles greater than 15° are called high angle boundaries and those
smaller than 15° are called low angle boundaries [33]. The grain
structure in Fig. 10b contained sub-grain boundaries which are re-
presented by blue and red colors. Observation of these features in the
hot deformed crystalline materials was an indication of dynamic re-
covery (DRV) [34] which is known to occur during hot deformation of
Al alloys [33,35–37]. Additionally, there are some regions in Fig. 10b
(i.e. circles 1, 2, and 3) where small equiaxed grains with high angle
boundaries prevailed thereby indicating that recrystallization had oc-
curred as well [36]. It has been described by McQueen [38] that Al-Mg
alloys with a Mg content greater than 1% shows static recrystallization
(SRX) after deformation during the cooling period. Rupp et al. [36]
have demonstrated that SRX occurred in a Al-4.5% wt. Mg alloy even in
the as quenched condition, which was deformed at 400 °C and 500 °C
with 0.5 strain. It has been explained by McQueen [39] and Zaidi and

Table 2
Nomenclature and description of the samples processed.

Nomenclature Description

T1 As-sintered (1 h at 400 °C under 50 MPa, furnace cool)
T6 Heat treatment of T1 sample (4 h at 450 °C, water quench, 24 h

at 125 °C, air cool)
T1-forged Upset forging of T1 sample (32% reduction in height at 400 °C

after 4 min holding period, furnace cool)
T6-forged Heat treatment of T1-forged sample (4 h at 450 °C, water

quench, 24 h at 125 °C, air cool)

Fig. 3. Representative low magnification BSE micrograph of a T1 sample.
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Wert [37] that dynamic recrystallization (DRX) grains should contain
substructure distinguishing them from SRX. Most of the equiaxed grains
exhibited in Fig. 10b are identified by the lack of substructure, which
implies that SRX was in fact operative. Besides that, a few equiaxed
grains including substructure are also observed, which might be formed
by DRX.

T6 heat treatment was also applied on the T1-forged sample and the
density of the T6-forged sample measured by Archimedes was
99.0±0.1% TD, while the image analysis technique showed a density
of 99.2±0.1%. The BSE micrograph of T6-forged sample is given in
Fig. 11. Additional dissolution of the second phases originally present in
the T1-forged sample occurred after the heat treatment, but there were
still some sections wherein the secondary phases were obviously pre-
sent (i.e. region 1 of Fig. 11).

High magnification BSE micrographs taken from the three regions

Fig. 4. BSE micrographs (high magnification) recorded from a T1 sample illustrating the typical microstructures observed within (a) region 1, (b) region 2 and (c) region 3 denoted in
Fig. 3.

Fig. 5. XRD spectra acquired from T1, T1-forged and T6 samples.

Fig. 6. Representative low magnification BSE micrograph recorded from a T6 sample.

Fig. 7. BSE micrographs (high magnification) recorded from a T6 sample illustrating the typical microstructures observed within (a) region 1, (b) region 2 and (c) region 3 denoted in
Fig. 6.

Fig. 8. Representative low magnification BSE micrograph recorded from a T1-forged
sample.
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annotated in Fig. 11 are shown in Fig. 12. Here, a largely homogenized
microstructure was observed within regions 2 and 3, whereas the
second phases were not dissolved as effectively in region 1. EDS maps
acquired from homogenized (regions 2 and 3) and partly homogenized
(region 1) sections of the T6-forged sample are given in Figs. 13 and 14,
respectively. It can be seen in Fig. 13 that the Zn map indicated an
absence of areas locally enriched in this element thereby confirming
that coarsened MgZn2 precipitates had been dissolved. The precipitates
that stemmed from the alloying elements in the master alloy (Fig. 14)
contained Zn, Mg, and Cu, suggesting that these might be MgZn2 with
dissolved Cu [19,40,41]. Furthermore, the presence of O and Mg might
be related to the formation of MgAl2O4 or MgO as a result of the re-
action between Mg and the Al2O3 layer encasing the powder particles
[42]. A similar observation has been reported by Rudianto et al. [43]
for the sintering of Alumix 431D. Additionally, Toh et al. [44] de-
monstrated that the oxide layer of AA7475 alloy contains a possible
mixture of magnesium and aluminum oxide. Also, as reported by Ru-
dianto et al. [43] and Rudinsky et al. [19] clusters of Sn can be re-
cognized in the microstructure.

3.3. Mechanical properties

Microhardness testing was performed on T1, T1-forged, T6, and T6-
forged SPS samples with an emphasis on data acquisition within regions
1 and 3. The microhardness results for those regions and the average
values are given in Table 3. It can be seen that there is a decrease in the
hardness of T1-forged sample for the region 1 in comparison with T1
sample. This decrease in hardness after forging is most likely due to the

growth of the precipitates as depicted in Figs. 4a and 9a. In terms of the
T6 heat treated samples, hardness of the homogenized sections were
comparable to reported values; Chua et al. [45] reported a hardness
value of 87 HRB (180 HV) for SPS sintered AA7075 after T6 treatment,
and it was equal to that of wrought AA7075-T6. The hardness mea-
surement obtained after T6 treatment by LaDelpha et al. [26] for
Alumix 431D processed by liquid phase sintering was 86 HRB (176 HV).
On the other hand, the partly homogenized sections (region 1) of T6
samples exhibited a slight decrease in the hardness compared to region
3. However, this hardness was much more than the region 1 of T1 and
T1-forged samples, indicating that some of the alloying elements have
properly dissolved and the desired ηʹ precipitates most likely nucleated

Fig. 9. BSE micrographs (high magnification) recorded from a T1-forged sample illustrating the typical microstructures observed within (a) region 1, (b) region 2 and (c) region 3 denoted
in Fig. 8.

Fig. 10. EBSD analysis of a T1-forged sample (a) EBSD micrograph, (b).orientation imaging microscopy (OIM).

Fig. 11. Representative low magnification BSE micrograph recorded from a T6-forged
sample.
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during the aging period.
The flexural properties of the samples were evaluated by means of

three-point bending. The resultant data are provided in Fig. 15. Flexural
strength and strain values were improved after the forging process by
22% and 142%, respectively. The highest strength was obtained for the
T6-forged sample, whereas its ductility was lowered similarly to that of
the T6 sample. The improvement in the both flexural strength and
strain after the forging process can be expected considering that the
final density was further improved (more than 99% TD), as residual
porosity is commonly known to have a detrimental effect on the me-
chanical properties of P/M products [46]. Furthermore, the oxide net-
work present in the sintered product had likely been disrupted through
hot working stage of processing and this too is known to improve the
mechanical performance of sintered aluminum P/M alloys [47].

SEM images acquired normal and transverse to the fracture surfaces
developed in T1 and T1-forged samples are shown in Fig. 16. Coun-
terpart images for T6 and T6-forged materials are shown in Fig. 17. The
fracture surface of the T1 sample (Fig. 16a) elucidate prior particle

boundaries, indicating a sign of incomplete bonding between the
starting powder particles. Additionally, the transverse view of this
sample, presented in Fig. 16b, indicated that fracture had progressed
along prior particle boundaries. The mechanical properties of the sin-
tered samples can be deteriorated by the presence of prior particle
boundaries, which comes from the incomplete bonding of the powder
particles due to the native surface oxide layer [48,49]. It was previously
shown that SPS of pure Al provided good particle bonding where the
oxide layer was mostly disrupted [17]. In the case of Alumix 431D,
which is equivalent to AA7075, the oxide layer is different than the one
present on pure Al. It has a composite type of oxide layer coming from
magnesium oxide and aluminum oxide [20]. Therefore, the pressure
during the initial sintering of Al alloy might not have been enough to
disrupt the oxide layer unlike that present on soft, pure Al [17,20]. The
application of forming processes to sintered Al products, such as for-
ging, can disrupt the oxide film and enhance the metallurgical bonding
[1]. As an indication of the improvement in the metallurgical bonding,
the fracture surface of the T1-forged sample, shown in Fig. 16c, has

Fig. 12. BSE micrographs (high magnification) recorded from a T6-forged sample illustrating the typical microstructures observed within (a) region 1, (b) region 2 and (c) region 3
denoted in Fig. 11.

Fig. 13. EDS maps acquired from a homogenized
section of a T6-forged sample.
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more pronounced dimples showing the transgranular ductile fracture
via microvoid formation, growth, and coalescence [50] and the pre-
sence of prior particle boundaries was now reduced. It can also be seen
from the transverse view (Fig. 16d) that transgranular fracture was now
more prevalent in comparison with Fig. 16b. It is also notable that the

occurrence of recrystallization can make an additional contribution
towards the improvement of the flexural properties after the forging
process. In this sense, it has been reported that [51] the room tem-
perature mechanical properties of AA7075 plates were improved after
hot rolling at 450 °C and that the gains were attributed to re-
crystallization.

It can be seen from Fig. 15 that the flexural strain of the T1 sample
decreased after processing into the T6 temper. Although the age hard-
ening heat treatment is expected to lower the ductility while increasing
the strength [52], the significant loss in the ductility of this study is
believed to occur due to the lack of cohesion between particles that can
be intensified during the quenching step. Similar observations were also
seen in another study [19]. The prior particle boundaries observed in
Fig. 17a and in Fig. 17b indicate that fracture again occurred between
the particles. Since the strength and the strain of T1 samples was im-
proved after forging process, it can be expected that the same trend will
be maintained after T6 treatment. Even though this was the case for the
strength, the ductility of the T6-forged sample was equivalent to T6
sample, thereby failing to follow the expected trend. Therefore, the loss
in the ductility might not only be the lack of the cohesion between
particles. During the diffusion of a phase into a matrix, the dissolved
phase can leave a hole in the matrix [53]. The arrows in Fig. 17 indicate
the formation of the voids and the size of these holes was in the range of
1–4 µm. Similarly, the holes within the same range have been seen in
the region 1 of T6 and T6-forged samples (Figs. 7a and 12a). The
ductility of the powder metallurgy product is decreased by residual
porosity in an exponential manner [54]. Therefore, these voids were
observed after heat treatment, which might arise from the dissolution of
MgZn2 into the Al matrix, leading to the reduction of ductility in ad-
dition to the effect of T6 temper.

4. Conclusions

In this study, Alumix 431D powder was sintered and forged through

Fig. 14. EDS maps of acquired from a partly homo-
genized section of a T6-forged sample.

Table 3
Microhardnesses of T1, T1-forged, T6, and T6-forged samples.

Region 1 Region 3 Average

T1 (HV) 118±1 79±8 99±10
T1-forged (HV) 105±2 79±7 92±7
T6 (HV) 159±5 173±3 166±4
T6-forged (HV) 160±9 172±3 166±5

Fig. 15. Flexural properties measured for the T1, T1-forged, T6 and T6-forged samples.
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spark plasma sintering and T6 heat treatment was applied to both
samples. Near fully dense samples (99.1± 0.3% TD) were obtained
after the sintering and it was 99.8± 0.1% TD after forging.
Microstructure and mechanical properties were investigated before and
after heat treatment. Flexural strength and strain were improved after
the forging process. This improvement was attributed to the enhance-
ment of the metallurgical bonding in addition to the slight increase in
the density and occurrence of recrystallization. A microhardness that
was comparable to that of wrought counterpart was obtained after the

T6 temper. The significant loss in the ductility after the heat treatment
was mainly ascribed to the formation of the voids due the dissolution of
MgZn2, and lack of cohesion between particles.
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