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1. Introduction
Powder metallurgy can increase the material utilization, 

which is an ideal process to fabricate high performance and 
low cost materials1-6.The copper and copper alloy products 
prepared by powder metallurgy have good thermal conductivity, 
high corrosion resistance and good surface finish, and they 
are nonmagnetic. Due to these favourable atrributes, powder 
metallurgy copper and copper alloy products are widely used 
in automotive, appliance, electronics, communication and 
other areas, and thus play an important role in industrial 
production7-12. Compared with conventional sintering methods, 
the spark plasma sintering (SPS) can save energy and time, 
improve the equipment efficiency. The material made by 
SPS have grains with sizes in narrow ranges and excellent 
mechanical properties13-18. In our research, we utilized two 
different routes of SPS to prepare two consolidated copper 
samples from a gas atomized copper powder with a purity 
of 99.5% and particle sizes smaller than 75 μm. The major 
issue associated with rapid thermo mechanical powder 
consolidation techniques such as SPS is whether all interparticle 
boundaries in the powder compact are transformed into grain 
boundaries or interfaces within the short processing time 
covering heating, holding and sintering of the powder and 
the powder compact. To address this issue, we studied the 
microstructures and room temperature tensile mechanical 
properties and fracture behavior at the strain rate 5 × 10–4 s–1 of 
the two copper samples produced by different SPS routes 

respectively. We hoped that through this study the true nature 
of the mechanical properties of the two copper samples can 
be elucidated in relation to their microstructure.

2. Experimental Procedure
The first copper sample was prepared by spark plasma 

sintering (SPS) a gas atomized copper powder (purity: 
99.5%, particle sizes < 75 μm) directly at 800 °C with a 
holding time of 10 minutes under a pressure of 50 MPa. 
To make the second copper sample, the gas atomized copper 
powder was first die pressed at room temperature under a 
pressure of 560 MPa and with a holding time of 5 minutes 
to make a copper powder compact with a relative density 
of 98.96%. The diameter of the green powder compact was 
28 mm. The  powder compact was consolidated by SPS 
at 800 °C with a holding time of 10 minutes and under a 
pressure of 50MPa to prepare the second copper sample. 
Dog-bone shaped tensile test specimens with cross-sectional 
dimensions of 1.9 × 1.6 mm2 and a gauge length of 10 were 
cut from the two copper samples perpendicular to the 
pressing direction using an electro discharge wire cutting 
machine. The tensile testing was performed using a Zwick 
T1-FR020.A50 electronic universal material testing machine 
at room temperature with a strain rate of 5 × 10–4s–1. For each 
sample, three specimens were tested. The microstructures 
and the fracture surfaces of the tensile test specimens were 
examined by using scanning electron microscopy (Sirion 
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200 and NOVA NanoSEM 230). An electron backscattered 
diffraction (EBSD) detector attached to the SEM was used 
to produce the Band Contrast and Euler angles (BC+E1-3) 
maps and the inverse pole figure (IPF) and pole figure (PF) 
orientation maps of the consolidated copper samples which 
were used to show the grains and levels of texturing of the 
two samples.

3. Results and Discussion
As depicted in Figure 1, the microstructures of the two 

consolidated copper samples both consisted of equiaxed 
grains with sizes in the ranges of 0.05-15 μm for the first 
copper sample and 0.05-5 μm for the second copper samples. 
The grains in both samples also contained a large number 
of <111> twins, and the number density of the twins in the 
second copper sample was clearly higher than that in the 
first copper sample, as shown in Figure 1a,  b. Since the 
stacking fault energy of copper is quite low, so it is easy for 
the plastic strains of the powder particles caused by powder 
compacting during die-pressing and SPS to induce annealing 

twins when the powder compact was heated. The die-pressing 
of the copper powder prior to SPS caused a larger amount of 
plastic deformation which in turn can induce formation of a 
higher density of twins during heating the powder compact, 
so it is not surprising to observe a larger density of twins in 
the second copper sample.

As shown in Figure 2, the microstructures of the first 
copper sample had a substantial fraction of grains with 
substructures and a small fraction of recrystallized grains, 
while the second copper sample had a substantial fraction 
of recrystallized grains and a small fraction of grains with 
substructures. As shown in Figure 2e, f, there are a larger 
fraction of low anagle grain boundaries with misorientations of 
less than 10° in the first copper sample, in agreement with the 
observation of a higher fraction of grains with substructures 
in this sample. When using SPS to consolidate the copper 
powder at 800 °C, rapid proliferation and activation of the 
powder particles surfaces occur, and the powder particles 
rearrange themsevels and are plastically deformed during 
pressing leading to an increase of the dislocation density in 

Figure 1. (a) and (b) The crystal orientation Z-axis IPF contrast maps of the first sample and the second sample; (c) and (d) The grain 
diameter distribution function of the first sample and the second sample; respectively.
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Figure 2. (a) and (b) DefRex+BC contrast maps of the first and second samples respectively; (c) and (d) histograms showing the volume 
fractions of the recrystallized grains, grains with substructures and deformed grains in the microstructures of the first and second copper 
samples respectively; (e) and (f) histograms showing the distribution of the grain boundary misorientations in the microstructures of the 
first and second copper samples respectively.
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the powder particles. The increase of the dislocation density 
can cause formation of a large number of dislocation cells 
which then turns into a large number of substructures with 
increasing the amount of plastic deformation, as shown in 
Figure 2c. When the copper powder compact was heated and 
pressed in the SPS furnace, the high density of dislocations 
and associated storage of internal energy facilitated by the 
large amount of plastic deformation of the copper powder 
particles caused die-pressing of the copper powder can cause 
the system to be thermodynamically unstable and lead to 
recrystallization which will relieve the stored internal energy. 
This is the reasons why the second copper sample has a much 
higher fraction of recrystallized grains, as shown in Figure 2d.

As shown by the pole figures of the two copper smaples 
in Figure  3, both samples had a small degree of {100} 
texture along directions incline to the Z axis which is along 
the direction of the pressing force during die-pressing and 
SPS. It can be envisaged that the low degree of texture has 
little effect on the mechanical properties of the consolidated 
copper samples. This works shows that the materials prepared 
by consolidation of metal powders using SPS do not have a 
high degree of texture.

Figure 4 shows the typical tensile engineering stress‑strain 
curves of the two consolidated copper samples. From Figure 4, 
it can be seen that the yield stength, ultimate tensile strength 
and elongation to fracture of the first copper sample were all 
clearly better than those of second copper sample. This shows 
that the consolidation state of the first copper sample is clearly 
better than that of the second sample. As also can be seen from 
the Figure 4, both copper samples exhibited strain hardening 
after yielding which are typical for ingot metallurgy copper 
due to the low stacking fault energy of copper. The fact that 
the mechanical strength and deformation behaviour of both 
consolidated copper samples are virtually same as ingot 
metallurgy copper shows that for both consolidated copper 
samples, the level of consolidation is fairly high, being close 
to 100%. The residual waekly bonded interparticle boundaries 
can cause decrease of strength and ductility.

As shown by fracture surfaces of the tensile test specimens 
cut from the two copper samples in Figure 5a-d, the fracture 
mode of both consolidated copper samples was ductile 

fracture, as demonstrated by the large number of small 
dimples shown on the fracture surfaces. In the mean time, 
the fracture surfaces of the tensile test specimens cut from 
both copper samples showed deep cavities, as indicated by 
the arrows in Figure 5a, c, and the fracture suefaces of the 
tensile test specimens cut from the second copper sample 
also showed microcracks as indicated by the double arrows 
in Figure 5c. Fewer cavities were observed in the fracture 
surfaces of the tensile test specimens cut from the first 
copper sample than in the fracture surfaces of the tensile test 
specimens cut from the second copper sample. As shown 
in Figure 5e, f, there were more cavities and microcracks 
shown in the longitudinal cross sections of the tensile test 
specimens cut from second copper sample than those in 
the first copper sample. The cavities and microcracks are 
formed by separation of the powder particles caused by the 
tensile stress during tensile testing, so the number and size 
of them reflect the level of consolidation. This work shows 
that compacting copper powder prior to SPS has negative 
effect on the consolidation level achieved by SPS under the 
same condition. The reason for this is likely to be that the 

Figure 3. {100} pole figures of (a) the first copper sample and (b) the second copper sample.

Figure 4. The typical tensile engineering stress-strain curves of the 
specimens cut from (a) the first copper sample and (b) the second 
copper sample.
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larger gaps between powder particles in a loose powder are 
favourable for generating sparks from pulse current, and 
thus SPS is more effective in activating the copper powder 
particle surfaces, and lead to better bonding when the particles 
are deformed and pressed togerthe by applying a pressure.

As shown in Figure 5e, f, the volume fraction of cavities 
and microcracks in both copper samples are quiate low, being 
less than 5%, confirming that the level of consolidation of 
both copper samples is quite high, being close to 100%.

4. Conclusions

(1)	 The first copper sample prepared by direct SPS 
of gas atomized copper powder at 800 °C and 
the second copper sample prepared by SPS of a 
copper powder compact at 800 °C both have an 
equiaxed grain structure containing a large number 
of annealed twins, with the former having coarser 
grains than the latter. The first copper sample has 

Figure 5. (a) and (b) SEM secondary electron images of the fracture surface of a tensile test specimen cut from the first copper sample; 
(c) and (d) SEM secondary electron images of the fracture surface of a tensile test specimen cut from the second copper sample; (e) and 
(f) SEM secondary electron images of the longitudinal cross sections of the tensile tested specimens cut from the first and second copper 
samples respectively. Single arrows indicate the cavities in (a), (c), (e) and (f) and double arrows indicate microcracks in (c) and (f).
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a substantial fraction of grains with substructures, 
while the second copper sample has a substantial 
fraction of recrystallized grains. The difference in 
the microstructures of the two samples is due to the 
difference in the amount of plastic deformation of 
the copper powder particles.

(2)	 The yield strength, ultimate tensile strength 
and elongation to fracture of the first copper 
sample are clearly better than those of the second 
copper sample, due to the fact that the second 
copper sample contains a large number of weakly 
bonded interparticle boundaries. This shows that 
die‑pressing of the copper powder prior to SPS has 

negative effect on the consolidation level achieved 
by SPS under the same condition.

(3)	 SPS is more suitable for directly consolidating 
powders than consolidating powder compacts, 
but overall SPS produce bulk materials with high 
relative density and good mechanical properties.
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