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Abstract: The present work is devoted to analysis of relations between the physical, mechanical properties and microstructure of the 
material produced by spark-plasma sintering (SPS) of bimodal copper powders. The used starting powders were bimodal mixtures of nano- 
and micro-sized copper powders, including the pre heat treatment of these powders in a hydrogen atmosphere. As a result, it was studied the 
influence of sintering parameters on the final density, microstructure and mechanical properties of bimodal copper sintered compacts. It was 
also produced a comparison of physical and mechanical properties of sintered samples obtained by SPS and by hot pressing (HP) from these   
bimodal copper powders. 
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1. Introduction 
Optimization properties of nano- and ultrafine materials are 

important task of Material Science. It is known that nanocrystalline 
metals are characterized by high strength and hardness, but low 
ductility [1]. One way to increase the ductility is based on the 
creation materials with bimodal grain structure [2]. General 
principle of method is the nano- or ultrafine matrix provides a high 
strength, and evenly dispersed therein coarse grain contributes 
acceptable ductility.  An important condition for preparing the 
bimodal material is to control and retention of the bimodal structure 
during processing. A great advantage over traditional methods, such 
as methods of severe plastic deformation of producing bimodal 
materials, exhibit electromagnetic methods of consolidation metal 
powders. SPS method [3] is promising for the development of 
materials, where need the collaborative and rapid consolidation of 
micro and nanosized powders. SPS technology can be used to 
produce materials with improvements in mechanical properties, 
microstructure, and other properties [4, 5]. 

2. Experimental 
In this paper as the initial materials used copper powder of 

different fractional composition - a particle size of 40-90 µm and 
50-70 nm. The morphology of copper powder is shown in Fig.1 [6]. 
As can be seen, nanopowder consists of microagglomerates which 
divided during the preparation of the powder mixture. The copper 
powder with a particle size of 50-70 nm was produced by 
“Advanced Powder Technologies”, Russia. 

 

  
Fig. 1a The SEM images of raw copper powders 50-70 nm. 

 

  

Fig. 1b The SEM images of raw copper powders 40-90µm. 

The copper powder with a particle size of 40-90 µm was 
produced by Alfa Aesar company, USA. For the SPS-experiments it 
was used a copper micropowder of a coarse fraction 20-50 microns. 
Separation of the coarse fraction of copper powder was carried out 
in laboratory vibration equipment Fritsch Spartan. The particle sizes 
distribution of the composite of bimodal cupper powders is 
presented in Figures 2. The graph was obtained by using data from 
a laser analyzer of a particle size Fritsch Analysette 22. 

Fig. 2a The particle size distribution of bimodal Cu powders. 

Nanodispersed copper powder contains metallic copper about 98%. 
In contact with air, metal content decreases to 85-90%. The average 
particle size of copper nanopowder has from 50 to 70 nm. 
Nanopowder agglomerates are easily formed, as can be seen in the 
Figure 1a by a scanning electron microscope JEOL 6610LV. 

Initial nanopowders and micropowders were mixed in the 
mechanical mixer. The bimodal mixture (mass fraction of a micron-
sized powder of 30%) was obtained by mixing nano and micro 
copper powders in a vertical automatic mixer  MSK-SFM-2 for 6 
hours. The density of the bimodal mixture of copper powder was 
7.72 g/cm3. It was measured by an automatic helium pycnometer 
AccuPyc 1340. The powder sample has a mass of 2 grams. The 
initial relative density of powder compacts is 38%. 

Experiments were conducted a spark-plasma sintering system 
model Labox-625 with pulse duration of 40 ms. A cylindrical 
graphite die with inner and outer diameters of 10 and 30 mm was 
used in the SPS process. The pressure in the vacuum chamber was 6 
Pa. The temperature was measured using K-type thermocouple 
mounted in a hole on a lateral surface of the matrix.  

In order to obtain relations of the relative density and microstructure 
of copper bimodal compacts on the SPS parameters were selected 
ranges of sintering parameters: 

• Sintering temperature was varied from 200 to 600 °C, a 
pitch of 200°C; 

• Pressure – from 20 to 50 MPa, 15MPa; 

• Hearting rate was fixed parameter - 100°C/min. 

• Holding time – from 3 to 6 min, 9 min; 

Graphs of temperature modes spark plasma sintering are shown in 
Figures 3a, 3b, 3c. 
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Fig. 3a Temperature evolution during spark plasma sintering. 

 

 
Fig. 3b Temperature evolution during spark plasma sintering. 

 

 
Fig. 3c Temperature evolution during spark plasma sintering. 

The relations between different sintering parameters were obtained 
by the SPS output system. The density of the sample was measured 
by the Archimedes method. The microstructure of the bulk compact 
was observed by JEOL 6610LV scanning electron microscopy. The 
mechanical properties were tested using the hardness testing 
instrument (FM-800). 

3. Results and discussion 
Fig.4 shows the relation between the relative density of the 

bimodal copper compact and the sintering parameters. As seen from 
the graph, at a fixed value of sintering temperature was observed 
unessential change final density depending on the pressure and 
holding time. Thus at 200 °C and a selected range of changes 
pressure and holding time the relative density varies from 64.96 to 
69.05% at 400 °C - 75,58-86,59% at 600 °C - 97.90 -99.45%. 

 
Fig. 4 Effect of sintering temperature, pressure and holding time on relative 
density. [6] 

The kinetics of a powder densification during spark plasma 
sintering for 600°C/6min and different pressures: 20 MPa and 50 
MPa are shown in Figures 5a, 5b. 

 
Fig. 5a The evolution of a powder relative density during SPS for 600°C / 6 
min, 20 MPa. 

 

 
Fig. 5b The evolution of a powder relative density during SPS for 600°C / 6 
min, 50 MPa. 

Graphs 5a and 5b for the relative density of the compacts were built 
without correction for thermal expansion of the graphite punches.  

 
Fig. 6 Densification kinetics of bimodal copper powders during SPS for 
600°C / 6 min, 35 MPa. 

 
Fig. 7 Typical microstructure of bimodal copper (T=600°C, P=35MPa, 
t=6min, v=100°C/min) and the relation between grain sizes and sintering 
temperature. 
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The densification kinetics bimodal mixtures of initial copper 
powders and annealed in hydrogen copper powders (Figure 6) 
shows that the initial copper powders are unstable and the shrinkage 
rate has a distinct discontinuity in the temperature range from 400 
to 500 ° C. 

Typical microstructure of bimodal copper samples is shown in 
Fig.7. As can be seen, coarse powder particles are uniformly 
distributed in the volume of densely sintered nanopowder. 

Since the temperature is a key factor affecting the final density 
of the samples, the dependence of the grain size was considered on 
the temperature at fixed values of pressure and holding time. Thus 
the average grain size on the range of temperatures was 8-10µm. 
The final grain size of the nanopowder varies depending on the 
sintering temperature ranging from 200 to 500 nm. 

In order to compare the mechanical properties of mono- and 
bimodal copper prepared by SPS, a sample with a diameter of 10 
mm was prepared. The following parameters were selected: 
T=600°C, P=35MPa, t=6min, v=100°C/min. As a result, the 
microhardness of bimodal sample (180 HV) is higher than that of 
the micro- (63 HV) and nanosamples (159 HV) obtained by SPS. 

4. Conclusions 
In this research, a bimodal Cu was synthesized by SPS 

successfully. The effects of sintering temperature, holding time, 
pressure and heating rate on the relative density, microstructure and 
mechanical properties of the samples were investigated. The results 
are shown: 

• The sintering temperature increased density significantly. 
Extending the pressure and holding time can also cause density to 
increase, but not as much as the temperature. 

• The sintering temperature has a significant effect on grain 
size of initial nanopowder, while the coarse grains don’t grow. 

• The SPS fabricated bimodal Cu has a high microhardness, 
compared with micro- and nanocrystalline samples. 
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