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Materials

AbstrAct
Purpose: The aim of this work was to investigate microstructure, mechanical properties and deformation behavior 
of copper microcomposites: Cu- Y2O3, Cu- ZrO2 and Cu-WC produced by powder metallurgy techniques.
Design/methodology/approach: Tests were made with Cu-Y2O3, Cu-ZrO2 and Cu-WC microcomposites 
containing up to 2% of a strengthening phase. The materials were fabricated by powder metallurgy techniques, 
including milling of powders, followed by their compacting and sintering. The main mechanical properties of 
the materials were determined from the compression test and, additionally, measurements of HV hardness and 
electrical conductivity were made. Analysis of the initial nanocrystalline structure of these materials was made 
and its evolution during sintering and cold deformation was investigated.
Findings: It was found out that addition of up to 2 wt.% of a strengthening phase significantly improves 
mechanical properties of the material and increases its softening point.  The obtained strengthening effect have 
been discussed based on the existing theories related to strengthening of nanocrystalline materials. The studies 
have shown importance of “flows” existing in the consolidated materials and sintered materials in pores or 
regions of poor powder particle connection which significantly deteriorate the mechanical properties of micro-
composites produced by powder metallurgy.
Research limitations/implications: The powder metallurgy techniques make it possible to obtain copper-
based bulk materials by means of input powder milling in a planetary ball mill, followed by compacting and 
sintering. Additional operations of hot extrusion are also often used. There is some danger, however, that during 
high-temperature processing or application of these materials at elevated or high temperatures this nanometric 
structure may become unstable.
Practical implications: A growing trend to use new copper based microcomposites is observed recently world-
wide. Within this group of materials particular attention is put to those with nanometric grain size of a copper 
matrix, which show higher mechanical properties than microcrystalline copper.
Originality/value: The paper contributes to the knowledge of mechanical properties and the nanostructure 
stability of Cu-Y2O3, Cu-ZrO2 and Cu-WC microcomposites. A controlled process of milling, compacting, 
sintering and cold deformation provides possibility to obtain nanocrystalline copper based materials with 
improved functional properties.
Keywords: Nanostructure; Dispersion hardening; Mechanical properties; Structure stability; Copper 
microcomposites
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1. Introduction 
 

Dispersion hardened materials are becoming more widely 
used in world technique in the applications where there is a need 
for specific properties, such as high strength and electrical 
conductivity, stable properties in elevated and high temperatures, 
resistance to variable mechanical and thermal load. It concerns 
copper-based materials, special alloys in iron, nickel and 
chromium matrix [1] or even precious metals [2]. 

There are various phases used worldwide to strengthen the 
copper matrix, and various methods to produce those materials. 
The main phases for matrix strengthening are oxide, carbide, 
metallic and intermetallic phases. From among the oxide phases 
the most commonly used are aluminum [3], zirconium [4] and 
silicon [5] oxides. Carbide phases are becoming more widely 
applied, and the most popular are tungsten [6,7], titanium [6] 
silicon [8,9] and zirconium [10] carbides. 

The other strengthening materials covers usually a group of 
metals which form metallic systems of limited solubility in solid 
state with copper or metals, and metals of limited solubility in the 
solid state but forming intermetallic phases with copper. 
Examples of such strengthening phases include chromium 
[11,12], iron [13] and yttrium [14]. Also titanium boride is 
becoming popular [15].  

Powder metallurgy is the most widely used method for 
production of dispersion hardened materials. That method can 
also be used, and recently is very popular, for production of 
materials with grains of nanometric size by milling of powders in 
high-speed planetary mills [16-19]. Also refinement of 
microstructure to nanometric size is possible using SPD technics 
[20-21]. 

The paper presents results of studies into dispersion 
strengthened materials in copper matrix of nanocrystalline grain 
size strengthened with particles of oxide phases Y2O3 and ZrO2, 
and carbide phase WC. 

 
 

2. Material and methodology 
 
Materials in copper matrix of nanocrystalline grain size 

strengthened with particles of oxide phases Y2O3 and ZrO2, and 
carbide phase WC in the amount of 0.5-2 wt.% were selected for 
the investigations into properties of dispersion strengthened 
materials. Nanocrystalline copper was used as a reference material. 

It was decided that the samples of the dispersion strengthened 
materials will be produced by powder metallurgy methods with 
application of milling and synthesis of the initial powders and 
then by their compacting and sintering.  

In the studied samples in a form of pellets of diameter 20 mm 
and height of 5 mm and in a form of rollers of diameter 10 mm 
and height of 30 mm were used.  

Powder mixtures of electrolytic copper and strengthening phases 
were subjected to milling and synthesis in a planetary ball mill with 
250 ml containers and 50 milling balls of diameter 10 mm. 

The following process parameters were applied in the tests 
with the studied group of materials: rotational speed 250 rev./min, 
milling time up to 30 hours, atmosphere of argon and of methyl 
alcohol. The samples were sintered in temperature of 550-570°C 
(hydrogen atmosphere). 

Tests of plastic forming of the sintered samples with application 
of hot and cold upset forging were planned in the final stage. 

Studies into microstructure of the dispersion strengthened 
materials were conducted with application of Olympus optical 
microscope equipped with software for quantitative 
microstructure analysis, LEO 1525 scanning electron microscope 
and JEOL JEM 2000 FX transmission electron microscope.  

Upset forging was carried out with Instron testing machine of 
pressure 10 T on the samples of diameter 10 mm and height 
12 mm in ambient and high (400-550°C) temperatures. Hardness 
of the samples after sintering, straining and after softening tests 
was determined by Vickers technique. Changes in hardness of 
those materials during their annealing in the temperature range 
550-700°C in the period of 1 hours were accepted as the stability 
criterion. Electrical conductivity was measured by Forster 
Sigmatest instrument.  

 
 

3. Results and discussion 
 
Morphology of the powders of copper and strengthening 

phases is presented in Fig. 1. Figure 1a shows particles of 
electrolytic copper powder. Their size along the main axes of a 
dendrite is in the range 10-20 µm, while the length of arms and 
branches changes from fractions of micrometer to 10 µm. Grains 
of strengthening phase powders (Fig. 1b-d) are more regular and 
their size ranges from fractions of micrometer to several 
micrometers. 

The powders after mixing were comminuted in the planetary 
ball mill. Morphology of mixture particles with their size 
distributions is presented in Figures 2-4. The particles after 
milling usually have spherical shape. Only powders of Cu + Y2O3 
mixture show significant difference from that shape. Particles of 
that mixture usually present polyhedron shapes. It should also be 
mentioned that in the mixture two particle fractions of different 
size were observed. Vast majority belonged to the fraction of 
monocrystal particles (Fig. 2a) of average grain size  considerably 
lower than 100 nm. In the coarser fraction, in a form of 
polycrystal fine lamellae, the average grain size was about 
150 nm (Fig. 2b). In other mixtures the average grain size ranged 
from about 20 (for Cu + WC) to about 50-60 nm for Cu +Y2O3. 

High uniformity of distribution of strengthening phases in 
copper matrixes was observed in the metallographic studies of 
sintered samples by scanning electron microscope and in chemical 
analysis in microsections of the samples. Some small amount of 
submicron particles of strengthening phases can be observed, but 
strengthening phases are mostly composed of nanometric size 
particles, as seen in the results of studies performed with 
application of TEM only.  

During milling of powders in a planetary mills there is a 
possibility of their contamination with elements from the 
container and milling balls, and iron is the most common 
impurity. There is also a possibility of partial oxidation of copper 
powders. Analysis of chemical composition conducted in 
microsections confirmed presence of oxygen in the examined 
samples, which means that copper oxides were not completely 
reduced during process of powder sintering in hydrogen 
atmosphere. Contamination of powders with iron, however, was 
not confirmed. It is possible that its content is too low to be 
determined by the applied method of analysis. 
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Compression tests were conducted to determine mechanical 
properties of the produced materials and their applicability for 
further plastic working. In the cold compression test both proof 
stress and elongation of the examined materials were determined. 
The results are presented in Table 2. It has to be noted that because 
of high plasticity of majority of those materials the compression 
tests were stopped after reaching close to critical conditions of the 
testing machine. Therefore Ac values for those materials are not 
precise but approximate only. For the same reasons the compression 
strength is given for brittle materials only. The Table shows also 
hardness of the samples deformed in the compression test. 

Copper samples which are produced by powder metallurgy 
methods can be easily deformed in the test of cold upset forging. 
The proof stress slightly exceeds 100 MPa and elongation -55%. 
The advantageous plastic properties are also observed in Cu-WC 
(up to 1.5% WC), Cu-Y2O3 (up to 1% Y2O3) Cu-ZrO2 (up to 2% 
ZrO2) materials, and their proof (0.2%) stress is also higher by 
about 60-100%. Materials of higher strengthening phase content 
(above 2%) are brittle and cannot be treated by cold plastic working. 

After application of the strain with 50% reduction, density in 
the range 97-98% of theoretical density and hardness increase to 

115-150HV were reached. It should be emphasized that no 
electrical conductivity decrease was observed since the expected 
drop with reduction increase is compensated by electrical 
conductivity rise resulting from reduced porosity.  

Figures 5-9 show results of studies into microstructure of the 
strained copper samples and dispersion strengthened Cu-WC, Cu-
Y2O3, Cu-ZrO2 materials. The results explain the obtained 
properties and behavior of examined materials in compression test. 

In Fig. 5 strain microstructure of nanocrystalline copper 
sample is presented. A combined mechanism of plastic strain can 
be clearly observed. Beside dislocation mechanism also 
significant contribution into the strain is coming from mechanism 
of flow in nanocrystalline grain boundaries and in the boundaries 
of globular grains formed in the result of interactions between 
nanocrystalline grains. Significant contribution into the strain is 
also brought by flow along the voids resulting from relatively 
high porosity and along the surface of movement of globular 
grains or by higher mass of the sample material during formation 
of samples or their sizing after sintering.  

Majority of the materials with low content of strengthening 
phase are deformed in a similar way to the nanocrystalline copper.  

 
a)        b) 

  
 

Fig. 5. Microstructure of strained Cu sample, a) light microscopy, b) TEM 
 
Table 2. 
Compression test results 

No Material R0.2, MPa Rc, MPa Ac, % Hardness HV  
0 Cu 102.5 - -55.7 120 
1 Cu-0.5%WC 165 - -53 125 
2 Cu-1%WC 205 - -59 132 
3 Cu-1.5%WC 229 - -58 134.5 
4 Cu-2%WC 278 465 -28 120 
5 Cu-3%WC 240 348 -12.8 105 
6 Cu-1%Y2O3 189.5 - -48.3 126 
7 Cu-2%Y2O3 189.1 411 -20 130 
8 Cu-3%Y2O3 - - - 134 
9 Cu-1%ZrO2 180 - -49.7 136 
10 Cu-1.5%ZrO2 180  -51 137 
11 Cu-2%ZrO2 190 - -48 141 
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Compression tests were conducted to determine mechanical 
properties of the produced materials and their applicability for 
further plastic working. In the cold compression test both proof 
stress and elongation of the examined materials were determined. 
The results are presented in Table 2. It has to be noted that because 
of high plasticity of majority of those materials the compression 
tests were stopped after reaching close to critical conditions of the 
testing machine. Therefore Ac values for those materials are not 
precise but approximate only. For the same reasons the compression 
strength is given for brittle materials only. The Table shows also 
hardness of the samples deformed in the compression test. 

Copper samples which are produced by powder metallurgy 
methods can be easily deformed in the test of cold upset forging. 
The proof stress slightly exceeds 100 MPa and elongation -55%. 
The advantageous plastic properties are also observed in Cu-WC 
(up to 1.5% WC), Cu-Y2O3 (up to 1% Y2O3) Cu-ZrO2 (up to 2% 
ZrO2) materials, and their proof (0.2%) stress is also higher by 
about 60-100%. Materials of higher strengthening phase content 
(above 2%) are brittle and cannot be treated by cold plastic working. 

After application of the strain with 50% reduction, density in 
the range 97-98% of theoretical density and hardness increase to 

115-150HV were reached. It should be emphasized that no 
electrical conductivity decrease was observed since the expected 
drop with reduction increase is compensated by electrical 
conductivity rise resulting from reduced porosity.  

Figures 5-9 show results of studies into microstructure of the 
strained copper samples and dispersion strengthened Cu-WC, Cu-
Y2O3, Cu-ZrO2 materials. The results explain the obtained 
properties and behavior of examined materials in compression test. 

In Fig. 5 strain microstructure of nanocrystalline copper 
sample is presented. A combined mechanism of plastic strain can 
be clearly observed. Beside dislocation mechanism also 
significant contribution into the strain is coming from mechanism 
of flow in nanocrystalline grain boundaries and in the boundaries 
of globular grains formed in the result of interactions between 
nanocrystalline grains. Significant contribution into the strain is 
also brought by flow along the voids resulting from relatively 
high porosity and along the surface of movement of globular 
grains or by higher mass of the sample material during formation 
of samples or their sizing after sintering.  

Majority of the materials with low content of strengthening 
phase are deformed in a similar way to the nanocrystalline copper.  

 
a)        b) 

  
 

Fig. 5. Microstructure of strained Cu sample, a) light microscopy, b) TEM 
 
Table 2. 
Compression test results 

No Material R0.2, MPa Rc, MPa Ac, % Hardness HV  
0 Cu 102.5 - -55.7 120 
1 Cu-0.5%WC 165 - -53 125 
2 Cu-1%WC 205 - -59 132 
3 Cu-1.5%WC 229 - -58 134.5 
4 Cu-2%WC 278 465 -28 120 
5 Cu-3%WC 240 348 -12.8 105 
6 Cu-1%Y2O3 189.5 - -48.3 126 
7 Cu-2%Y2O3 189.1 411 -20 130 
8 Cu-3%Y2O3 - - - 134 
9 Cu-1%ZrO2 180 - -49.7 136 
10 Cu-1.5%ZrO2 180  -51 137 
11 Cu-2%ZrO2 190 - -48 141 
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It concerns Cu-WC, Cu-Y2O3, Cu-ZrO2 materials which contain 
up to about 2 wt.% of strengthening phase. Some microstructures 
after cold deformation of those samples are presented in Figs. 6 
and 7 (WC - 1 and 1.5 wt.%), Fig. 8 (1 wt.% of Y2O3), Fig. 9 
(2 wt.% of ZrO2). 

In the study also tests of compression in high temperature  
(in the range 400-550°C) were conducted.  

The basic functional properties of the hot strained materials 
are presented in Table 3. The Table shows that in majority of the 
examined materials hot plastic working results in density increase 
and in improvement of electrical conductivity. It also brings a 
possibility to reach higher hardness than in sintered materials.  
Of special importance is the fact that also materials of higher 
content of strengthening phase can be formed in the process of 
controlled heat treatment and plastic working, even those of high 
brittleness after sintering. 

Stability of nanocrystalline structure in the examined materials 
becomes significantly reduced in hot straining processes. During 
compression (especially above 450oC) dynamic recrystallization 
takes place (Fig. 10) which results in the grain growth. 

Figures 11-13 present results of studies into effectiveness of 
strengthening phases as stabilizers of mechanical properties of 
materials in copper matrix of the initial Cu, Cu-Y2O3, Cu-WC, 
Cu-ZrO2 nanostructure, respectively. Changes in the material 
hardness during annealing in temperature range 550-700°C for 
1 hour were considered as the stability criterion. For comparison 
a similar test was performed with nanocrystalline copper 
produced by powder metallurgy methods in the same conditions. 
The presented diagram (Fig. 11) shows that hardness of copper 
without strengthening phase is relatively stable up to the 
temperature of 600oC. At higher annealing temperature a significant 
drop to the level of 30 HV is observed. 

 
 
a)           b) 

      
 

Fig. 6. Structure of strained Cu – 1% WC sample, a) SEM, b) TEM 
 
 
a)           b) 

       
 

Fig. 7. Structure of strained Cu – 1.5% WC sample, a) SEM, b) TEM 

a)           b) 

      
 

Fig. 8. Structure of strained Cu – 1% Y2O3 sample, a) SEM, b) TEM 
 
a)           b) 

      
 

Fig. 9. Structure of strained Cu – 2%ZrO2 sample, a) SEM, b) TEM 
 
 

 
 
Fig. 10. Microstructure of Cu - WC (1%) sample hot strained in 
temperature 500°C 

 
 

Fig. 11. Changes in nanocrystalline Cu-WC material hardness 
after annealing in temperature range 550-700°C for 1 hour 

http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org
http://www.journalamme.org


55

Materials

Nanocrystalline copper based microcomposites 

It concerns Cu-WC, Cu-Y2O3, Cu-ZrO2 materials which contain 
up to about 2 wt.% of strengthening phase. Some microstructures 
after cold deformation of those samples are presented in Figs. 6 
and 7 (WC - 1 and 1.5 wt.%), Fig. 8 (1 wt.% of Y2O3), Fig. 9 
(2 wt.% of ZrO2). 

In the study also tests of compression in high temperature  
(in the range 400-550°C) were conducted.  

The basic functional properties of the hot strained materials 
are presented in Table 3. The Table shows that in majority of the 
examined materials hot plastic working results in density increase 
and in improvement of electrical conductivity. It also brings a 
possibility to reach higher hardness than in sintered materials.  
Of special importance is the fact that also materials of higher 
content of strengthening phase can be formed in the process of 
controlled heat treatment and plastic working, even those of high 
brittleness after sintering. 

Stability of nanocrystalline structure in the examined materials 
becomes significantly reduced in hot straining processes. During 
compression (especially above 450oC) dynamic recrystallization 
takes place (Fig. 10) which results in the grain growth. 

Figures 11-13 present results of studies into effectiveness of 
strengthening phases as stabilizers of mechanical properties of 
materials in copper matrix of the initial Cu, Cu-Y2O3, Cu-WC, 
Cu-ZrO2 nanostructure, respectively. Changes in the material 
hardness during annealing in temperature range 550-700°C for 
1 hour were considered as the stability criterion. For comparison 
a similar test was performed with nanocrystalline copper 
produced by powder metallurgy methods in the same conditions. 
The presented diagram (Fig. 11) shows that hardness of copper 
without strengthening phase is relatively stable up to the 
temperature of 600oC. At higher annealing temperature a significant 
drop to the level of 30 HV is observed. 

 
 
a)           b) 

      
 

Fig. 6. Structure of strained Cu – 1% WC sample, a) SEM, b) TEM 
 
 
a)           b) 

       
 

Fig. 7. Structure of strained Cu – 1.5% WC sample, a) SEM, b) TEM 

a)           b) 

      
 

Fig. 8. Structure of strained Cu – 1% Y2O3 sample, a) SEM, b) TEM 
 
a)           b) 

      
 

Fig. 9. Structure of strained Cu – 2%ZrO2 sample, a) SEM, b) TEM 
 
 

 
 
Fig. 10. Microstructure of Cu - WC (1%) sample hot strained in 
temperature 500°C 

 
 

Fig. 11. Changes in nanocrystalline Cu-WC material hardness 
after annealing in temperature range 550-700°C for 1 hour 
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Table 3. 
Basic functional properties of the examined microcomposites 
after hot straining 

Material Density, g/cm3 Hardness HV 
Electrical 

conductivity, 
MS/m 

Cu-1%WC 8.77 

20°C – 132 
400°C – 116.5 
500°C – 79.1 
550°C – 81.6 

37.1 
44.3 
45.5 
42.3 

Cu-1.5%WC 8.79 

20°C – 134.5 
400°C – 114.9 
500°C – 98.3 
550°C – 91.2 

36.5 
43.5 
46.05 

44 

Cu-2%WC 8.72 

20°C – 120 
400°C – 115.3 

550°C – 95 
600°C – 85 

35.8 
41 
42 

42.5 

Cu-1%Y2O3 8.77 

20°C – 114 
450°C – 110.3 
500°C – 104.1 
550°C – 61.2 

32.17 
44.8 
41.5 
42.7 

Cu-2%Y2O3 8.79 

20°C – 118 
450°C – 112.9 
500°C – 108.1 
550°C – 62.8 

38.8 
38.7 
39.5 
40.2 

Cu-3%Y2O3 8.72 

20°C – 116 
450°C – 114.4 
500°C – 109.8 
550°C – 78.3 

35.5 
34.7 
34.8 
37.5 

Cu-1.5%ZrO2 8.63 

20°C – 137.2 
450°C – 89.5 
500°C – 70.2 
550°C – 50 

45.2 
50.0 
48.5 
42.0 

Cu-2%ZrO2 8.615 
20°C – 141.8 
500°C – 65.8 
550°C – 50.1 

40.8 
45.8 
46 

 

 
 

Fig. 12. Changes in nanocrystalline Cu-Y2O3 material hardness 
after annealing in temperature range 550-700°C for 1 hour 
 

The drop results from recrystallization process. Hardness of 
dispersion strengthened materials remains stable in the whole 
range of annealing temperature and no significant changes were 
observed in their structure.  

 
 
Fig. 13. Changes in nanocrystalline Cu-ZrO2 material hardness 
after annealing in temperature range 550-700°C for 1 hour 
 

 
 
Fig. 14. Changes in hardness of dispersion strengthened materials 
of sub-microcrystalline grain size annealed in temperature range 
550-700°C for 1 hour  
 

Also materials preliminary subjected to hot plastic working 
show good microstructure stability and, consequently, also 
hardness. Fig. 14 shows an example of hardness changes with 
temperature of annealing in materials which contain 2% of 
strengthening phases and which were strained in temperature of 
550°C. The changes show high stability of the submicron matrix 
grains produced in the result of the dynamic recystallization.  
 
 

3. Summary 
 
Application of milling of powders in a planetary ball mill 

under the developed process conditions provides possibility to 
produce a mixture of nanocrystalline Cu-Y2O3, Cu-ZrO2 and  
Cu-WC powders. 

The developed parameters for sintering of those mixtures 
(temperature 550-570°C, time - 1 hour) ensure that the nanometric 
structure (average grain size considerably below 100 nm) will 
remain unchanged in the sinters. That stability of grain size is also 
maintained in a long-term annealing in the temperature range 600-
650°C. 

The sintered materials show relatively low density which 
usually does not exceed 90% of the theoretical density. In the 
result both hardness and electrical conductivity of those materials 
is limited. Together with the influence of agglomeration of nano-
particles and partial change of strain mechanism it has an effect 
on the value of proof stress in the compression test, which is 
significantly lower than the one expected from theoretical studies.  

Cold and hot strain significantly improves density of sintered 
materials (from about 90% to the values close to the theoretical 
density (97-98%)) and their electrical conductivity. It also increases 
hardness of the examined materials. That effect, however, is clearly 
limited in the materials of higher strengthening phase content 
(above 2%), which also show high brittleness. 

Stability of nanocrystalline structure of the examined materials 
becomes significantly reduced in a hot strain process. Dynamic 
recrystallization results in growth of the initial nano-grains.  

Production of matrix grains in the range 300-500 nm in the 
process of controlled heat treatment and plastic working is an 
evident advantage. Such a microstructure (together with influence 
of the higher - close to theoretical - density) ensures higher 
hardness and electrical conductivity than in the sintered materials. 
It is characteristic that by application of heat treatment and plastic 
working there is also a possibility to form materials which showed 
high brittleness after sintering (characterized by high 
strengthening phase content).  

In the group of the developed materials especially interesting 
are: Cu-WC, Cu-Y2O3, Cu-ZrO2, but the optimum content of the 
strengthening phase in the materials for further hot and cold 
plastic working should not exceed 2 wt %. In the materials meant 
exclusively for hot plastic working the content can be higher (up 
to 3%). 

The materials combine advantageous mechanical properties 
with high electrical conductivity and microstructure stability in 
elevated and high temperatures. Comparative studies of functional 
properties of those materials with properties of precipitation 
hardened alloys show their advantage in applications for 
components operating in high temperature and in variable conditions 
of current, thermal or mechanical load. Such components can be 
used as electrodes or electrode terminals for resistance welding, etc. 
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Table 3. 
Basic functional properties of the examined microcomposites 
after hot straining 

Material Density, g/cm3 Hardness HV 
Electrical 

conductivity, 
MS/m 

Cu-1%WC 8.77 

20°C – 132 
400°C – 116.5 
500°C – 79.1 
550°C – 81.6 

37.1 
44.3 
45.5 
42.3 

Cu-1.5%WC 8.79 

20°C – 134.5 
400°C – 114.9 
500°C – 98.3 
550°C – 91.2 

36.5 
43.5 
46.05 

44 

Cu-2%WC 8.72 

20°C – 120 
400°C – 115.3 

550°C – 95 
600°C – 85 

35.8 
41 
42 

42.5 

Cu-1%Y2O3 8.77 

20°C – 114 
450°C – 110.3 
500°C – 104.1 
550°C – 61.2 

32.17 
44.8 
41.5 
42.7 

Cu-2%Y2O3 8.79 

20°C – 118 
450°C – 112.9 
500°C – 108.1 
550°C – 62.8 

38.8 
38.7 
39.5 
40.2 

Cu-3%Y2O3 8.72 

20°C – 116 
450°C – 114.4 
500°C – 109.8 
550°C – 78.3 

35.5 
34.7 
34.8 
37.5 

Cu-1.5%ZrO2 8.63 

20°C – 137.2 
450°C – 89.5 
500°C – 70.2 
550°C – 50 

45.2 
50.0 
48.5 
42.0 

Cu-2%ZrO2 8.615 
20°C – 141.8 
500°C – 65.8 
550°C – 50.1 

40.8 
45.8 
46 

 

 
 

Fig. 12. Changes in nanocrystalline Cu-Y2O3 material hardness 
after annealing in temperature range 550-700°C for 1 hour 
 

The drop results from recrystallization process. Hardness of 
dispersion strengthened materials remains stable in the whole 
range of annealing temperature and no significant changes were 
observed in their structure.  

 
 
Fig. 13. Changes in nanocrystalline Cu-ZrO2 material hardness 
after annealing in temperature range 550-700°C for 1 hour 
 

 
 
Fig. 14. Changes in hardness of dispersion strengthened materials 
of sub-microcrystalline grain size annealed in temperature range 
550-700°C for 1 hour  
 

Also materials preliminary subjected to hot plastic working 
show good microstructure stability and, consequently, also 
hardness. Fig. 14 shows an example of hardness changes with 
temperature of annealing in materials which contain 2% of 
strengthening phases and which were strained in temperature of 
550°C. The changes show high stability of the submicron matrix 
grains produced in the result of the dynamic recystallization.  
 
 

3. Summary 
 
Application of milling of powders in a planetary ball mill 

under the developed process conditions provides possibility to 
produce a mixture of nanocrystalline Cu-Y2O3, Cu-ZrO2 and  
Cu-WC powders. 

The developed parameters for sintering of those mixtures 
(temperature 550-570°C, time - 1 hour) ensure that the nanometric 
structure (average grain size considerably below 100 nm) will 
remain unchanged in the sinters. That stability of grain size is also 
maintained in a long-term annealing in the temperature range 600-
650°C. 

The sintered materials show relatively low density which 
usually does not exceed 90% of the theoretical density. In the 
result both hardness and electrical conductivity of those materials 
is limited. Together with the influence of agglomeration of nano-
particles and partial change of strain mechanism it has an effect 
on the value of proof stress in the compression test, which is 
significantly lower than the one expected from theoretical studies.  

Cold and hot strain significantly improves density of sintered 
materials (from about 90% to the values close to the theoretical 
density (97-98%)) and their electrical conductivity. It also increases 
hardness of the examined materials. That effect, however, is clearly 
limited in the materials of higher strengthening phase content 
(above 2%), which also show high brittleness. 

Stability of nanocrystalline structure of the examined materials 
becomes significantly reduced in a hot strain process. Dynamic 
recrystallization results in growth of the initial nano-grains.  

Production of matrix grains in the range 300-500 nm in the 
process of controlled heat treatment and plastic working is an 
evident advantage. Such a microstructure (together with influence 
of the higher - close to theoretical - density) ensures higher 
hardness and electrical conductivity than in the sintered materials. 
It is characteristic that by application of heat treatment and plastic 
working there is also a possibility to form materials which showed 
high brittleness after sintering (characterized by high 
strengthening phase content).  

In the group of the developed materials especially interesting 
are: Cu-WC, Cu-Y2O3, Cu-ZrO2, but the optimum content of the 
strengthening phase in the materials for further hot and cold 
plastic working should not exceed 2 wt %. In the materials meant 
exclusively for hot plastic working the content can be higher (up 
to 3%). 

The materials combine advantageous mechanical properties 
with high electrical conductivity and microstructure stability in 
elevated and high temperatures. Comparative studies of functional 
properties of those materials with properties of precipitation 
hardened alloys show their advantage in applications for 
components operating in high temperature and in variable conditions 
of current, thermal or mechanical load. Such components can be 
used as electrodes or electrode terminals for resistance welding, etc. 
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