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Abstract: The paper presents the results of research on the production and application of sintered 
copper matrix composites reinforced with carbon steel and T15 HSS steel particles. The starting 
materials for obtaining the sintered composites were commercial powders of copper, carbon steel and 
T15 HSS steel. Experiments were carried out on specimens containing 2.5, 5, 7.5, and 10% of steel 
particles by weight. Finished powder mixtures containing appropriate quantities of steel were 
subjected to single pressing with a hydraulic press at a compaction pressure of 624 MPa. Obtained 
samples were subjected to a sintering process in a sillit tubular furnace at 900 °C in an atmosphere of 
dissociated ammonia. The sintering time was 2 h. After the sintering process, the samples were 
cooled in a cooler mounted in the furnace. The obtained sinters were subjected to hardness, density, 
electrical conductivity, and abrasion resistance measurements. Observations of the microstructure of 
metallographic specimens made from the sintered compacts were also performed using an optical 
microscope and scanning electron microscope (SEM). After the abrasion resistance tests, the 
geometric structure of the surface was observed. The hardness increased in comparison with a 
sample made of pure copper, whereas the density and electrical conductivity decreased. The highest 
hardness was obtained for the composite containing 10% of T15 high speed steel particles which 
amounted 61 HB. This is due to presence of carbides in the steel particles. The highest electrical 
conductivity was obtained for the composite containing 2.5% of T15 high speed steel which 
amounted 40 MS/m (68% of solid copper conductivity). Tribological tests have shown that the 
introduction of high-speed steel particles increases the abrasion resistance of composites. 
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1. Introduction 

Currently, scientists around the world are conducting research on the production of modern 
materials with the desired properties. In essence, a single material does not have high satisfactory 
properties, therefore composites, i.e., materials consisting of at least two phases with different 
properties, play an increasingly important role in the industry. In recent years, sintered copper matrix 
composites are finding an increasing interest. Copper is widely used for the production of electrical 
and electronic devices due to its high electrical conductivity, corrosion resistance, low cost, and easy 
production. Due to the high electrical conductivity of copper, electrical components such as relays, 
switches, electric motor components, and electrode tips for resistance welding are produced using 
powder metallurgy [1–6]. Pure copper has low hardness, mechanical strength, and abrasion 
resistance, which limits its use in a pure form. For this reason, pure copper is strengthened by 
introducing alloying additions. However, the introduction of any addition to copper reduces their 
electrical conductivity. For example, thin bronze, silicon bronze, and manganese bronze have an 
electrical conductivity lover less than 10 MS/m while pure copper has 59.7 MS/m [7]. To increase 
the strength properties of composites without significantly lowering the electrical conductivity, metal 
oxides (Al2O3, SiO2, ZrO2, Cr2O3, BeO, MgO, TiO2), carbides (SiC, TiC, Cr7C3, Cr3C2), nitrides (TiN, 
BN) and borides (TiB2, ZrB2, CrB2) are introduced into the copper matrix [8–16]. The introduction of 
the above-mentioned particles increases the strength properties and increases the resistance to 
abrasive wear. In addition to ceramic particles, metal particles are also introduced into the copper 
matrix, which together with the matrix form intermetallic phases. Sintered composites reinforced 
with intermetallic phases have properties similar to those of composites reinforced with ceramic 
particles. For the strengthening of sintered composites, copper-titanium, aluminium-iron, and 
nickel-aluminium intermetallic phases are most often used [17–21]. Metal matrix composites 
reinforced with strengthening particles are usually fabricated using powder metallurgy. The main 
advantage of powder metallurgy is a very good control over the distribution of strengthening 
particles in the matrix. An important role in powder metallurgy is the diffusion of the solid state 
dependent on sintering time and temperature, which is involved in the formation of intermolecular 
bonds. There is a lack of scientific work on the production of sintered composites with a copper 
matrix reinforced with steel particles. Steel particles are characterized by high hardness and 
resistance to abrasive wear, therefore introducing them into the matrix should significantly increase 
the strength properties of composites [22–25]. In this work, an attempt was made to produce sintered 
copper matrix composites reinforced with particles of carbon steel and high speed steel. The 
fabricated sinters were subjected to microstructural investigations and measurements of density, 
hardness, and electrical conductivity. The abrasive wear tests of the composites were also carried out 
and the geometric structure of the surface was observed. An abrasion resistance test was required to 
check that the copper-steel composites have the properties to apply it to the electric motor brushes. 
An electric brush is a special type of electrical contact between two or more moving parts. Usually 
the brushes work with a commutator or slip ring. Depending on the design requirements and the type 
of contact, the brush can be made of a metal alloy (e.g., with a high copper content) or a suitably 
prepared abrasion-resistant graphite [26]. The higher content of graphite has a positive effect on the 
smaller wear of commutators and rings. However, the material with a higher copper content is used 
at high current densities, in low voltage DC machines and high current, e.g., car starters. Brushes 
require constant pressure, the force of which is predetermined for a specific design solution. Due to 
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the constant contact of the electric brush with the commutator or the slip ring, the brushes wear out. 
There is therefore a need for a flexible electrical connection between the brush and the rest of the 
system. For this purpose, usually a braided copper rope is used, which allows the brushes to move 
freely. As the device is working, regular wear of brushes occurs, which from time to time must be 
changed into new ones [27]. Conducted tests predestine the produced sinters for the aforementioned 
use. 

2. Materials and methods 

Materials used in this experiment were copper powder (99.5%Cu), carbon steel powder 
(0.8%C), and high speed steel T15 powder. The chemical compositions of T15 steel powder used in 
the experiment are shown in Table 1. Electrolytic copper powder with an average particle size of less 
than 63 μm was used as the matrix, while steel powders with an average particle size of less     
than 200 μm was used as the reinforcement. The shapes and arrangements of the powder particles used 
in the experiments are shown in Figures 1–3. 

Table 1. Composition of T15 HSS steel powder. 

 Chemical composition, %wt
T15 HSS C Si Mn Cr Mo V W Co

1.5 0.4 0.4 4.5 0.5 5.0 12.5 4.75 

 

Figure 1. Electrolytic copper powder (SEM). 
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Figure 2. HSS T15 steel powder (SEM). 

 

Figure 3. Carbon steel powder (SEM). 

The powders of the materials used to fabricate the composites were observed using a JEOL 
JSM-7100F field emission scanning electron microscope. Two batches of powder mixtures were 
made, the first batch is a mixture of copper powder and carbon steel, while the second batch is a 
mixture of copper powder and T15 high speed steel powder. Powder mixtures with different steel 
powder content (2.5, 5, 7.5, and 10% by weight) were prepared for the tests. Cylindrical samples with 
a dimension of Φ20 × 10 mm were made of the prepared powder mixtures with a hydraulic press at a 
compaction pressure of 620 MPa. The specimens were sintered in a sillit tubular furnace at 900° in the 
dissociated ammonia atmosphere. The sintering time was 2 h. After the sintering process, the samples 
were subjected to cooling. The fabricated composites were subjected to hardness, density, electrical 
conductivity, and abrasion resistance tests. The hardness of the sintered compacts was measured using 
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the Brinell method (with a steel ball of 5 mm in diameter at a load of 2452.5 N) in accordance with the 
PN EN ISO 6506-1:2014 standard. Tests of electrical conductivity were carried out using the eddy 
current method using a GE Phasec 3D device. The density was determined by weighing the specimens 
in air and water using WPA120 hydrostatic scales in line with the PN EN ISO 2738:2001 standard. 
Microstructure analysis of the previously prepared metallographic specimens were conducted using 
the JEOL JSM-7100F field emission scanning electron microscope fitted with OXFORD 
INSTRUMENTS EDS X-Max Aztec software for elemental analysis. The abrasion resistance tests of 
the fabricated composites were conducted using a Anton Paar TRB3 ball-on-disc tribometer 
according to the requirements of the ASTM G 99 standard.  

The following parameters were set for the test: 
• Friction pair: a 100Cr6 steel ball (10 mm in diameter) and a disc made of copper with an addition 

of various amounts of steel particles (2.5–10% of steel particles); 
• Load P = 5 N; 
• Sliding velocity v = 0.1 m/s; 
• Friction path distance s = 1000 m; 
• Humidity 47 ± 1%; 
• Ambient temperature T0 = 22 ± 1 °C; 
• Atmospheric pressure 987 ± 5 hPa. 

Abrasive wear resistance test was carried out under dry friction conditions. The samples were 
weighed both before and after the tribological tests to determine the weight loss. Analyses of the 
geometric structure after the tribological tests were performed using a Leica DCM8 optical 
profilometer. 

3. Results and discussion 

3.1. Microstructural investigations 

The introduction of particles, both carbon steel and high-speed steel into the copper matrix caused 
significant changes in the microstructure of the composites. Particles of carbon and HSS steel of 
various shapes and sizes are clearly visible in the copper matrix. Differences in a particle size result 
from the range of the size of the introduced steel powders (<200 µm). The shape of the particles 
depends on the method of producing the powders. The steel powders were produced by the spraying 
method, as evidenced by the spherical shape of the powder. Due to the thorough mixing of the powders 
before the pressing process, an even distribution of particles in the copper matrix was achieved. In 
some areas, the particles aggregate into agglomerates. No large clusters of steel particles were 
observed. The steel particles did not dissolve in the copper matrix, which proves their high thermal 
resistance. There is no diffusion between the steel particles and the copper matrix, thanks to which the 
electrical conductivity is not significantly reduced. Exemplary microstructures of sintered copper-steel 
composites obtained using an optical microscope are shown in Figures 4 and 5. 
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Figure 4. Microstructure of the sintered composite containing 5% of carbon steel. 

 

Figure 5. Microstructure of the sintered composite containing 5% of T15 HSS steel. 

To reveal the microstructure of steel particles after sintering, the samples were subjected to an 
etching process. Nital was used as the etching agent. In the case of carbon steel with 0.8% carbon, the 
pearlitic structure is present. The annealed high-speed steel microstructure consists of a metal matrix 
composed of ferrite containing alloying elements and metal carbides. The high-speed steel structure 
includes M6C and MC types of carbides [25]. The carbides are visible in the microstructure of the steel 
as bright spots on the background of the metal matrix. Similar microstructures of steel were also shown 
by other researchers [22–24]. The microstructures of steel particles after sintering and etching are 
shown in Figures 6 and 7. 
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Figure 6. Microstructure of carbon steel particles after sintering. 

 

Figure 7. Microstructure of T15 HSS steel particles after sintering. 

3.2. Density and hardness measurements 

The hardness tests of the composites were carried out to assess how the amount of the 
introduced steel particles influences their hardness. The results of density and hardness 
measurements are presented in Tables 2 and 3. 
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Table 2. Results of density and hardness (HB) measurements of Cu-carbon steel particles. 

Material Density (g/cm3) Relative density (%) HB 
Cu 8.19 ± 0.02 92.01 36.65  1.5 
Cu + 2.5% of 0.8%C 8.00 ± 0.04 81.41 44.79  1.8 
Cu + 5% of 0.8%C 7.78 ± 0.05 90.65 52.36  1.3 
Cu + 7.5% of 0.8%C 7.22 ± 0.03 87.95 53.80  1.7 
Cu + 10% of 0.8%C 7.12 ± 0.07 82.10 56.83  1.8 

Table 3. Results of density and hardness (HB) measurements of Cu-T15 HSS steel particles. 

Material Density (g/cm3) Relative density (%) HB 
Cu 8.19 ± 0.02 92.01 36.65  1.5 
Cu + 2.5% of T15 7.50 ± 0.04 75.09 43.68  1.8 
Cu + 5% of T15 7.08 ± 0.05 78.05 46.33  1.3 
Cu + 7.5% of T15 6.90 ± 0.03 79.91 57.36  1.7 
Cu + 10% of T15 6.67 ± 0.07 84.94 61.26  1.8 

The examination showed that the introduction of both carbon steel and high-speed steel 
particles into the copper matrix resulted in a significant increase in the hardness of the composites 
and a decrease in their density. Increasing hardness of composites is related to the high hardness of 
steel particles. The hardness of carbon steel with 0.8% carbon content after annealing is about 200 
HB, while the hardness of T15 high-speed steel is about 280 HB. The highest hardness was obtained 
for a composite containing 10% of T15 HSS steel particles which amounted 61 HB (67% higher than 
pure copper sinter). An increase in hardness with an increase in the amount of strengthening particles 
was also shown by other researchers [2,3]. The density of composites decreases with increasing 
amount of steel particles. This is due to the lower density of the steel particles compared to the 
copper matrix. The introduction of 10% of carbon steel particles by weight reduces the density    
to 7.12 g/cm3 and to 6.67 g/cm3 in the case of T15 HSS steel particles. Lowering the density of 
sintered composites are also shown by other researchers [4,5,8]. 

3.3. Electrical conductivity investigations 

The electrical conductivity tests of composites have shown that the introduction of a small 
amount of steel particles into the copper matrix causes a significant reduction in electrical 
conductivity in comparison with other reinforcements such as TiB2 in spark plasma sintered Cu-TiB2 
composites [15]. The obtained results were compared with the results for the sintered copper powder. 
A sinter made of pure copper powder has an electrical conductivity of 50.39 MS/m (14% less than 
copper in a solid state). The introduction of carbon steel particles into the copper matrix significantly 
lowered the electrical conductivity. The addition of 2.5% reduced the electrical conductivity       
to 33 MS/m, while the addition of 10% of carbon steel particles reduced the electrical conductivity  
to 14 MS/m. Much better results were obtained for composites reinforced with T15 high-speed steel 
particles. The introduction of 2.5% of T15 steel particles lowered the electrical conductivity to less 
than 40 MS/m, while at the content of 10% to 24 MS/m. The relatively high electrical conductivity is 
due to the lack of diffusion between the copper matrix particles and the steel particles. As 
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reinforcement particles increased the electrical conductivity decreased. The main reason is related to 
the existence of pores which can be inferred from the density reduction. An important factor 
influencing the electrical conductivity is also the purity of the powders used in the experiment.  The 
reduction of electrical conductivity with the increase of the amount of strengthening particles was 
also obtained for composites reinforces with ZrB2 particles [11]. The results of electrical conductivity 
measurements are shown in Figures 8 and 9. 

 

Figure 8. The results of electrical conductivity measurements of copper-carbon steel composites. 

 

Figure 9. The results of electrical conductivity measurements of copper-T15 steel composites. 
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3.4. Wear characterization 

The samples for the abrasion resistance tests were weighed both before and after the tests to 
determine the weight loss. The parameters of the abrasive wear resistance tests are presented in the 
second chapter of this paper. The results were compared with a sample made of copper powder. The 
weight loss after abrasion resistance tests for a sample made of copper powder was 0.0123 g. The 
weight loss for samples reinforced with steel powders is shown in Figure 10. 

 

Figure 10. Weight loss of composites depending on the content of steel particles. 

Tribological tests have shown that introducing high-speed steel powder as reinforcing particles 
into the copper matrix increases the abrasion resistance. This may be due to the high wear resistance 
of the T15 high-speed steel particles. In the case of carbon steel particles, the weight loss of 
composites is much greater than in the case of a sample made of copper powder. Less abrasive wear 
of composites reinforced with T15 high speed steel particles may be due to the shape of the particles 
and a better bond with the copper matrix. Other researchers have also obtained an increase in the 
wear resistance of copper matrix composites reinforced with particles [26,27]. 

After carrying out the tribological tests, the geometric structure of the composites surface was 
observed using an optical profilometer. The figures below show the surface texture topography after 
tribological tests, where it possible to observe the abrasion trace and the way the particles were torn 
out of the copper matrix. The profiles of the surface cross-section are also presented in order to 
accurately observe the depth and shape of the wear. The geometric structures of the composites with 
various amounts of steel particles after tribological tests are shown in Figures 11–19. 

 

0.0105 0.0104 0.0102
0.0085

0.0467

0.0396 0.0389

0.0221

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

2 . 5 5 7 . 5 1 0

L
O

S
S

 O
F

 W
E

IG
H

T
, G

STEEL PARTICLES CONTENT, %

T15 HSS steel carbon steel



331 

AIMS Materials Science  Volume 8, Issue 3, 321–342. 

 
(a) 

(b) 

Figure 11. Surface texture topography of the composite made of pure copper after 
tribological tests under technically dry friction: (a) isometric image, (b) surface profile. 
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Figure 12. Surface texture topography of the composite containing 2.5% of T15 HSS 
steel particles after tribological tests under technically dry friction: (a) isometric image, 
(b) surface profile. 
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Figure 13. Surface texture topography of the composite containing 5% of T15 HSS steel 
particles after tribological tests under technically dry friction: (a) isometric image, (b) 
surface profile. 
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Figure 14. Surface texture topography of the composite containing 7.5% of T15 HSS 
steel particles after tribological tests under technically dry friction: (a) isometric image, 
(b) surface profile. 
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Figure 15. Surface texture topography of the composite containing 10% of T15 HSS 
steel particles after tribological tests under technically dry friction: (a) isometric image, 
(b) surface profile. 
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Figure 16. Surface texture topography of the composite containing 2.5% of carbon steel 
particles after tribological tests under technically dry friction: (a) isometric image, (b) 
surface profile. 
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Figure 17. Surface texture topography of the composite containing 5% of carbon steel 
particles after tribological tests under technically dry friction: (a) isometric image, (b) 
surface profile. 
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Figure 18. Surface texture topography of the composite containing 7.5% of carbon steel 
particles after tribological tests under technically dry friction: (a) isometric image, (b) 
surface profile. 
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Figure 19. Surface texture topography of the composite containing 10% of carbon steel 
particles after tribological tests under technically dry friction: (a) isometric image, (b) 
surface profile. 

The analysis of the geometric structure of the surface confirmed the results obtained during the 
tests of abrasive wear resistance of the composites. The lowest wear was observed for the composite 
containing 10% of the T15 high-speed steel powder. While observing the structures, it is possible to 
notice the places where the steel particles were pulled out of the copper matrix. The test results show 
that the high-speed steel particles have a better bond with the copper matrix compared to the carbon 
steel particles. As the carbon steel particles were pulled out of the copper matrix, greater friction 
resulted in greater abrasive wear. 
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4. Conclusions 

Examination of the microstructure of the fabricated copper matrix composites reinforced with 
steel particles showed that the steel particles aggregate into agglomerates. To obtain an even 
distribution of strengthening particles in the copper matrix, the powders should be thoroughly mixed 
before the pressing process. A uniform distribution of the particles is necessary to obtain the same 
properties throughout the sinters volume. Based on the observation of the microstructure, it should be 
concluded that the parameters of the composite manufacturing process were selected correctly. 
Microstructure studies have shown that the reinforcement particles are well bonded to the copper 
matrix, especially T15 high speed steel particles, which can be seen in Figures 6,7. The pores 
characteristics of sintered products are visible in the structure of the sintered composites. The 
introduction of steel particles increased the hardness of the composites. Both for carbon steel and 
high-speed steel, the hardness values are not significant. The density of composites decreases as the 
amount of steel particles in the copper matrix increases. The introduction of steel particles into the 
copper matrix reduces the electrical conductivity. For composites reinforced with high-speed steel 
particles, satisfactory results of electrical conductivity were obtained. It is related to the lack of 
diffusion between the copper matrix and the high-speed steel particles. Tribological tests of the 
produced composites showed that the introduction of high-speed steel particles increases their 
resistance to abrasive wear. The introduction of carbon steel particles caused a deterioration of the 
abrasive wear resistance. This is due to the carbon steel particles being pulled out of the matrix 
during friction. The shape and size of the strengthening particles also have an influence on the wear 
resistance. All tests carried out have shown that the high-speed steel particles used as reinforcing 
particles have better properties than carbon steel particles.  
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