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In the paper, the changes in some mechanical properties and wear behavior of CuSn10 sintered bronze and
MMCs based on this bronze reinforced with composite ultrafine aluminide powders FeAl/15 % Al,Os,
NiAl/15 % Al,O; and Ti-46Al1-8Cr are described. It was observed that the presence of aluminides in the MMCs
leads to an increase in the hardness, but the flexural strength may increase or decrease depending on the type of
aluminide. The presence of aluminides in the MMC reduces the wear rate considerably. It is decreased in the
direction of FeAl/15 % Al,O; — NiAl/15 % Al,O3 — Ti-46A1-8Cr aluminides and for the best MMC
composition the advantage is about 20 times. In the MMCs wear process, micro-craters are formed on the contact
surface and it is the principal reason of a decrease in the wear rate.
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1. Introduction

Powder metallurgy (P/M) materials are extensively used nowadays because of their low cost and no
or a minimum need for metalworking processes. In addition, these materials have unique properties that
cannot be obtained by standard melting-casting processes.

Copper-based P/M materials are widely used in industry equally with iron and steel, and aluminum-
based P/M materials (Nadkarni [1]). They are used for self-lubricating bearings and as friction materials in
brushes, filters, structural parts, electrical parts, etc. P/M bronzes typically originate as premixes consisting
of elemental copper and tin powders with some technological additives. It is known that copper and lead,
which have limited solubility in each other, are difficult to alloy by conventional ingot metallurgy. P/M
bronze parts are frequently selected for structural applications, because of corrosion and wear resistance of
bronze. But low hardness and strength, and poor wear resistance limits their usage (Nadkarni [1] and Cusano
[2]).

The properties of sintered bronzes can be improved with the incorporation of reinforcing particulates
by developing bronze based metal matrix composites (MMC). The use of various particulates to reinforce the
material has been investigated in numerous publications. Carbides, borides and metal oxides are most widely
used for reinforcement due to their high hardness and wear properties, particularly TiC (Akhtar et al. [3]),
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WC (Deshpande and Lin [4]), SiC (Tjong and Lau [5]), TiB, (Tjong and Lau [6] and Tu et al. [7]), Al,O3
(Das et al. [8] and Dyachkova and Feldshtein [9]).

On the other hand, reinforcements with different intermetallic particulates have also been
investigated. Intermetallics are of interest because of the variety of chemical composition and variety of their
physical and mechanical properties. In the research of Diaz et al. [10] hardening of an Al-based material with
Niz;Al intermetallic particles was studied. It was found that Ni;Al intermetallic particles act as load-bearing
elements due to a strong bonding between these particles and the Al matrix. The P/M method is successful in
processing these wear-resistant AMCs for tribological applications. In the investigation of Da Costa et al.
[11], the wear behaviour of aluminum MMCs reinforced with different nickel aluminides was investigated. It
was concluded that reinforcing aluminum alloys with intermetallics increases highly the wear behaviour by
the order of two—three times compared to the base alloy. In the research of Tu et al. [12], the friction and
wear behavior of Cu-Fe;Al P/M composites in dry sliding is described. It was found that the coefficients of
friction for these composites were independent of the contact pressure and the sliding speed variation. With
increasing the volume fraction of Fe;Al particle, the wear resistance of the composites increased at lower
contact pressures, but not at higher contact pressures, and the coefficients of friction decreased slightly. The
wear rate of Cu-Fe;Al composites decreased with the sliding speed.

The laminar copper-intermetallic composite structure and properties are examined by Konieczny,
[13]. Cu4Ti, Cu,Ti and CuTi particles were used to reinforce copper. The results showed that the hardness of
the intermetallic layers in the composites is significantly higher than the hardness of the copper layers and
the wear resistance of the composites increases with an increase in the thickness of intermetallic layers and is
similar to that of CuSn8 bronze. The formation and examination of the structure and properties of sintered
copper matrix composites containing aluminum-ferric intermetallic phases is described by Konieczny and
Mola [14]. Two kinds of additives were used: AlFe particles and AlFe;+a (solid solution of aluminium and
copper in iron) particles. It was found that composites containing AlFe phase have high electrical
conductivity and also high microhardness of intermetallic phases. Intermetallic AlFe;+a phases have a lower
average microhardness in comparison with AlFe. But on the other hand, their advantage is a diffusion joint
between particles and the matrix.

The results of the investigation on the properties and wear behaviors of (Ni;Al)p reinforced Cu
matrix composites were presented by Celikyiirek [15]. The experiments showed that the density and electric
conductivity of the composites decrease with increasing particle fraction. The composites have lower
compression yield strengths in comparison with unreinforced sintered copper. The coefficient of friction of
Cu increased with increasing the sliding speed whereas the coefficient of friction of composites decreased
with an increase in the sliding speed, and values of coefficients of friction for composites are increased in
comparison with sintered copper. The wear resistance of investigated composites was improved considerably
with an addition of NizAl and increased with an increase in NizAl fraction. With the addition of Ni;Al to
copper, the direct copper-counterface contact was reduced that resulted in an increase of wear resistance.

In this paper, some mechanical properties and wear behavior of sintered bronze based composites reinforced
with a micrometric quantity of different aluminides are studied.

2. Materials researched

Ready-made powders of copper with an average particle size of 25 um and tin with an average
particle size of 20 pwm were used to produce the base sintered bronze CuSn10. It is known that alloying of
copper with tin enhances the operational properties by improving the embeddability, conformability and
resistance to seizure (Zeren at al. [16]; Zeren [17]; Goudarzi et al. [18]; Gebretsadik et al. [19].

Aluminides particulates were obtained by mechanical activated self-propagating high-temperature
synthesis method and their sizes were 3 pm.

The mixture of components Cu+10 wt % Sn and Cu+10 wt % Sn+(0.2, or 0.5, or 1 wt %) aluminides
was prepared in a mixer of “drunken barrel” type for 0.5 . The samples were pressed with a hydraulic press
to a relative density of 8588 % and sintered in the atmosphere of an endothermic gas at 780-800 °C.
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3. Research conditions

The microstructures of cross sections of the specimens were examined using the “MEF-3" optical
microscope. Cross sections were etched in a 3% solution of ferric chloride in ethanol.

To provide the desired roughness the work surfaces of the MMC samples were ground using the
TIA 350 x 127 x50 -994 46 M 5V wheel with a depth of 0.015 mm, the grinding speed of 24 m/s and
longitudinal table feed of 3 m/min.

Roughness parameters were measured with the TR 200 profilometer.

Surface textures were analyzed using Scanning FElectron Microscopes JEOL JSM-5600LV and
MIRA.

The hardness was determined by the Brinell hardness tester using the ball of 2.5 mm in diameter and
the load of /839 N.

The strength of the MMCs was determined in three-point bending using the "Instron-1195" testing
machine with the cross head speed of 2 mm/min.

Tribological tests were performed in conditions of concentrated and distributed contact.
Concentrated contact tests were carried out using the A-135 tester of Amsler type at the sliding speed of 0.45
m/s. Tests were performed with the stable loads of 500 N and /1000 N and with an increased load in the range
300-1000 N. An increased load was applied with a step increase of 100 N every 5 min. The samples were
made of MMC, and counter-bodies (rollers) were made of 41Cr4 EN 10083-1:2006 steel in the hardened
state, hardness of 45—-50 HRC. The test time was / hour. The L —AN 68 machine oil with the flow rate of 30
drops per minute was used as the lubricant. The values of the momentary coefficients of friction were
calculated from the measured values. The temperature in the friction zone and wear were controlled too.
Temperatures were measured with a thermocouple. The magnitude of the segmental wear of samples was
registered using an optical microscope with an accuracy of 0.005 mm.

Distributed contact tests were carried out using the MT-2 tester of “pin-on-disc” type. Rotating
counter-bodies were made of AISI 1045 steel and had a disc form and hardness of 42—<5 HRC. They were in
contact with the flat surfaces of the three pin samples /0 mm in diameter. Tests were carried out at the sliding
speed of 7 m/s in two stages. In the first stage, average coefficients of friction were determined under the
load increasing from /0 N until seizure occurred. In the other stage, the wear rates were determined under a
stable load equal to 50 N and the test time of / 4. I-20 industrial oil was used as the lubricant with the flow
rate of §—10 drops per minute. The magnitude of the linear wear was registered using an optimeter with an
accuracy of 0.001 mm.

4. Results of research

The typical structures of some of the test materials are shown in Fig.1. The CuSn10 sintered bronze
has the structure of Sn in Cu solid solution of variable concentration with a+d cutectoid inclusions, twin
crystals and a certain amount of pores (Fig.1a).

After the introduction of all tested intermetallic compositions a significant refinement of the structure
is observed (Figs 1b,c, d) as a result of increasing the recrystallization centers and slowing secondary
recrystallization.

In the material with additives of NiAl/15 wt. % Al,O; intermetalloid, there is a local alloying nickel-
copper matrix, and a decrease in porosity and minimal content of a + 6 - eutectoid are observed (Fig.1c) in
comparison with the materials with additives of FeAl/15 % Al,O; (Fig.1b), and Ti-8Cr-46Al (Fig.1d)
intermetalloids.

The hardness of the tested materials depends on their composition (Fig.2a). The CuSnl10 sintered
bronze hardness was equal to ~60 HB and the hardness of reinforced composites increased about /.2—-1.6
times. The tendency for a slight decrease in hardness was observed in the direction of NiAl>FeAl— TiCrAl
aluminides.
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The residual porosity of tested materials is stable with the exception of MMC with FeAl aluminides
(Fig.2b). These additives decrease the residual porosity about 1.6 times. The presence of FeAl aluminides in
the metal matrix improves joining of powder particles during sintering that affects the porosity.

Fig.1. The microstructure of the powder bronze with the additions of aluminides: (a) CuSnl0;
(b) CuSnl0+FeAl; (¢) CuSnl10+NiAl; (d) CuSnl10+TiCrAl; 1 — eutectoid inclusions, 2 — twin
crystals, 3 — aluminides, 4 — pores.
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Fig.2. The influence of reinforcing particulates on hardness (a) and residual porosity (b) of tested materials.

In our opinion, the findings can be explained by differences in the state of reinforcing particulates at
the grain boundaries. Interactions between the base material and reinforcing particulates are very important,
because the properties of the MMCs depend not only on the matrix, particulates and the volume fraction, but
also on the distribution of reinforcing particulates and interface bonding between the particulates and the
matrix (Sahin [20]), since diffusion layers form at the interface.
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The results of testing the flexural strength of materials based on sintered bronze with reinforced
additives are shown in Fig.3. It can be seen that the composition of reinforcing additives affects this
property. The best results were achieved for MMCs reinforced with NiAl based compound and the worst for
TiCrAl based compound. It is due to the features of the boundary interfaces, as it is in the case of the
hardness and porosity.
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Fig.3. The influence of reinforcing particulates on the flexural strength of tested materials.

Regardless of its composition, increasing the additive content to /% leads to a considerable, nearly
1.2-1.4 times, weakening of grain boundaries and a reduction in strength. It is due to the fact that
intermetallic particulates are most frequently located there. The heterogeneity of the grain sizes is observed,
too.

Changes in the structure and mechanical properties of composite materials affect the characteristics
of the texture of friction surfaces. Typical profile records of the friction surfaces of the in-situ and wear
samples made of the materials investigated are shown in Fig.4. Values of some roughness parameters (the
arithmetic mean deviation of the assessed profile Ra, maximum height of the assessed profile Rz and mean
width of the surface element RSm) are shown in Fig.5.
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Fig.4. Profile records of the sample surfaces: (a) material CuSn10; (b) material CuSn10+FeAl; (¢) material
CuSn10+NiAl; (d) material CuSn10+TiCrAl (v.m. x10000, h.m. x50).
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It is easy to see that the presence of aluminides in the material leads to a slight decrease in
roughness. Roughness parameters for all materials decreased after a wear cycle under stable load. This is due
to the running-in ability of the tested materials under stable conditions. Under increased loading conditions
roughness parameters of CuSnl0 material increased after a wear cycle. It may be supposed that under
increased load CuSnl10 sintered bronze loses its fatigue strength and begins to break down. But for MMCs
the tendency for a decrease in roughness was maintained. As far as roughness is concerned, CuSn10-NiAl
MMC has the best results.
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Fig.5. Surface roughness parameters of samples.

The wear rates of friction surfaces of the materials tested depend on their composition and loading
conditions as shown in Fig.6. Wear rates increase significantly for increased loading conditions in
comparison with stable loading. Increasing of the mass content of NiAl and Ti-Cr-Al aluminides hardly
affects the MMCs wear rate, but in the case of FeAl aluminide the wear rate increases considerably.
Increasing of the load value 2 times hardly affects the wear rates. Generally, the wear rate decreases in the
direction of FeAl>NiAl—->Ti-Cr-Al aluminides for all conditions and the advantage reaches about 20 times
for the best MMC composition.
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Fig.6. Wear rates of tested materials depending on friction conditions under concentrated loading: (a) under
stable and increased loading for 0.5% reinforcing additives; (b) under stable loading for different
mass content of additives.

Similar changes were also observed in MMCs under distributed loading (Fig.7). Tests performed
under these conditions revealed that increasing the aluminides content decreases the wear rate. The wear
resistance increases at the direction NiAl — FeAl — TiCrAl aluminides and reaches about 3.5 times for the
best MMC composition. However, the mechanism of wear varies considerably.
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Fig.7. Wear rates of tested materials depending on the additive content under distributed loading.

Interconnected micro-craters along with traces of abrasive wear are observed on the friction surfaces
(Fig.8). The intensity of micro-craters formation increases towards FeAl -NiAl—>TiCrAl aluminides. In our
opinion, a specific contact, typical of materials containing hard microparticulates, is observed in this case.
These microparticulates in the process of wear are concentrated at the “hardened steel — composite”
interfaces, forming a kind of load-bearing elements. A similar effect was described by Diaz [10]; Hua et al.
[21]; Dyachkova and Feldshtein [22]; Feldshtein et al. [23]. Due to this effect, as well as to the guaranteed
presence of oil on the friction surfaces, the wear rate of composites is reduced significantly. This is indirectly
confirmed by the previously described tests on the influence of the additives content and the load level on the
wear rate.

5. Conclusions

1. The sintered bronze has the structure of the oa-solid solution of variable concentration, a small
percentage of the a+06 eutectoid inclusions, as well as a certain amount of pores. The bronze with
aluminides additives has a finer structure. Inclusions of aluminides are observed mainly on the grain
boundaries. Recrystallization was observed in the MMC during sintering.
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2. The presence of the aluminides in the MMC based on CuSnl10 sintered bronze leads to increasing its
hardness, but the flexural strength may increase or decrease depending on the chemical composition of
aluminides. The best results were obtained for NiAl/15 % Al,O; reinforcing particulates.

3. The presence of aluminides in the material leads to a slight decrease in roughness. Roughness
parameters for all materials decreased after a wear cycle under stable loading. Under increased loading
conditions roughness parameters of CuSnl0 material increased after a wear cycle but for MMCs the
tendency for a decrease in roughness was maintained.

4. The presence of aluminides in the MMC reduces the wear rate considerably. It is decreased in the
direction of FeAl/15 % Al,O; — NiAl/15 % Al,O; — Ti-8Cr-46Al aluminides and the advantage is
about 20 times for the best MMC composition. In the MMCs wear process, micro-craters are formed on
the contact surface and it is the principal reason of a decrease in the wear rate.
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Fig.8. Results of SEM analysis of the samples after the wear cycle: (a) CuSnl10; (b) CuSn10+FeAl; (c)
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