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Abstract—The effect of tin-insoluble alloying elements (Zn, Si) on the mechanical and tribotechnical prop-
erties of Al–40Sn sintered composites has been studied. Powder mixtures with alloying additives have been
sintered at a temperature above the melting point of tin (232°C). Sintered samples have a residual porosity,
which negatively affects the strength, ductility, and wear resistance of the composite under dry friction. The
hot pressing in a closed die or equal-channel angular pressing (ECAP) at a temperature of 250°C make it pos-
sible to reduce the material porosity with a significant increase in the strength and ductility. Regardless of the
pressure treatment method, the compacted samples have high wear resistance. The main wear mechanism of
the composite consists in the delamination of matrix grains in the surface layer owing to their shear along the
tin interlayers in the sliding direction. The shear and peeling of grains are preceded by a strong strain in the
surface layer, in the case of which the grain boundaries with tin interlayers are elongated in the sliding direc-
tion, that is, a layered structure is formed. Composites having most of the grain boundaries of the aluminum
matrix oriented perpendicular to the sliding direction have the maximum wear resistance. A similar structure
is formed in the f low plane of the material under the ECAP treatment. It has been found that the wear resis-
tance of the composite with a zinc-alloyed matrix is higher than that with a silicon-alloyed matrix.
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INTRODUCTION

Adhesive wear is the most dangerous wear type of
metal parts in friction units. To prevent such type of
wear, in the case of sliding bearings, inserts made of
antifriction materials having the property of surface
self-lubrication under a deficiency of liquid lubricant
are used. Usually, graphite, disulfides, talc, and other
materials having a low shear resistance capable of
being smeared over the surface of coupled bodies in
the form of a thin film are used as sources of solid
lubricants in the case of such materials [1–5].

However, when preparing composite materials
(CMs) with nonmetallic inclusions, problems arise
connected with wetting of the latter by the matrix
material or with preventing chemical interaction
between the mentioned phases with the formation of
brittle and hard intermediate layers. Therefore, in the
case of self-lubricating composites based on a metal
matrix, soft metals are often used as solid lubricants
that do not dissolve in the matrix, but have a strong

adhesive bond to it. Such composites include, for
example, alloys of Al–Sn system.

Under friction process, the composite bearing is
heated, and the constituent phases thereof undergo
expansion. If a soft tin inclusion is in contact with the
surface, then the aforementioned expansion leads to
the extrusion of only a small part of its content. For a
high-quality coating of the friction surface with
extruded tin, it is required that the volume fraction of
tin inclusions in the Al matrix be large. However, since
tin is not strengthened under normal conditions, a
high concentration of tin in the alloy automatically
leads to a decrease in its strength and bearing capacity.
Moreover, tin does not dissolve in solid aluminum and
is located at the boundaries between the grains of the
matrix, which reduces their contiguity and, as a conse-
quence, promotes the segregation of the phases sig-
nificantly different in density in the course of crystal-
lization of the Al–Sn melt. Therefore, the volume
fraction of Sn in CM is forcedly limited, and the con-
tent of tin as a lubricant turns out to be far from opti-
mal [6–8].
776



RELATIONSHIP BETWEEN WEAR RESISTANCE UNDER DRY FRICTION 777
It can be assumed that the rapid crystallization of
Al–Sn melts that leads to the refinement of the matrix
grains and to increase in their specific surface area
could promote an increase in the probability of grain
cohesion within tin-free areas [9]. However, with
decreasing grain size while maintaining the volume
fraction of the grains in CM, the number of nearest
neighbors exhibits a decrease too. Therefore, the
refinement of aluminum grains does not change the
situation, and the matrix skeleton in rapidly cooled
alloys with a high tin content remains poorly bound
and fragile. However, at the same amount of tin, the
aluminum skeleton having a high contiguity is
formed in the mixtures of Al and Sn powders which
are compactly located within interstices [10]. This
makes it possible to obtain a significant increase in
the content of a soft phase in the Al–Sn CMs pre-
pared by sintering a mixture of elementary powders.
A stable matrix skeleton is retained in the composites
at the volumetric tin content amounting up to 20%
(40 wt %) [11].

With an increase in the content of tin (CSn), the
load-carrying capacity of the aluminum matrix
decreases, but the measures undertaken in order to
increase this characteristic should not lead to strength-
ening of Sn and to a decrease in its lubricity. Tradition-
ally, for this purpose, hard inert additives are added
into the melt or it is alloyed with materials that can
completely dissolve in the matrix metal. Otherwise, it
is impossible to avoid the ingress of matrix alloying
elements into tin accompanied by an inevitable subse-
quent decrease in the ductility and, correspondingly,
in the lubricity of tin. From this standpoint, such tech-
nologies that make it possible to perform alloying of
the Al matrix grains even before they are combined
with tin seem suitable for the preparing of self-lubri-
cating CMs. The CM prepared in such a way could be
further strengthened by means of an severe deforma-
tion treatment.

For example, ductile two-phase composites of the
Al–Sn system have been processed by means of equal-
channel angular pressing (ECAP), and their strength
has significantly increased after the first pass [12, 13].
It could be expected that the aluminum matrix alloyed
with zinc can also undergo severe plastic deformation,
since only a solid solution is formed when Al and Zn
are fused together. At the same time, Zn does not dis-
solve in solid tin and does not reduce its ductility.
Small additions of silicon can also be used in order to
strengthening of the Al matrix, since they exhibit sim-
ilar solubility in Al–Sn CM phases.

This work was aimed at quantitative studies on the
effect of alloying elements (Zn, Si) on the mechanical
and tribotechnical properties of a sintered composite
material based on Al–Sn, as well as at using the
obtained results for developing general approaches to
processing antifriction self-lubricating materials with
a ductile and durable matrix.
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EXPERIMENTAL

The composites were prepared by sintering the
mixtures of industrial PO 2 grade tin powders (40 wt %)
with powders of Al–0.5Si and Al–10Zn alloys
obtained via spraying in a cooled nitrogen medium.
The procedure of sintering was carried out using a
SNVE vacuum furnace at a residual gas pressure not
exceeding 10–2 Pa. The sintering temperature was
600°C, and the holding time was 1 h. Some of the sin-
tered billets preliminarily heated to 250°C were sub-
jected to ECAP with route A in a mold having rectan-
gular channels with an equal cross section 10 × 10 mm
in size.

Another group of billets was compressed at the
same temperature in a closed die at a pressure three
times higher than the yield strength of the material.
The porosity of the samples was determined to an
accuracy of 0.1% by means of hydrostatic weighing in
distilled water in accordance with GOST (State Stan-
dard) 20018-7. The thin metallographic sections for
study of the structure of CMs were prepared according
to a routine technique with subsequent etching of a pol-
ished surface in a 4% solution of nitric acid in alcohol.

Samples 5 × 5 × 10 mm in size were cut from the
prepared compacted billets for compression tests. The
tests were carried out using a Walter + Bai AG LFM-125
universal testing machine (Switzerland) at an com-
pression rate of 0.5 mm/min. In the case of samples
processed by means of the ECAP technique, the direc-
tion of their compression coincided with the longitu-
dinal axis of the pressed billet. To obtain an integral
f low curve, at least three samples were tested.

The testing of the samples for wear resistance were
carried out under dry friction according to a pin-on-
disk scheme using a Tribotechnic tribotester (France)
at a constant sliding velocity (V = 0.6 m/s). The sam-
ples with a cross section of 2 × 2 mm were placed on a
rotating disck 50 mm in diameter made of mild steel
quenched to a hardness of 47 HRC. The wear intensity
of the composites Ih was estimated according to the
formula Ih = Δh/L, where Δh is the change in the
height of the sample (in μm) upon passing friction path
L (m).

The measurement accuracy of the Ih value was
±0.02 μm/m. The pressure on the friction surface was
P = 1–5 MPa. The composition, the structure, and
the relief of the friction track and those of the sample
surface were studied after passing a friction path of 500 m.
The friction surfaces were investigated using a Zeiss
Axiovert-200MAT optical microscope (Germany)
and a Zeiss LEO EVO 50 scanning electron micro-
scope (Germany) at shared use center Nanotech of the
Institute of Strength Physics and Materials Science, as
well as using an Alpha-Step IQ Surface Profiler profi-
lometer.
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Table 1. Porosity and mechanical properties of the sintered composites under compression testing: σ0.2 is the yield strength;
σ4 is the f low stress upon 4% compression; σB is the ultimate strength

Properties (Al–10Zn)–40Sn (Al–0.5Si)–40Sn Al–40Sn

Porosity, % 5.6 4.7 0.8
σ0.2, MPa 60 ± 3 42 ± 3 45 ± 3
σ4, MPa 81 ± 3 67 ± 3 65 ± 3
σВ, MPa >92 >77 >74
Deformation to fracture, % >16 >16 >16

Fig. 1. Flow curves of sintered Al-based composites under
compression testing. Composite material: (1) Al–40Sn;
(2) (Al–0.5Si)–40Sn; (3) (Al–10Zn)–40Sn.
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Table 2. Wear intensity of porous sintered Al-based composites under dry friction against steel (V = 0.6 m/s)

Composite
Wear intensity, μm/m

1 MPa 3 MPa 4 MPa 5 MPa

Al–40Sn 0.15 0.24 – 0.38
(Al–0.5Si)–40Sn 0.17 0.25 0.39 0.40
(Al–10Zn)–40Sn 0.12 0.23 0.30 0.35
RESULTS AND DISCUSSION

All the samples after sintering had residual porosity
that could not be eliminated within a reasonable sin-
tering time even in the case of two-phase Al-40Sn CM
(Table 1). The f low curves for the composites sintered
at 600°C are shown in Fig. 1. As can be seen, the CMs
under study upon compression have a high ductility
level and continue to strengthen even after a 16% com-
pression of the samples. The highest rate of strain hard-
ening is demonstrated by CMs alloyed with zinc, the
strength of which becomes significantly higher than that
of CMs alloyed with silicon.

At the same time, the tribotechnical testing has
shown that the ability of the Al matrix with respect to
strain hardening has little effect on the wear resistance
of sintered porous CMs (Table 2). The Ih value for all
the sintered CMs is high and rapidly increases with
increasing pressure. So, with an increase in pressure P
from 1 to 5 MPa, the wear intensity of CM increases by
more than a factor of two. To all appearances, this
could be caused by the fact that the stress state of the
material near the friction surface is not uniform.
Under the action of external pressure and frictional
forces, the pores have a complicated shape. Resulting
from this, tensile stresses could arise within local areas
of the surface causing premature cracking of the mate-
rial and the rapid formation of wear particles.

In order to prevent the negative effect of residual
porosity on the wear resistance of CM under dry fric-
tion, the sintered samples were subjected to hot press-
ing (HP) in a closed mold prior to friction testing. As
an alternative treatment method, ECAP was used,
which, along with a high pressure, imparted additional
(specific) deformation εsp ~ 1.1 to the material. As a
result of pressure treatment, the porosity of the sin-
INORGANIC MATE
tered composites decreased to almost zero, whereas
their strength exhibited a significant increase (Table 3).

Figure 2 shows f low curves for the composites after
plastic treatment. The comparison with Fig. 1 shows
that the strength of composites with an alloyed matrix
after pressure treatment in a closed die increases sig-
nificantly, whereas their ductility is retained. After the
ECAP procedure, f low stress σ for the composites
with an alloyed matrix becomes even higher, but at the
same time, their ductility decreases significantly, and
a maximum determining the ultimate strength of the
material appears on the compression curves at com-
pression level ε = 4–5%.

The strain hardening rate of the investigated CMs
is characterized by the slope of the f low curves. The
largest and approximately the same slope is observed
RIALS: APPLIED RESEARCH  Vol. 12  No. 3  2021
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Table 3. Effect of deformation treatment on the strength and wear intensity of sintered aluminum-based composites (V = 0.6 m/s)

Material Treatment mode σ4, MPa
Ih, μm/m

1 MPa 3 MPa 5 MPa

Al-40Sn Sintering (S) 65 0.15 0.24 0.38
S + HP 80 0.13 0.20 0.26
S + 1 ECAP 108 0.13 0.18 0.23

(Al-0,5Si)-40Sn S 68 0.19 0.25 0.41
S + HP 107 0.14 0.17 0.25
S+ 1 ECAP 124 0.15 0.18 0.23

(Al-10Zn)-40Sn S 81 0.14 0.23 0.35
S + HP 121 0.12 0.18 0.25
S + 1 ECAP 139 0.11 0.16 0.20
at a low compression level (ε < 2%) of the samples. At
high ε values, the hardening rate of CMs compressed
in a closed die sharply decreases, whereas the samples
subjected to ECAP treatment continue to harden at an
compression level up to ε ~ 3% (Fig. 2, curves 2*, 3*).
An additional 1% strain level allows the material to be
hardened to higher values of σ (ε). However, at ε > 3%,
the plastic f low stress for CMs treated by means of
ECAP begins to decrease, and as a result, at ε ~ 12%,
their f low curves intersect with the lower compression
curves for the samples of the same composition, but
processed in a closed die.

Tribotechnical testing has shown that, under dry
friction against steel, the wear resistance of sintered
samples is much lower than that of pressure-treated
samples (see Table 3). That is, the wear resistance of
sintered composites based on an aluminum matrix
increases as the composites become denser and as the
pores disappear, regardless of the method of pressure
treatment. At the same time, the strength of CMs has
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Fig. 2. Flow curves of the composites after hot pressing
treatment (1–3) and after ECAP treatment (2*, 3*) at
250°С. Composite material: (1) Al–40Sn; (2) (Al–0.5Si)–
40Sn; (3) (Al–10Zn)–40Sn.
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little effect on their wear resistance. Thus, the samples
that are significantly stronger after ECAP treatment
demonstrate only a slight increase in wear resistance in
comparison with the weaker samples compacted in a
closed die.

The analysis of the obtained results shows that a
decrease in the porosity promotes a significant
increase in the strength of sintered CMs. However, the
strain hardening of the matrix only slightly affects the
wear resistance of CMs in the course of dry friction
(Table 3), which could be caused by a general mecha-
nism of wear particles formation under dry friction of
two-phase CMs against steel. There is no consensus in
the literature concerning this matter: both abrasive
and adhesive action, as well as fatigue (together with
oxidizing), are considered as a possible wear mecha-
nisms for self-lubricating aluminum alloys under dry
friction [1–5,14]. In our case, the studied CMs are
distinguished, in addition, by a high content of tin
lubricant located in the form of interlayers at the
boundaries of the matrix grains (see Fig. 3).

Figure 4 shows the images of the friction surface for
the samples with a composition of (Al–0.5Si)–40Sn
subjected to the deformation treatment after sintering
by means of hot pressing using a closed die and ECAP.
As can be seen, the structure and relief of the surfaces
of the samples are similar, regardless of the type of
pretreatment. The friction surface of the samples hav-
ing different composition has a similar structure con-
sisting of pits filled with small wear particles and
smooth areas with grooves having different width par-
allel to the direction of sliding. Judging by the low gra-
dient slopes of the grooves, their formation occurs via
squeezing out the surface layer by hard irregularities of
the steel disk, rather than owing to cutting this layer off.

Chippings from the friction surface of the samples
are not removed in the course of formation of such
grooves. However, the surface area of the sample
increases in the course of their formation, and areas of
a fresh surface begin to occur. The aluminum atoms
 12  No. 3  2021
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Fig. 3. Structure of sintered composites (a) Al–40Sn,
(b) (Al–0.5Si)–40Sn, and (c) (Al–10Zn)–40Sn. The
white phase corresponds to tin.
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Fig. 4. SEM images for the friction surface of (Al–0.5Si)–
40Sn composite. P = 5 МРа, V = 0.6 m/s. Initial state of
the material: (a) after sintering (S); (b) S + hot pressing;
(c) S + 1 ECAP.
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therein almost instantly react with atmospheric oxy-
gen to form an oxide film. Therefore, the multiple
passing of hard irregularities throughout the entire
surface of the aluminum sample is accompanied by an
increase in the sample hardness owing to filling the
surface layer with oxides. However, at the same time,
the brittleness of the surface layer having a high con-
centration of oxides increases too. Therefore, the sur-
face layer can be crumbled with the formation of small
wear particles that can be visually observed in the pits
on the friction surface (see Fig. 4).

The photographic images (Fig. 4c) also show that
the size of the particles filling the pits is much lower
INORGANIC MATE
than the depth of these pits, and the hard irregularities
of the counterbody surface pass over them without
touching the bottom with no formation of grooves.
Consequently, in the course of dry friction, along with
pitting, another mechanism can act in the case of sur-
face wearing inherent in aluminum composites, lead-
ing to the formation of large and relatively thick wear
particles and deep pits at the places where the frag-
ments are separated. At the edge of such pits, the pit-
ting of the layer with brittle oxides occurs most readily.

Figure 5 shows the images of the structure of the
subsurface layer for the (Al–0.5Si)–40Sn CM formed
in the course of dry friction against the steel disk. As
RIALS: APPLIED RESEARCH  Vol. 12  No. 3  2021
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Fig. 5. Structure of the subsurface layer under the friction
surface for (Al–0.5Si)–40Sn composite after dry friction
against steel. L = 500 m, P = 5 МРа, V = 0.6 m/s. Initial
state of the material: (a) after sintering (S); (b) S + hot
pressing; (c) S + 1 ECAP.
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can be seen, before the separation of large wear frag-
ments, the subsurface layers of the CM experience a
substantial strain, which in the case of a compacted
nonporous material extends to a greater depth than in
the case of a sintered sample with pores.

Under the action of friction forces, the entire first
layer of subsurface grains is involved in deformation,
and the grains become elongated in the sliding direc-
tion (Fig. 5a). To propagate the strain deep into the
material, the next layer of grains should be involved in
deformation, etc. The thicker the layer of grains
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
involved in the plastic f low, the greater the strain level
of the material before fracture. However, strain does
not spread deeper than the upper layer of grains and is
localized at the boundary of this layer in the presence
of residual pores and large fragments of oxide films
covering the surface of aluminum particles even before
sintering. The limit of material ductility in such a band
of f low localization is quickly exhausted, and material
cracking and wear fragment separation take place. At
the place of the band, a pit remains, wherein smaller
wear particles are accumulated [14, 15].

If there are no pores and brittle oxide films on the
surface of the grains, then higher stresses are required
to localize strain at the boundary between grains, and
before such stresses are reached in additionally com-
pacted CMs, the next and deeper layer of matrix grains
is involved in plastic shear deformation. The propaga-
tion of strain deep into the material occurs until the
bridges between the grains are destroyed [16]. With
their breaking, the plastic shear is localized, and wear
particles are formed.

Thus, the main wear mechanism of sintered com-
posites of the Al–Sn system with a high content of a
soft phase in them consists in delamination of the
near-surface matrix grains in the course of their shift-
ing along the tin interlayers located at the boundaries.
For such a shift to occur in the presence of welding
bridges between the grains, these grains should first
experience a substantial strain with the elongation in
the sliding direction. Thus, in the case of CM, an ori-
ented macrotexture should be formed, which pro-
motes the localization of shear along the boundaries
between the matrix grains and the tin interlayers.

The magnitude of the strain experienced by the
surface layer in the course of dry friction is determined
by the number of hard irregularities passing through it
and the depth of their penetration rather than by the
strength of the material. Therefore, the intensity of the
formation and separation of wear particles depends lit-
tle on the strength of the matrix. Increasing the wear
resistance for such CMs can be achieved only through
the formation of a large number of welding bridges
between the grains and via the creation of a special
grain texture that prevents the rapid formation of a
layer consisting of grains oriented favorably for the
separation of wear particles. For example, such an ori-
ented macrostructure is formed under processing of sin-
tered composites using the ECAP technique (Fig. 6).

As can be seen from Fig. 6, in the course of ECAP,
the matrix grains are thinned and become elongated.
When a plane of material f low under ECAP is chosen
as the plane of friction (a plane shown in Fig. 6), to
form a band of f low localization parallel to the friction
surface, it is required that the grains bend in the direc-
tion of acting friction forces. The formation of such a
macrostructure in this case is rather difficult; there-
fore, the wear resistance of samples after ECAP is
somewhat higher than that of composites compressed
 12  No. 3  2021
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Fig. 6. Structure of sintered (Al–0.5Si)–40Sn composite
(a) after one ECAP treatment procedure and (b) after two
ECAP treatment procedures at 250°C.
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Fig. 7. Fiction track structure after the frictional contact
between the disk and the (Al–0.5Si)–40Sn composite.
Initial state of the material: (a) after sintering (S); (b) S +
hot pressing; (c) S + 1 ECAP.
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using a closed mold, where the grains have an equiax-
ial shape and the number of grain boundaries parallel
to the friction surface is much greater.

The grain texture formed in the course of ECAP is
enhanced with an increase in the number of pressing
procedures. However, unfortunately, cracks begin to
appear in the material (Fig. 6b) being caused by the
shear localization when the material passes through
the zone of intense f low at the intercept of the mold
channels. In the course of friction, such a material
with cracks has a low wear resistance. Therefore,
under processing of aluminum samples having an
alloyed matrix by means of the ECAP technique, it is
desirable to be confined to one pressing, especially
since the hardness of the matrix grains increases insig-
nificantly in the course of subsequent pressing proce-
dures [12].

The strain caused by the friction forces is deter-
mined, all other things being equal, by the number and
depth of penetration of hard irregularities of the coun-
terbody into the surface of samples. From Fig. 4, it fol-
lows that these irregularities (particles) have a round
shape and a small height, and their transverse size
reaches several tens microns. This means that such
particles occur on the surface of the steel disk already
in the course of dry friction, since before testing the
INORGANIC MATE
disk was polished using a diamond paste with a parti-
cle size less than 1 μm. No traces of material tearing
out caused by adhesive seizure on the surface of the
grooves are observed, since, as the surface becomes
saturated with the fragments of oxide films, it becomes
more and more chemically inert.

Nevertheless, the hard particles are formed on the
friction track of the counterbody (Fig. 7). As can be
seen, the friction track is populated with adhered par-
ticles formed as a result of the transfer of the material
of the investigated CMs onto the surface of the steel
disk, which is confirmed by the presence of the same
RIALS: APPLIED RESEARCH  Vol. 12  No. 3  2021
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elements in their composition as is observed in the
case of the samples. Judging by the size of the adhered
particles, they are formed owing to the transfer and
sticking of coarse wear fragments to the disk. Such f lat
particles having a low height are firmly fixed on the
surface of the disk and can be pressed into the surface
of the samples, since they have a hard substrate under
them and, moreover, are additionally reinforced in the
course of a plastic change in their shape, which is neces-
sary to achieve the minimum resistance under sliding
over the surface of the samples.

Since there is no seizure between the adhered par-
ticles and the CM surface, their sliding is accompanied
by a displacement of the material in the surface layer of
the sample to the sides and in the direction of motion.
However, the direction of displacement of the material
to the side permanently changes to the opposite one
and therefore does not lead to any distortion of the
grain shape. In this case, the displacements in the
direction of motion are unidirectional; they accumu-
late and shift the upper layer of the sample, imparting
to the surface grains the appearance of tailed comets
(see Fig. 5).

From here, it follows that, in order to increase the
wear resistance of self-lubricating aluminum compos-
ites under dry friction, one should use a steel counter-
body with a coating that reduces the likeliness of the for-
mation of a transfer layer and its density. This is especially
important at the initial moment, before a chemically
inert layer of deformed material saturated with oxide
fragments is formed on the surface of aluminum samples.

CONCLUSIONS
The presence of residual pores significantly

reduces the wear resistance of sintered composites
belonging to the Al–Sn system, since this promotes
the localization of plastic f low and the rapid formation
of wear particles owing to the material cracking across
the localization planes.

The elimination of pores and the milling of oxide
films via ECAP or via pressing sintered samples in a
closed die lead to an increase the stress of localization
of plastic f low along tin interlayers in the CM. The
localization becomes possible only after the grains sur-
rounding the interlayers take a shape favorable for this.

The plastic f low of the CM near-surface layer
occurs owing to the layer shearing by penetrated hard
irregularities located on the friction track of the coun-
terbody.

The degree of change in the shape of the near-
surface grains is determined by the number of irreg-
ularities penetrating and pressed therein. Therefore,
the intensity of the formation of wear particles
hardly depends on the increase in the strength of the
matrix grains owing to solid-solution or strain hard-
ening.
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
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