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Dry Sliding Wear Response of Some Bearing Alloys
as Influenced by the Nature of Microconstituents
and Sliding Conditions

B.K. PRASAD

An attempt has been made in this study to examine the dry sliding wear response of a leaded-tin
bronze, an aluminum bronze, and a conventional zinc-based alloy under varying applied pressure
and speed conditions. Different characteristics of the microconstituents of the alloys have been cor-
related with that of their wear behavior. The study clearly indicates that the influence of the mi-
crostructural features greatly changes with the sliding conditions. It also has been observed that in
order to attain good wear characteristics, a material should comprise an optimum level of lubricating,
load bearing and ductile microconstituents, and, above all, thermal stability. Room temperature prop-
erties in fact play rather a secondary role in this context.

I. INTRODUCTION

THERE exist a number of alloys which can be used for
a variety of tribological and other engineering applica-
tions.[1–7] Sliding of one component over/against the other
occurs in many situations, bush bearings being one of the
important ones.[1–7] In general, leaded-tin bronzes are widely
used in bush-bearing applications[1,3,4–6] while aluminum
bronzes are also used under specific service conditions.[5]

Zinc-based alloys have been found to be cost- and energy-
effective substitutes to the bronzes in various sliding wear
applications.[1–3,6,7] From microstructural considerations, the
conventional bronze alloys are quite different from one an-
other. For example, the leaded-tin bronzes contain a con-
siderable quantity of the lubricating phase, lead; the
element increases the crack sensitivity of the alloy under
specific conditions of sliding.[8,9] The aluminum bronzes do
not contain any lubricating microconstituent but possess
very good thermal stability. Finally, in the case of zinc-
based alloys, the major microconstituent (i.e., zinc) is lu-
bricating in nature,[10] but the alloys suffer from poor
elevated-temperature properties.[2]

It may be mentioned that the sliding wear response of
materials depends very much on their microstructural fea-
tures in terms of lubricating properties, crack sensitivity,
and thermal stability. In fact, the predominance of the fac-
tors under a specific sliding condition essentially controls
the wear behavior of the materials. Thus, sliding conditions
are the ones to govern the wear response of the materials.

Available information indicates that although the sliding
wear behavior of the leaded-tin and aluminum bronzes and
zinc-based alloys has been studied to some extent,[8–22] yet
the role of their microstructural characteristics on the slid-
ing wear response of the alloys has been investigated to a
limited extent[8,9,11,12,15–20] in spite of their great significance.

In view of this information, an attempt has been made
in this study to examine the influence of the role of various
microconstituents of a leaded-tin bronze, an aluminum
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bronze, and a zinc-based alloy on their sliding wear re-
sponse under varying conditions of applied pressure and
speed. Mechanical properties of the alloys have also been
correlated with their wear properties.

II. EXPERIMENTAL

A. Alloy Preparation

Alloys (Table I) were prepared by solidifying in the form
of 20-mm-diameter, 150-mm-long cylindrical castings us-
ing permanent molds. Elements used for preparing the al-
loys had purity levels above 99.95 pct.

B. Microstructural Characterization

Microstructural studies of the alloys were carried out us-
ing a Leitz (Wetzlar, Germany) optical microscope. The
specimens (20-mm diameter, 15-mm height) were metal-
lographically polished and etched. Bronzes were etched
with potassium dichromate solution, while dilute aqua regia
was used for etching the zinc-based alloy.

C. Measurement of Mechanical Properties

Hardness of specimens was measured using a Vickers
hardness tester at an applied load of 15 kg. An Instron
universal testing machine was used for determining the ten-
sile and compressive properties of the alloys. Tensile prop-
erties were measured on specimens having 4.0-mm gage
diameter, 22-mm gage length, at the strain rate of 1.52 3
1023/s. Test temperatures adopted in this case were 35 7C,
60 7C, 100 7C, 150 7C, and 200 7C. Compressive behavior
of the 8.0-mm diameter, 15-mm long specimens was stud-
ied at 35 7C at the strain rate of 2.28 3 1023/s.

Reported values in each case represent an average of
three observations.

D. Sliding Wear Tests

Dry sliding wear tests were conducted on 8.0-mm-di-
ameter, 53-mm-long cylindrical specimens using an EN 25
(Fe-0.3C-0.7Cr-2.5Ni-0.5Mo) steel counterface disc of



810—VOLUME 28A, MARCH 1997 METALLURGICAL AND MATERIALS TRANSACTIONS A

Table I. Chemical Composition of the Experimental Alloys

Serial
Number Alloy

Element (Wt Pct)

Zn Cu Sn Pb Al Fe Mg

1 leaded-tin 2.90 * 7.20 7.30 — — —
bronze

2 aluminum
bronze

— * — — 9.90 1.20 —

3 zinc-based
alloy

* 2.50 — — 27.50 — 0.03

*Remainder

(a)

(b)

(c)

Fig. 1—Microstructural features of (a) the leaded-tin bronze, (b)
aluminum bronze, and (c) zinc-based alloy (A: a, B: Cu-Sn intermetallic
phase, C: lead particles, D: Cu-Al phase, arrow: iron particle, E: eutectoid
a 1 h, and double arrow: ε).

hardness RC 32. The test apparatus was a Cameron–Plint
(Wokingham, United Kingdom) pin-on-disc machine.[8,12]

Applied pressures in this study were varied in steps until
seizure of the specimens was indicated by abnormal noise
and vibration in the pin-disc assembly. Sliding speeds
adopted were 0.42 and 4.60 m/s. All the tests were carried
out up to a predetermined sliding distance of 500 m except
in the event of specimen seizure. In the latter case, tests
were stopped as soon as specimens tended to seize. In the
case of the leaded-tin bronze, the specimens lost proper
contact with the disc due to material chipping off at 0.42
m/s even before traversing the specified sliding distance.
Tests were stopped as soon as this observation was made.

Wear rates were computed by a weight-loss technique.
The specimens were thoroughly cleaned and weighed prior
to and after the wear tests. Temperature rise near the mating
surface of the specimens was monitored as a function of
test duration with the help of a chromel-alumel thermocou-
ple inserted in a hole made at a distance of 1.5 mm from
the mating surface.

III. RESULTS

A. Microstructure

Figure 1 shows the microstructural characteristics of the
alloys. The leaded-tin bronze revealed primary a, Cu-Sn
intermetallic compound(s), and particles of lead (Figure
1(a), regions marked by A, B, and C, respectively). Various
microconstituents of the aluminum bronze were observed
to be primary a, Cu-Al precipitates, and fine particles of
iron (Figure 1(b), regions marked by A, D, and arrow, re-
spectively). Phases present in the zinc-based alloy were pri-
mary a, eutectoid a 1 h, and the metastable ε phase
(Figure 1(c), regions marked by A, E, and double arrow,
respectively).

B. Mechanical Properties

Table II represents the hardness of the alloys. The alu-
minum bronze exhibited maximum hardness, while that of
the leaded-tin bronze exhibited the least, the zinc-based al-
loy attaining an intermediate hardness value.

A schematic representation of the response in terms of
the reduction in the height of the alloy specimens during
the compressive tests is shown in Figure 2. The aluminum
bronze displayed superior ultimate compressive strength to
that of the leaded-tin bronze prior to fragmentation, while
the zinc-based alloy tended to get coined during the tests
(Figure 2, Table II). Moreover, the extent of the compres-

sive deformation (i.e., the reduction in the height of the
specimens) was the maximum for the zinc-based alloy, fol-
lowed by those of the leaded-tin and aluminum bronzes;
the latter ones attained comparable extent of compressive
deformation (Table II).
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Table II. Hardness and Ultimate Compressive Strength of
the Experimental Alloys

Solution
Number Alloy

Hardness
(HV)

Dimensional
Changes during

Compression
(Pct)

Increase in
Diameter

Decrease
in Height

Ultimate
Compressive

Strength
(MPa)

1 leaded-tin
bronze

76 28 42 900

2 aluminum
bronze

162 27 35 1300

3 zinc-based
alloy

130 126 78 *

*Tests stopped since specimens were coined without fracturing and
the operating load limit of the machine was reached.

Fig. 2—A schematic representation of the behavior of the alloys under
compressive loading.

Tensile properties (strength and elongation) of the alu-
minum bronze were better than that of the zinc-based alloy
and leaded-tin bronze over the entire range of test temper-
atures (Figure 3). Further, the zinc-based alloy attained
higher tensile strength (Figure 3(a)) and elongation (Figure
3(b)) than the leaded-tin bronze at lower temperatures,
while the trend reversed, as far as tensile strength is con-
cerned, at higher test temperatures. Moreover, the extent of
deterioration in the strength of the zinc-based alloy with
temperature was significantly higher than either of the
bronzes. The elongation of the leaded-tin bronze was least
influenced, while in the remaining cases, it increased with
temperature (Figure 3(b)).

C. Sliding Wear Behavior

Figure 4 reveals the wear rate of the alloys plotted as a
function of applied pressure at the sliding speeds of 0.42
and 4.60 m/s. The wear rate was observed to increase with
load and speed in the case of the aluminum bronze and the
zinc-based alloy, while a reverse trend was followed by the
leaded-tin bronze as far as the influence of sliding speed
on wear rate is concerned. Moreover, at 0.42 m/s, two
slopes were exhibited by the wear rate vs pressure curves
of the zinc-based alloy and the leaded-tin bronze (Figure
4), wherein the slope was initially low up to a specific ap-
plied pressure and became higher at larger pressures. On
the contrary, the aluminum bronze showed three slopes re-
vealing a lower slope in the intermediate pressure range at
the speed. The trend changed at the sliding speed of 4.60
m/s in the sense that one and three slopes were observed
by the wear rate vs pressure plots of the zinc-based alloy,
the aluminum bronze, and the leaded-tin bronze, respec-
tively (Figure 4).

A comparison of the wear response of the specimens at
0.42 m/s indicates the least wear rate for the zinc-based
alloy (prior to seizure), followed by those of the aluminum
bronze and the leaded-tin bronze in an ascending order
(Figure 4). Regarding their seizure pressure (i.e., resistance
to seizure), the aluminum bronze exhibited maximum sei-
zure resistance, whereas that of the zinc-based alloy was
slightly less at the speed of 0.42 m/s. No seizure pressure
for the leaded-tin bronze could be observed in this case
since the test was stopped as soon as the specimens lost
proper contact with the disc due to material chipping off.

On the contrary, however, at the sliding speed of 4.60 m/s,
the leaded-tin bronze delineated the least wear rates, while
the zinc-based alloy showed the maximum, and the alu-
minum bronze experienced intermediate wear rates (Figure
4). The seizure resistance of the leaded-tin bronze was max-
imum. This was followed by that of the aluminum bronze
and the zinc-based alloy (Figure 4).

The temperature rise near the mating surface of the spec-
imens plotted as a function of test duration at different pres-
sures and speeds is shown in Figure 5. The rate of
temperature rise was significantly higher initially than that
at longer test durations. Moreover, a sudden decrease in
temperature was observed in the case of the leaded-tin
bronze at longer test durations at 5.0 MPa when the sliding
speed was 0.42 m/s (Figure 5(a)). The zinc-based alloy and
the aluminum bronze attained a comparable extent of fric-
tional heating, while that for the leaded-tin bronze was the
maximum at the lowest pressure (Figure 5(a)). However,
the zinc-based alloy showed the least degree of heating fol-
lowed by that of the aluminum bronze and the leaded-tin
bronze (in an ascending order) in the intermediate pressure
range (5.0 MPa). At high pressures (13.0 MPa), however,
the zinc-based alloys suffered from a higher extent of heat-
ing than the aluminum bronze (Figure 5(a)). The trend ob-
served by the alloys at 4.60 m/s was different (Figure 5(b))
than that of 0.42 m/s of sliding (Figure 5(a)). In the former
case, the leaded-tin bronze experienced least frictional heat-
ing, while that of the aluminum bronze was maximum at
the lowest applied pressure, with the zinc-based alloy show-
ing an intermediate behavior (Figure 5(b)). At higher pres-
sures also, the aluminum bronze showed a significantly
higher temperature rise than the leaded-tin bronze at the
speed of 4.60 m/s (Figure 5(b)).

Figure 6 represents the maximum temperature rise near
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(a)

(b)
Fig. 3—Tensile properties of the alloys plotted as a function of test
temperature: (a) ultimate tensile strength and (b) elongation.

Fig. 4—Wear rate of the alloys plotted as a function of applied pressure
at different sliding speeds.

the specimen surface as a function of applied pressure at
different speeds of sliding. It may be noted that at 0.42 m/s,
the zinc-based alloy experienced the least degree of heating,

whereas that of aluminum bronze exhibited the maximum,
with the leaded-tin bronze showing an intermediate re-
sponse. On the contrary, the leaded-tin bronze attained min-
imum frictional heating, followed by that of the zinc-based
alloy and the aluminum bronze when the sliding speed was
4.60 m/s (Figure 6). Further, the zinc-based alloy and the
bronze showed the maximum temperature to increase with
pressure at a decreased rate at lower pressures, while their
seizure tended to increase the rate of heating (Figure 6).

IV. DISCUSSION

For a material to perform well in plain bearing applica-
tions, it is essential that it contain at least a ductile phase,
a load-bearing microconstituent, and a lubricating ele-
ment/constituent.[8] The ductile phase imparts compatibility
to the alloy system and provides support to the remaining
load-bearing and lubricating microconstituents.[8] It has
been observed that the microcracking tendency of the alloys
plays a negative role, since in such cases, the remaining
phases get engulfed in the coarse debris and are removed
prematurely without performing their work.[8] Thus, the ef-
fectiveness with which the microconstituents can play their
roles very much depends on the conditions of sliding, and,
in fact, the predominance of the effects would decide the
wear response of the materials under a given set of working
conditions. It may be mentioned that sliding wear involves
the generation of a sufficiently high degree of frictional
heating because of the adhesion taking place between the
mating surfaces during this mode of wear. Adhesion results
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(a)
(b)

Fig. 5—Temperature rise near the specimen surface as a function of test duration at different pressures at the sliding speed of (a) 0.42 m/s and (b) 4.60 m/s.

from thermal and thermomechanical processes involving
severe, localized plastic deformation under the conditions
of high rate of straining, leading to the yielding, fragmen-
tation, and entrapment of the contacting asperities in be-
tween the mating surfaces during interaction of these
surfaces.[23] As a result, thermal stability also governs the
sliding wear characteristics of the materials to a great ex-
tent. In view of these considerations, the wear response of
the investigated alloys will now be analyzed.

The leaded-tin bronze consisted of primary a (copper-
rich solid solution of tin), Cu-Sn intermetallic compound,
and particles of lead (Figure 1(a), regions marked by A, B,
and C, respectively). The a phase is ductile in nature, which
provides compatibility and support to the hard, load-bearing
Cu-Sn phase(s) and lubricating lead particles. The degree
of the compatibility and support depends greatly on the
extent of frictional heating generated during sliding in view
of the high melting characteristics of the a phase.[8] Obvi-
ously, temperatures above the critical one would improve
the mentioned properties of the a phase; here, the term
critical temperature is meant to qualitatively indicate a
level of temperature at and above which the a phase attains
enough compatibility to accommodate the remaining load-
bearing and lubricating microconstituents more effectively.
This enables the a phase to suppress the tendency of the

bronze toward the particle/matrix interfacial microcracking.
Another aspect to be considered in this context is the fact
that lead has negligibly small solid solubility with copper
and/or tin,[24] with the result that the element exists in the
bronze as discrete particles (Figure 1(a), regions marked by
C) having poor (although metallurgical) lead/matrix inter-
facial bonding.[8] The poor lead/matrix interfacial bonding
facilitates the initiation followed by the propagation of mi-
crocracks along the interfacial regions in the bronze. This
is especially so at lower operating temperatures, like at 0.42
m/s (Figure 5(a)), wherein the a phase possesses poor com-
patibility.[8] Similar observations have also been made in
aluminum alloy-particle composites.[25] Under the circum-
stances, the soft and weak lead particles act as poros-
ity/weak points and favor poor mechanical properties
(Table II and Figure 3) and inferior wear characteristics
(Figure 4), the latter caused by material chipping off, lead-
ing to premature removal of the microconstituents in the
form of very coarse debris particles.[8,9] On the contrary,
however, when the degree of frictional heating is suffi-
ciently high, like the one at 4.60 m/s (Figure 5(b)), the a
phase attains improved compatibility, provides a better sup-
port to the remaining microconstituents, and enables the
latter ones to produce their positive effects[8,26] more effi-
ciently in view of the reduced tendency of the alloy toward
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Fig. 6—Maximum temperature rise (near the specimen surface) vs
pressure plots at different sliding speeds.

microcracking.[8,9] As a result, the wear rate of the leaded-
tin bronze was reduced considerably at 4.60 m/s over the
one at 0.42 m/s (Figure 4).

In the case of the aluminum bronze, there does not exist
any effective lubricating phase, but the alloy attains excel-
lent hardness and compressive strength at room tempera-
ture, as shown in Table II. It also exhibits good tensile
properties even at elevated temperatures (Figure 3) because
of the presence of the fine particles of (d) iron[4,27] and Cu-
Al precipitates along with a (copper-rich solid solution of
aluminum), as shown in Figure 1(b), regions marked A, D,
and arrow, respectively. As a result, the question of micro-
cracking practically does not arise in the absence of a crack-
sensitive phase (e.g., lead in the leaded-tin bronze). This
led to better wear response of the alloy over the leaded-tin
bronze at the lower sliding speed (Figure 4). However, the
absence of an effective lubricating phase in spite of excel-
lent elevated temperature properties (Figure 3) adversely
affected the wear characteristics of the aluminum bronze
over that of the latter (Figure 4).

Specific microstructural features of the zinc-based alloy
include the presence of basically a mixture of two soft and
ductile zinc- and aluminum-rich solid solutions (a and h,
respectively) distributed in a specific manner along with a
minor quantity of ε (Figure 1(c), regions marked by A, E,
and double arrow, respectively). The major microconsti-
tuent (h) is lubricating in nature and carries load along with
a.[10] The alloy also possessed far improved mechanical
properties over the leaded-tin bronze at room temperature
(Table II and Figure 3). However, the strength of the zinc-
based alloy deteriorated drastically at higher test tempera-
tures, unlike the bronzes (Figure 3), due to low melting
characteristics of the former. This caused the zinc-based
alloy to perform better during the wear tests at 0.42 m/s
(Figure 4) due to less frictional heating (Figures 5(a) and
6); in fact, the alloy showed minimum wear loss (prior to
seizure) amongst all these materials (Figure 4). On the con-
trary, a larger sliding speed (i.e., 4.60 m/s) caused the gen-
eration of a higher rate of frictional heating (Figures 5(b)
and 6), leading to the most inferior wear response of the
zinc-based alloy (Figure 4). Thus, in spite of good lubri-
cating properties, poor elevated strength of the zinc-based
alloy (Figure 3) led to deterioration in its wear behavior at
the higher sliding speed (Figure 4).

A comparison of the wear response of the alloys clearly
indicates the best wear performance of the zinc-based alloy
at 0.42 m/s (Figure 4) to be due to less frictional heating
(Figures 5(a) and 6), the latter enabling its microconsti-
tuents to play their roles effectively. In this case, the pre-
dominance of the crack-sensitive nature of the
lubricating-phase lead caused material chipping off as a re-
sult of less generation of frictional heat (Figures 5(a) and
6), ultimately leading to the most inferior wear performance
for the leaded-tin bronze (Figure 4). The aluminum bronze
attained an intermediate wear response (Figure 4) in spite
of the absence of a lubricating phase. This could be attrib-
uted to the absence of a crack-sensitive phase, unlike the
case of the leaded-tin bronze. On the contrary, at 4.60 m/s
of sliding speed, the trend changed entirely in the sense that
a sufficient degree of frictional heat generated during wear
tests (Figures 5(b) and 6) suppressed the microcracking ten-
dency of the leaded-tin bronze arising out of the presence

of lead, thereby forming a lubricating film of lead on the
specimen surface.[8,26] This, in turn, caused the leaded-tin
bronze to exhibit the best wear resistance among all the
alloys (Figure 4). In spite of a very high thermal stability
(Figure 3), the aluminum bronze performed far inferior to
that of the leaded-tin bronze at 4.60 m/s (Figure 4) because
no lubricating phase was present in the former case. How-
ever, very good thermal stability (in the absence of a lu-
bricating phase) of the aluminum bronze (Figure 3) could
only help to improve its wear performance slightly over that
of the zinc-based alloy (Figure 4), although the latter had
much inferior elevated temperature properties (Figure 3)
but good lubricating characteristics.[10] Interestingly, the
leaded-tin bronze performed far better than that of the zinc-
based alloy (Figure 4), although the former attained much
less room temperature hardness (Table II).

A critical appraisal of the observations made so far
clearly suggests that the dry sliding wear response of a ma-
terial greatly depends on the predominance of the nature of
its lubricating and load-bearing constituents, thermal sta-
bility, and crack sensitivity. Room temperature properties,
such as compressive and tensile strengths and hardness, do
not give a meaningful indication as far as the wear resis-
tance of the materials involving high operating tempera-
tures is concerned. However, room temperature properties
could serve some purpose with regard to low sliding speed
tests wherein limited frictional heat is generated. Interest-
ingly, in some cases like the leaded-tin bronze, this higher
degree of heating produced favorable results, while in other
varieties of the alloys, such as the aluminum bronze and
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the zinc-based, it proved detrimental. Accordingly, elevated
temperature properties could give better indications con-
cerning the wear resistance of materials. Thus, it becomes
apparent that a material should have a good balance of ther-
mal stability and lubricating characteristics in order to de-
rive better dry sliding wear properties. The microcracking
tendency of the material, for whatever reason, is definitely
detrimental in this regard and hence should be avoided as
much as possible.

V. CONCLUSIONS

1. The leaded-tin bronze performed poorly at the lower
sliding speed (i.e., at 0.42 m/s) due to the predominance
of the cracking tendency of the lubricating lead particles
under the conditions of less frictional heating. The zinc-
based alloy exhibited its wear resistance to be much su-
perior to that of the leaded-tin bronze because of good
lubricating characteristics of the former. The aluminum
bronze, in spite of not containing any lubricating phase,
attained better seizure resistance than the zinc-based al-
loy. The absence of a crack-sensitive phase showed bet-
ter wear characteristics of the zinc-based alloy and the
aluminum bronze over the leaded-tin bronze at low
speed.

2. At the sliding speed of 4.60 m/s, generation of a suffi-
ciently high degree of frictional heat suppressed the mi-
crocracking tendency of the leaded-tin bronze, leading
to the formation of lubricating lead film on the specimen
surface. This ultimately caused much better wear per-
formance of the leaded-tin bronze over the one at lower
speed. Further, the leaded-tin bronze also showed its
wear characteristics to be much superior to those of the
zinc-based alloy and the aluminum bronze, despite hav-
ing less thermal stability than the aluminum bronze and
much less lubricating phase than that of the zinc-based
alloy. Interestingly, the leaded-tin bronze also possessed
much less hardness and tensile strength at room tem-
perature than the remaining alloys. Better thermal sta-
bility of the aluminum bronze could help it to attain
somewhat better wear resistance than the zinc-based al-
loy because of the absence of a lubricating phase in the
former case.

3. It is essential for a material to attain a good balance of
thermal stability and lubricating characteristics in order
for it to show improved wear performance. A micro-
cracking tendency of the material produces a detrimental
effect, at least at low operating temperatures, and hence
is undesirable. Attempts therefore should be made to
avoid such a situation. In fact, the predominance of the
mentioned factors greatly controls the wear response of
materials, which in turn is governed by the conditions
of sliding.

4. Room temperature mechanical properties, such as hard-
ness and tensile and compressive strengths, could give
an indication of the wear resistance of materials under
low operating temperature conditions, be it due to low
speed of sliding or pressure. However, they fail to bear
any correlation with severe wear conditions leading to
the generation of high frictional heat. Accordingly, ele-
vated temperature mechanical properties become mean-
ingful to predict the wear response of materials under
high operating temperature conditions of wear, and room
temperature mechanical properties play rather a second-
ary role in this context.
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