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Abstract: In this paper are presented result of the study aimed at tribological improvement of ZA alloys. Two
treatments of ZA-27 alloy were used: a) T4 heat treatment and b) reinforcement by graphite. The heat
treatment of samples included the heating up to 370 °C for 3 or 5 hours, quenching in water and natural
ageing. Graphite particles reinforced ZA-27 alloy composite materials were obtained by the compocasting
procedure, which was executed by mixing at the isothermal regime (460 <C). Dry and lubricated sliding wear
tests were conducted on as-cast and treated ZA-27 samples using block-on-disc machine over a wide range
of applied loads and sliding speed. To determine the wear mechanisms, the worn surfaces of the samples
were examined by scanning electron microscopy (SEM). The heat-treated alloy samples as well as reinforced
samples attained significantly improved tribological behavior over the as-cast ones, both from the aspects of

friction and wear.
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1. INTRODUCTION

Commercially available ZA alloys (especially
ZA27) have become the alternative material,
primarily for aluminum cast alloys and bearing
bronzes, due to good castability and unique
combination of properties [1 - 12]. They can also be
considered as competing materials for cast iron,
plastics, and even for steels when being applied for
operation under conditions of high mechanical
loads and moderate sliding speeds (moderate
operation temperatures) [6, 13, 14]. Interest for
extending the practical application of these alloys is
based on tribological, economical and ecological
reasons. These alloys are relatively cheap and can
be processed efficiently with low energy
consumption, without endangering the environment
[6,15-17].

However, their broader application is limited.
One of the major limitations of conventional zinc-
aluminum alloys, containing 8 — 28 % Al, 1 — 3%
Cu and 0.05% Mg (ZA8, ZA12 and ZA27), is the
deterioration of their mechanical and wear
resistance properties at elevated temperatures
(above 100°C) and their dimensional instability [6,
13, 8 - 21]. Due to that, recent investigations have

focused attention to development of modified
version of the ZA alloy.

The attempts have been made to partially
replace copper by some high-melting element like
Ni or Si and varying the quantity of aluminum up to
50% [2, 13, 22, 23, 24, 25]. In addition, heat
treatment of ZA alloys is one of the possible
measures for their improvement. The following
procedures of heat treatment were used: a) artificial
ageing of samples at temperatures from 90 to
150°C, mainly for optimizing the strength to
specific elongation ratio [15, 21]; b) solutionizing
(usually from 320 to 400°C) followed by artificial
ageing (T6 type of heat treatment) [19, 20]; c)
solutionizing with subsequent quenching and
natural ageing (T4 type of heat treatment) [22, 26,
27]; d) solutionizing by rapid water quenching and
ageing at elevated temperatures [23]; e)
solutionizing followed by ageing at elevated
temperatures and water quenching [24].

Heat treatment of the conventional zinc-
aluminum alloys improves dimensional stability
[15] and ductility [1, 20, 25]. However, the
majority of the heat treatments lead to a reduction
in hardness and tensile strength [19, 20, 26]. In
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spite of reduced hardness, the heat-treated alloys
attain improved tribological properties [19, 22, 23].

Good characteristics of ZA alloys have inspired
researchers to reinforce them with different
dispersed reinforcement materials (SiC, AlOs,
glass fibers, graphite and garnet) in order to obtain
much more enhanced mechanical and tribological
properties [14, 28 - 38]. As a result, in the recent
years, MMCs based on ZA matrix are being
increasingly applied as light-weight and wear-
resistant materials.

Although the mentioned possibilities of ZA
tribological characteristics improvement have been
studied in the past there is still a lack of
information. In view of the above, in this paper an
attempt has been made to present and analyze the
influence of heat treatment (T4 type of heat
treatment) and reinforcement (by graphite) on
microstructure, mechanical and wear behavior of
ZA27 alloy.

2. EXPERIMENTAL PROCEDURE
2.1. Alloy preparation and characterization

ZA-27 alloy (27.6% Al, 2.5% Cu, 0.012% Mg
and balance Zn) alloy was processed by the liquid
metallurgy route. The ZA-27 alloy was processed
by the liquid metallurgy route. The purity of alumi-
num was 99.90%, zinc 99.99 % and copper 99.5%.
Alloy was melted in a graphite crucible in an
electric resistance furnace. The melt was
overheated to 680°C and cast into a steel mold to
obtain samples as 100 mm long bars with
rectangular cross-section with dimensions of 30 X
20 mm. Some of the alloy specimens were
subjected to T4 heat treatment comprising
solutionizing at 370°C for 3 h (ZA27 HT3), or 5
hours (ZA27 HT5), quenching in water and natural
ageing at room temperature during more than 30
days.

The metal matrix composites with the ZA-27
substrate, reinforced by the graphite particles, were
obtained by the compocasting procedure, which
was executed by mixing at the isothermal regime
(460°C). This procedure is characteristic by the fact
that the reinforcers are being added during mixing
the substrate in the semi solid state. The advantage
of this procedure is that for its application, the
reinforcer's particles do not have to be previously
prepared, i.e., the procedure can be realized by
particles, which do not have to be wetted in the
metal solutions. The graphite particles of size 20
pm were added in the amounts of 1.5 mass %.

After obtaining the composite materials
samples, it was necessary to perform the hot
pressing to reduce porosity. The samples for the
tribological investigations were then made from the

pressed pieces.

Microstructural characterization of the alloys
was carried out using optical microscopy on
samples similar to those used for wear testing. The
specimens were polished according to standard
metallographic practice and etched. Diluted nitric
acid (5 vol%) in water was used as the etchant.

Bulk hardness of all samples was measured
using a Brinell hardness tester with a 2.5 mm
diameter steel ball indenter and under a load of 625
N. The load application time was 60 seconds.The
prepared tensile samples had 4 mm gauge diameter
and 20 mm gauge length. Tensile tests were
conducted at ambient temperature (23°C) at a strain
rate of 1.3x107/s using a universal testing machine.
Reported data correspond to an average of five
measurements.

2.2. Sliding wear tests

The specimens were tested using a computer
aided block-on-disc sliding wear testing machine
with the contact pair geometry in accordance with
ASTM G 77 - 83. A schematic configuration of the
test machine is shown in Fig. 1. The test block was
loaded against the rotating steel disc. This provides
a nominal line contact Hertzian geometry for the
contact pair.
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Figure 1. The scheme of contact pair geometry

The test blocks (6.35 x 15.75 x 10.16 mm) were
prepared from the as-cast and heat-treated zinc-
aluminum alloys. Their contact surfaces were
polished to a roughness level of R, = 0.2 um. The
counter face (disc with 35 mm diameter and 6.35
mm thickness) was fabricated using the
casehardened 30CrNiMo8 steel with hardness of 55
HRC. The roughness of the ground contact surfaces
was R, = 0.3 um.

The lubricated and dry tests were performed
under applied loads of 10 — 100 N and sliding
speeds of 0.26 — 1.0 m/s.

The lubricant used for the lubricated tests was
ISO grade VG 46 hydraulic oil, a multipurpose
lubricant, recommended for industrial use in plain
and antifriction bearings, electric motor bearings,

38

11™ International Conference on Tribology — Serbiatrib ‘09



machine tools, chains, and gear boxes, as well as in

high-pressure hydraulic systems. During the
lubricated tests, the discs were continuously
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Figure 2. Microstructure of the alloy: (a and b) as-cast, (c) heat-treated with 3 h and (d) 5 h of
P — o+ m dendrites’ periphery, M — 1 interdendritic phase)

cast alloy (Fig. 2a and b) exhibited dendritic
structure  comprising primary o  dendrites
surrounded by o+ neutectoid and residual n phase

FEd

Figure 3. Optical micrograph of grphite particles reinforced ZA-27 alloy composite materials (polished surface)

immersed up to 3 mm of dept in 30 ml of lubricant.

The wear behavior of block was monitored in
terms of the wear scar width. Using the wear scar
width and geometry of the contact pair, the wear
volume was calculated (Fig. 1). The SEM (“Philips
XL30”) and OM (Meiji techno MT8500 Series)
were used to examine the worn surfaces of the
tested wear blocks. The friction coefficient was
obtained automatically during the tests by means of
the data acquisition software.

3. RESULTS
3.1. Microstructure and mechanical properties

Microstructures of the alloys in as-cast and heat-
treated conditions are presented in Fig. 2. The as-

in the interdendritic regions. A magnified view of
microstructure in Fig. 2b clearly shows these
phases (marked by C — @ dendrite core, P —
o+ n dendrites’ periphery, M — ) interdendritic
phase).

With heat treatment, the micro-composition of
ZA27 alloy became more homogeneous and the
microstructure was refined (Fig. 2c and d). In the
microstructure of ZA27 alloy, which was
solutionized for 3 hours at 370°C and then
quenched (Fig. 2¢), one can distinct the residual
dendrite cores and very fine o+n mixture, which
occupies the largest portion of the structure. After 5
hours of solutionizing, with consecutive quenching
in water, the dissolution of the dendritic structure
has occurred. Moreover, the uniformity of
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distribution increased and size of various micro
constituents decreased with the duration of
solutionizing (Fig. 2d).

Fig. 3 (a and b) shows typical optical
micrographs structures of the composite polished
surface, which illustrated relatively uniform
distribution of the graphite second phase. The
graphite particles does not have sharp edges due to
the collisions during the process of compocasting.
Also, micrographs shows the pores which were left
behind by evacuation of graphite particles from
surfaces during polishing process.

Table 1. Mechanical properties of the alloys

Tensile Elonga- | Hard-
Alloys Treatment strength, tion g% ness. HB
MPa ' '

ZA27 As-cast 318 2.4 138

Solutionizing at
ZA-27 1370°C for 3 h and 301 5.2 121
HT3 quenching in water

Solutionizing at
ZA-27 |370°C for 5 h and 283 6.4 121
HT5 quenching in water
ZA-27 |Graphite particle 118
compo- \reinforced ZA-27
site

Mechanical properties of the tested samples are
presented in Table 1. Heat treatment of the alloy
caused a moderate decreasing of the tensile strength
and hardness. Moreover, the heat-treated samples
attained increased elongation as compared to that of
the as-cast alloy. With regard to the solutionizing
duration, it could be observed that it contributed to
the tensile strength decrease and the elongation
increase, while hardness became practically
constant at longer solutionizing duration.

Presented results indicate hardness decreasing
due to addition of graphite particles. It is in
accordance with general fact that graphite
reinforcement of Al and ZA alloys decrease
hardness of material [26]. These effects increase
with weighth percent of graphite in composites.

3.2. Tribological behavior
a) Heat treated alloys

Based on wear scar width measurements, during
the lubricated sliding process, the wear curves were
plotted. Fig 4 illustrated on the example of wear
curves obtained for ZA27 HT5 in all the
combinations of applied loads and sliding speeds.
By analyzing the shape of those curves, one
concluded that the identical nature of the wear
process development corresponded to all the tested
materials, in all the contact conditions. Wear

behavior of tested alloys was characterized by the
clearly expressed period of initial intensive wear
(run-in) during the first minutes of sliding, after
which the steady-state period follows. The steady-
state wear is moderate and can be, with the high
correlation coefficient, expressed as linear.
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Figure 4. Wear curves of ZA27 HT?5 alloy at different
specific loads and sliding speeds (lubricated tests)

The character of friction coefficient variation
during lubricated sliding is illustrated in Fig. 5.
This is a graphical representation of the results
obtained for ZA27 HTS alloy with three levels of
applied loads and two levels of sliding speed. From
the diagram, one can clearly notice the run-in
period, during which the intensive decrease of the
friction coefficient occurs. During the steady-state
period, the level of the friction coefficient is being
stabilized. Such a dependence of the friction
coefficient is in accordance with the described wear
behavior of tested alloys.
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Figureb. Friction coefficient variation of ZA27 HT5
during sliding time at different specific loads and
sliding speeds (lubricated tests)

Diagrams in Figure 6 show the dependence of
the steady-state friction coefficient on the sliding
speed, for various normal forces in conditions of
lubricated sliding. The nature of that dependence, in
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all the tested alloys, manifests as decrease of the
friction coefficient with increase of the sliding
speed. The degree of change is especially
prominent in the region of lower values of speeds.
Also, in all the tested alloys, the friction coefficient
increases with increase of the normal force. The
degree of increase is somewhat larger in the region
of the lower normal loads (from 10 to 30 N).

In all the tested alloys, the friction coefficient
decreases with increase of the v/F, ratio. The
graphical representation of the friction coefficient
dependence on speed-to-load ratio, v/F,, for the
tested alloys is presented by the Stribeck curve in
Figure 7. The graphs cover the boundary and the
mixed lubrication regime. It confirms shape of the
curves, as well as the obtained range of the friction
coefficient (from 0.09 to 0.1). At the start of run,
the lubricated system operates under boundary
lubrication condition. However, as the sliding
distance increases the thickness of the oil increases,
giving rise to less metal-to-metal contact by
producing mixed lubrication condition.

Based on the values of the wear scar width, the
average values of the wear loss were calculated,
expressed in mm®. Diagrams in Fig. 8 present the
dependence of the wear volume loss on the sliding
speed for various normal forces in conditions of
lubricated sliding. It can be seen that in all the
alloys the wear volume decreases with increase of
the sliding speed and decrease of the contact load.
This is in accordance with the described lubrication
conditions. The influence of the speed variation on
wear is less expressed at lower sliding speeds.

The obtained results show existence of the
significant differences in the friction and wear be-
havior of the tested alloys. It can be seen that the
highest friction coefficient and volume wear loss,
during the whole friction process, correspond to the
as-cast alloys.

The average values of the friction coefficient for
all the three levels of normal force and sliding
speed are shown in Fig. 10. It can be noticed that
for all the contact loads and sliding speeds the
friction coefficient of heat-treated alloys is
significantly reduced as compared to that of the as-
cast one. Reduction rate is higher in area of lower
applied loads.

These differences in the frictional behavior of
the heat-treated alloys relative to the as-cast alloy
versus speed-to-load ratio are also apparent in
Figure 7. It can be seen that the Stribeck curves for
the heat-treated alloys lie below and to the left with
respect to the curve that corresponds to the as-cast
alloy. This shows that higher loads and lower
speeds can be tolerated by the heat-treated alloys.
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Figure 6. Friction coefficient vs. sliding speed for
different applied loads: (a) ZA27 as-cast, (b) ZA27 HT3,
(c) ZA27 HTS5 (lubricated tests)
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Figure 7. Friction coefficient of tested alloys vs. speed-
to-load ratio (lubricated tests)
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Figure 8. Wear loss of tested alloys vs. sliding speed for
different applied loads: (a) ZA27 as-cast, (b) ZA27 HT3,
(¢) ZA27 HT5

The comparative wear losses of the tested alloys
for all the three levels of normal force and sliding
speed are shown in Fig. 10. The presented results
clearly show that in the whole range of load and
sliding speed, the wear loss of the heat-treated
alloys is significantly lower as compared to that of
the as-cast one. The decrease of the wear volume,
expressed in percents, is somewhat more prominent
at the highest contact load.

Characteristic features of the worn surfaces of
tested alloys, obtained in condition of the highest
applied load (50 N) and the lowest sliding speed
(0.26 m/s) are shown in Fig. 11. Generally, the
parallel grooves and scratches can be seen over all
the surfaces in the direction of sliding (Fig. 11,
marked by G). The wear surfaces of the heat-treated
samples were noticed to be smoother than those of
the as-cast one (Fig. 11b and c¢ versus 11 a). A
relatively clean surface marked by shallow grooves

(Fig. 11c and d) indicates the low wear loss. In
contrast, significantly rougher worn surface with
deep grooves, damages and smeared material (S)
corresponds to the as-cast alloy (Fig. 11a and b).
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Figure 9. Friction coefficient of tested alloys
comparison
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Figure 10. Wear volume loss of tested alloys
comparison

The obtained results in dry tests show also
existence of the significant differences in the
friction behavior of the tested alloys. An example
of those differences is presented in Fig. 12 for the
case of friction at the lowest contact load of 15 N. It
can be seen that the highest friction coefficient,
during the whole friction process, corresponds to
the as-cast alloy.

The average values of the friction coefficient for
all four levels of normal force are shown in Fig. 13.
In accordance with the nature of dry friction, the
increase of the friction coefficient corresponds to
the increase of the normal load. The increasing rate
is especially evident for the load change from 15 to
30 N. It can be noticed that for all the contact loads
the friction coefficient of heat-treated alloys is
significantly reduced as compared to that of the as-
cast one. The differences in the frictional behavior
of heat-treated alloys relative to as-cast alloy
decreases with the increase of load. The alloy
solutionized for 5 h and quenched attained the
lowest level of the friction coefficient for all tested
loads.
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Figure 11. Wear surface of the alloys in lubricated sliding for 50 N of aplied load and 0.26 s of
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sliding sped in conditions of lubricated sliding: a) ZA27 as-cast alloy, (b) ZA27 HT3 alloy,
(c) ZA27 HTS alloy
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Figure 12. Coefficient of friction vs. sliding time curves
for ZA-27 alloy in as-cast and heat-treated conditions
(applied load 15 N, sliding speed 0.26 m/s) (dry sliding)

The comparative wear rate of the tested alloys as
a function of the normal load is presented in Fig.
14. One can notice that for all the test alloys, the
intensity of wear increases with the increase of the
normal force. However, the gradient of that
increase is not the same for all the alloys. The
fastest increase corresponds to the cast alloy
without the subsequent heat treatment. At the same
time, for alloys that were heat-treated the gradient
of change is significantly lower and approximately
equal for both types of heat treatment.

Coefficient of friction

0,1 1 -+~ ZA27 as-cast
= 7A27 HT3
0,05 4 - 7A27 HTS

0 20 40 60 80 100 120
Load, N

Figurel3. Coefficient of friction vs. applied load for
ZA-27 alloy in as-cast and heat-treated conditions

(dry sliding))

The presented dependencies of the wear rate on
the normal load clearly show that in the whole
range of load, the wear rate of heat-treated alloys is
significantly lower as compared to that of the as-
cast one. This difference in their wear behavior is
amplified in the area of higher loads, due to the
mentioned higher influence of the normal load
increase on the wear rate increase for the as-cast
alloy. The lowest wear rate corresponds to the alloy
annealed for 5 hours, quenched in water.
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Figure 14. Wear rate vs. applied load for ZA-27 alloy in
as-cast and heat-treated conditions (dry sliding)
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Figurel5. Wear surfaces of the ZA-27 alloy in as as-cast conditions for applid load 0 15N (a) and

gets entrapped in between the contacting surfaces
and behaves as a cutting tool causing abrasion [20,
24].

Besides abrasive wear mechanism, existence of
the material smeared onto the sliding surface
(clearly visible in Fig. 15a and b, marked by B)
shows presence of the adhesive wear. This material
had been detached from the alloy surface by
adhesion to the steel surface [25]. During sliding,
some of transferred material was lost, but some re-
embedded and was smeared over the alloy sample
surface.

In addition, scanning electron micrograph
shown in Fig. 15 exhibits the typical appearance of
the surface fatigue damages after repeated
unidirectional sliding of block over disc. The forms

i ‘Accv wagn

4\ 250KV 638y 500x

et WD 1 504im
SE 11,0 Wi

"oy Spat Magn
26,0 RV. 6.0 500x,

50 N (b) and after heat treatment for applied load of 50 N: (c) ZA-27 HT3 and (d) ZA-27HT5
(A - ploughing groov es B- smeared material, C -spalls , D — pits, E - surface cracks) (dry sliding)

The worn surfaces of the samples are shown in
Fig. 15. The worn surfaces of the heat-treated
samples were noticed to be smoother than those of
the as-cast one (Fig. 15¢c and d versus 15b).
Generally, the parallel ploughing grooves and
scratches can be seen over all the surfaces in the
direction of sliding (Fig. 15, marked by A). These
grooves and scratches resulted from the ploughing
action of asperities on the counter disc of
significantly higher hardness. Simultaneously with
this two-body abrasive wear, the three-body
abrasive wear takes place, due to the abrasive
action of the hard wear debris emanating from
fragmented and oxidized asperities of alloy and
abraded surface of steel disc [24]. Such hard debris

of surface fatigue damage are spalls (craters of
different depths and shapes on contact surface
marked by C), pits (marked by D) and surface
cracks (marked by E). The SEM examination of
the subsurface regions (below the wear surfaces) in
similar study on the same alloy [20] clearly
demonstrated appearance of micro constituents
flow in sliding direction and subsurface cracks.
These subsurface cracks nucleated due to the
stresses propagate during the sliding process. When
such subsurface cracks join the wear surface,
delamination of material occurs. This mechanism of
wear is described by delamination theory of wear,
introduced by Suh [39]. Contact surfaces of ZA-27
alloy are not subjected to fatigue failures only as a
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result of repeated stressing caused by moving
asperities of steel disc. Hard wear debris trapped by
the two moving surfaces during dry sliding could
have significant role in fatigue wear particles
forming [40].
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The plots suggest that composite specimens
exhibited significantly lower wear loss than the
base alloy specimens in all combinations of applied
loads and sliding speeds in lubricated and dry
friction conditions.
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Figure 16. Wear curves of tested samples in conditions of lubricated (a) and dry sliding conditions (b)

b) ZA-27/graphite composite

Wear behavior of tested ZA-27/graphite
composite samples in lubricated and dry sliding
conditions is illustrated in Fig 16 (a and b) on the
example of wear curves obtained in tests with 0.5
m/s of sliding speed for varying applied loads.
Generally, wear behavior of tested materials is
characterized by the clearly expressed period of
initial very intensive wear (run-in) during the first
minutes of siding, after which the steady-state
period follows.

It could be noticed that wear of the composites
with addition of the graphite particles is always
significantly lower compare to the matrix ZA-27
alloy

Fig. 17 (a and b) show the wear volume loss of
the all tested materials as a function of applied
pressure at different sliding speeds in conditions
lubricated sliding (Fig. 17a) and in conditions dry
sliding (Fig. 17b). These plots indicate that wear
volume loss of the matrix alloy as well as the
composite increase with applied load at tested
sliding speeds (0.26, 0.5 and 1.0 m/s).

The effect of sliding speed on wear volume loss
of composite as well as the base alloy specimens at
applied loads (10, 30 and 50 N - for lubricated
sliding, and 30, 50 and 80 N — for dry sliding) is
presented in Fig. 18. Nature of sliding speed
influence onto wear is different for lubricated and
dry wear tests. In the first case the wear volume
loss of both the unreinforced alloy as well as
composite specimens increases with increase in the
sliding velocity. On the contrary, in conditions of
lubricated sliding increase of sliding speed effects
decrease of wear volume loss.
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Figure 17. Wear volume vs. applied load: (a) lubricated
sliding, (b) dry sliding

In conditions of dry sliding the wear behavior
of test materials differs more significantly at higher
sliding speed and higher normal load. At the same
time, tribological behavior differences of tested
materials increase with sliding speed decreasing
and applied load increasing in conditions of
lubricated sliding..
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Figure 18. Wear volume vs. sliding speed: (a)
lubricated sliding, (b) dry sliding
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Figure 19. Coefficient of friction vs. applied load: (a)
lubricated sliding, (b) dry sliding

Figure 19 shows the  steady-state friction
coefficient of the tested materials as a function of
applied load at different sliding speeds in lubricated
(Fig. 19a) and dry conditions (Fig. 19b). These
plots indicate that friction coefficient of the matrix

alloy as well as the composite increase with applied
load at tested sliding speeds (0.26, 0.5 and 1.0 m/s).

Diagrams in Figure 20 show the dependence of
the steady-state friction coefficient on the sliding
speed, for various normal forces. The nature of that
dependence in lubricated conditions manifests as
decrease of the friction coefficient with increase of
the sliding speed (Fig. 20b). On contrary, in
conditions of dry sliding coefficient of friction
increases with sliding (Fig. 20a).
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Figure 20. Coefficient of friction vs. sliding speed: (a)
lubricated sliding, (b) dry sliding

Generaly, it can be seen that the highest friction
coefficient, during the whole friction process,
corresponds to the composite material.

The worn surfaces of the samples, obtained in
test with the highest applied load of 50 N and
sliding speed of 1.0 m/s, are shown in Fig. 21. The
worn surfaces of the composite samples were
noticed to be much smoother than those of the as-
cast alloy (Fig. 22b versus 22a). The appearance of
deep grooves along with surface cracks at worn
surfaces of alloy shows that intensive abrasive and
fatigue wear took place. In contrast, the worn
surfaces of composite are characterized by shallow
growes in direction of sliding and smeared graphite
all over wear scar (Fig. 22b).
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4. DISCUSSION

The hardness and tensile strength of the
heat-treated samples decreased while their
elongation increased as compared to that of the as-
cast alloy (Table 1). The softening rate of the alloy
(12.4%) is practically constant with solutionizing
duration. On the contrary, increasing of the
solutionizing duration caused the strength to
decrease and elongation to increase.

In spite of reduced hardness, the friction
coefficient and wear volume loss of heat-treated
alloy samples were significantly lower than that of
as-cast alloy samples (Figs. 9 and 10). The positive
effects of the heat treatment on the zinc-aluminum
alloys in spite of reduction in hardness and strength
have been suggested also by Prasad [19, 20, 24].

The explanation for the obtained results should
be looked for in heat treatment effects on the
microstructure of alloy. The influence of the
microstructure on tribological behavior of samples
can be manifested directly and indirectly. The
former one refers to the direct influence of the
microstructural characteristics on the tribological
behavior of an alloy. The latter one is manifested
via the residual stresses influence on micro scale
and ductility of alloy in contact layers, which can
be directly related to the established wear
mechanisms of samples.

The dendritic microstructure of the as-cast alloy
was characterized by the non-uniform distribution
of micro constituents. The heat treatment has, by
diffusion, dissolved the non-equilibrium dendritic
structure, and contributed to high increased share of
the two-phased o+ 1 mixture in the final material
structure.

The «a-Al rich solid solution provides
strengthening and thermal stability to alloys in view
of the higher melting point of Al (than that of Zn).
In addition, this phase with face-centered cubic
crystal structure (f.c.c.) is characterized by good
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Figure21l. Worn surfaces in conditions of dry sliding with 50 N of applied load and 1.0 m/s of sliding speed:
(a) ZA-27, (b) Graphite particles reinforced ZA-27 alloy composite

work hardening capability, that contributes to wear
behavior improvement of the alloys [2, 26]. The n-
Zn rich solid solution has a hexagonal-close-packed
crystal structure (h.c.p.) with a higher c/a ratio than
observed in ideally close packed hexagonal crystal
system [2]. Thanks to that characteristic, the m
micro constituent has very good smearing
characteristics, acting as a solid Ilubricant.
Moreover, the n phase also acts as a load-bearing
phase because of its hexagonal structure [2, 3].
Effects of these micro constituents on tribological
behavior of the alloy depend on their distribution,
size, and operating temperatures.

Just the finer and well-distributed micro
constituents (hard and soft phases), achieved by
heat treatment (Fig. 2 ¢ and d), contributed to
reducing the friction and wear. There, self-
lubricating role of n micro constituent is especially
precious in dry sliding, as well as during the
running-in process of lubricated sliding, which is
characterized by the boundary lubrication and
intensive wear.

Besides that, the changes of microstructure due
to heat treatment are significant, on a micro-scale,
from the aspect of residual stresses, which affect
the wear mechanism. The dendritic non-
homogeneous structure of as-cast alloy is
characterized by presence of residual stresses on a
micro-scale, which appear due to different thermal
characteristics and mechanical properties of various
phases [20]. Improvement of uniformity, due to the
heat treatment, relieved the residual stresses, as is
also evident from decreasing of hardness and
strength and increasing of elongation (Table 1) after
the heat treatment [20, 25].

The described influence of heat treatment on
improvement of tribological behavior of ZA27
alloy is in accordance with morphology of the worn
surfaces that are presented in Figs. 11 and 15.

The worn surface of the as-cast alloy in
conditions of lubricated sliding is characterized by
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deep continuous grooves (Fig. 11 marked by G, Gy,
G,), scratches (S), pits/craters (C/P) and smeared
material (T). These grooves and scratches resulted
from the ploughing action of asperities on the
counter disc of significantly higher hardness, as
well as due to the hard wear debris, emanating from
fragmented and oxidized asperities of alloy and
abraded surface of the steel disc [25]. On the worn
surface of the as-cast alloy different types of
grooves could be clearly noticed. Only the rare
grooves fit right into the material model removal
and displacement in ductile abrasive wear (Fig. 11a
marked with G). In this model, during abrasive
wear the material does not simply disappear from
the groove gouged in the surface by a micro
abrasive element. Instead, a large proportion of the
gouged or abraded material is envisaged as being
displaced to the sides of the micro abrasive element
path [29]. The dominant groove morphology points
to the non-ductile abrasive wear. That was proved
by the wear grooves characterized by micro cracks
appearance in material displaced to the sides of
groves (Fig. 1la marked with G;). During the
friction process, this material was removed as a
product of wear, because of propagating micro
cracks. In addition, the grooves with material
spalled at the sides of grooves are present on the
worn surface (Fig. 11b marked with G,).

Besides the abrasive wear mechanism, existence
of the material smeared onto the sliding surface
(clearly visible in Fig. 11a and b, marked by T),
shows presence of the adhesive wear. This material
had been detached from the alloy surface by
adhesion to the steel surface [25]. During the
sliding, some of transferred material was lost, but
some was re-embedded and was smeared over the
alloy sample surface. In addition, the scanning elec-
tron micrograph shown in Fig. 11, exhibits
moderate appearance of the surface fatigue
damages after repeated unidirectional sliding of
block over the disc (C).

The rough worn surface with deep grooves,
damages and smeared material corresponds to the
as-cast alloy (Fig. 15b) in conditions dry sliding. It
is a consequence of intensive abrasive and adhesive
wear. The phenomenon of delamination also
contributes to higher wear of the as-cast alloy with
respect to the heat-treated one, what can be
approved by the surface fatigue damages (Fig. 15b,
marked by C). The prominent delamination wear of
the as-cast alloy could be explained by residual
stresses on a micro-scale, resulted from non-
uniform distribution of various micro constituents.
This wear mechanism of as-cast alloy was noted for
wear tests in conditions of higher loads (Fig. 15b
Versus a).

Characteristics of wear surfaces are in
accordance with determined effects of applied load
on wear response of tested alloys, shown in Fig. 6.
The data plots show considerable higher slope of
line corresponding to as-cast alloy compared to
heat-treated alloys. Slope increase can be clearly
noticed at the applied load change from 30 to 50 N,
and it is especially prominent at the further increase
of the applied load up to 100 N. This difference in
wear degree increase with load of as-cast alloy,
with respect to heat treated alloys, is a consequence
of the described phenomenon of delamination as a
dominant mechanism, which occurs in the area of
higher applied loads.

The worn surfaces of heat-treated alloys shown
in Fig.11 (c and d) and 15 (c and d) are relatively
smooth with shallow wear grooves, resulted from
mild abrasive wear. Also, no smearing was
observed on the worn surfaces. Unlike the worn
surface of the as-cast alloy, the wear grooves on
surfaces of heat-treated surfaces are abraded in
accordance with model of ductile abrasive wear
(Fig. 11c and d, marked with G). That type of
abrasive wear is influenced increased ductility
because of heat treatment (Table 1).

The positive effects of heat treatments on
tribological behavior of alloy are slightly higher for
longer time of solutionizing. This is also conformed
by the SEM micrographs in Fig. 11¢ and d. It is in
accordance with higher the uniformity of distribu-
tion and decreased size of various micro
constituents and increased ductility.

The graphite particle reinforcing influenced
significant tribological improvement of ZA-27
matrix material. This improvement could be
explained by triboinfluenced graphite film
formation and its effect on friction and friction
reduction [14].

Self-lubricating role of graphite in sliding
contact is provided by layered-lattice structure.
Namely, graphite is characterized by hexagonal
layered structure. The bonds between the parallel
layers are relative weak (van der Waals type).
Except that, graphite reacts with gases (such as
water vapor) forming strong chemical bonds. The
adsorbed water vapor and other gases from
environment onto the crystalline edges weaken the
interlayer bonding forces. It results in easy shear
and transfer of the crystalline platelets on the
mating surfaces.

The self-lubricated role of graphite reinforcing
particles were significant in dry sliding conditions,
as well as in conditions of lubricated sliding.

The free graphite particles releashed from the
composite material during dry sliding of mating
surfaces form a lubricant film at the interface
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(‘third body’). On that way solid-solid interactions
modifies to solid-lubricant-solid inreactions.

In conditions of lubricated sliding the positive
tribological effects of graphite can be attributed to
the its influence on tribological characteristics of
lubricating oil. Namely, powdered solid lubricants
(as graphite, MoS2 and PTFE) as additive to
lubricants are commonly used for variety industrial
applications. In the present case, the released
graphite shears into very fine particles under
applied load and forms oil-graphite emulsion,
which smears over the entire mating surface
forming an effective layer of lubricant [37].

The described effect of graphite confirm the
micrographs of worn surfaces. The micrographs
presented in Fig. 21 show the worn surfaces of
matrix alloy and composite obtained in conditions
of dry friction and applied load of 50 N. The alloy
surface shows extensive surface ploughing along
with local delimination and highly damages. The
composite surface is not much damaged, bat has
continues shallow grooves. Also, the presence of
smeared graphite can be seen (the dark spot shown
in Fig. 21b, marked by S). The graphite, as a soft
second phase, has been squeezed out from
subsurface toward the mating surface due to plastic
deformation.

5. CONCLUSIONS

The heat-treated alloy samples attained
improved tribological behavior (reduced coefficient
of friction and wear rate) over as-cast ones, for all
applied loads in lubricated and dry sliding
conditions. The improved tribological behavior of
the heat-treated alloys, in spite of reduced hardness,
could be attributed to finer and more uniform
distributed micro constituents and reduced cracking
tendency.

Dominant wear mechanisms for tested alloys
were abrasion and adhesion. However, under
conditions of higher applied load delamination has
considerable role in wear process of as-cast alloy.
Due to that, difference in wear behavior of heat-
treated versus as-cast alloy is amplified in the area
of higher loads. The worn surfaces morphologies of
heat-treated alloys pointed out more ductile mode
of fracture than the as-cast alloy.

The graphite particle reinforcing influenced
significant tribological improvement of ZA-27
matrix material. This improvement in conditions of
dry sliding could be explained by triboinfluenced
graphite film formation and its effect on friction
and friction reduction. In conditions of lubricated
sliding the positive tribological effects of graphite
can be attributed to the its influence on tribological
characteristics of lubricating oil.
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