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Abstract

The present work aims to study the tribological behavior of an extruded ZK60 alloy in the presence of Ce; in a previ-
ous study, among ZK60 alloys with different Ce addition rates, an alloy with 3 wt% of Ce was found to exhibit the most
promising mechanical (e.g., hardness and strengths) properties, while its wear behavior remained unknown. The results of
microstructural examinations by optical and electron microscopes show that Ce addition reduces the grain size from 6.1 to
2.0 pm. Besides, in addition to the precipitates already distributed in the base alloy (Mg;Zn;), Ce could promote the for-
mation of a new precipitate (MgZn,Ce), increasing the total fraction of the precipitates. These microstructural evolutions
enhance the strengths of the studied ZK60 alloy, as the yield and tensile strengths increase from 212 to 308 MPa and from
297 to 354 MPa, respectively. A pin on disc tribometer was employed to study the wear behavior of the developed alloy
under different normal loads (5, 20, 40, and 60 N). The results show that the base and Ce-added alloys exhibit almost a
similar frictional behavior, while the wear resistance of the Ce-added alloy is higher within the load ranges applied: (i) in
low load conditions (5 and 20 N), where the abrasive wear is the active mechanism, the precipitates in the Ce-added alloy
could enhance the wear resistance. (ii) Under the load of 40 N, oxidative wear is also an operative wear mechanism, leading
to a sharp increase in the wear rate of the alloys. In this condition, Ce could provide a protective oxide layer, which could
improve the wear resistance of the alloy. (iii) At a load of 60 N, both studied alloys exhibit a similar wear rate due to a severe
oxidation condition. Therefore, beyond this loading condition, the microstructural evolutions (e.g., change in precipitation
behavior) caused by Ce addition can no longer contribute to the enhancement of wear resistance.
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1 Introduction

Magnesium alloys have attracted considerable attention
due to their high specific buckling resistance, good casta-
bility, low density, and good damping capacity, making
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them suitable for some applications such as automo-
tive industries, aircraft structures, and other lightweight
structural components [1]. However, their relatively low
strength and weak tribological behavior have limited the
potential applications of these alloys. Thus, researchers
have recently focused on improving the mechanical prop-
erties and wear resistance of the magnesium alloys [2-7].
In this regard, various techniques have been employed
so far in order to enhance the strength of these materi-
als. Alloying can be considered as an effective way to
strengthen the alloys; for instance, the addition of Zn
and Zr to Mg alloys could enhance their strength [8].
Apart from the common alloying elements, it has been
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demonstrated that the addition of Rare Earth elements
(RE) such as Y, Nd, Ce, Ca, and Gd to Mg alloys would
result in a remarkable improvement in strength and creep
properties at elevated temperatures due to the formation
of thermally stable intermetallic compounds [9—14]. Chia
et al. [10] studied the influences of La, Ce, and Nd addi-
tions into a commercially pure Mg. They showed that the
mechanical properties could be affected by the type, vol-
ume fraction, and morphology of the intermetallic phases.
It has been reported elsewhere that the tensile behavior of
Mg-Zn—Zr alloy is significantly improved by RE addition
(Y and Ce), which is due to the grain refinement and for-
mation of different intermetallic phases [12, 15].

There are other published reports in the literature
investigating the effects of different microstructural
parameters on the wear resistance of Mg alloys [16-22];
only a few reports are dedicated to the effects of RE on the
tribological behavior of Mg alloys. For instance, Hu et al.
[19] observed that the amount of Mg;,Y,Zn, phase, sur-
face oxidation, and retained wear debris could affect the
wear rate of the alloy where abrasion and plastic deforma-
tion have been the main wear mechanisms in dry sliding
condition. It has been reported elsewhere that the addition
of Ce-rich misch metal to AZ91 alloy results in the forma-
tion of an intermetallic phase, leading to enhancement of
high temperature creep resistance and wear behavior of
the alloy tested against a tool steel. Abrasion, delamina-
tion, and gross plastic deformation were considered as
the dominant wear mechanisms in that work [18]. Nouri
et al. [23] showed that the formation of a hard second
phase (AlL,Y; in the presence of Y in Mg-3%Al alloy)
could improve the wear resistance. The effect of Al,Y
on the wear property of Mg-3%Al-1%Zn alloy was also
reported by Sun et al. [24]. Zengin et al. [16] studied the
effect of minor Nd addition on the mechanical and tribo-
logical behavior of ZK60 alloy, which led to notable grain
refinement, improving both tensile strength and ductility
of the alloy.

Having reviewed the published reports, one can realize
that there is a lack of information regarding the correlation
between the microstructural features and tribological behavior
of Mg alloys, especially in the presence of RE elements. In
a recent work of the authors, a new ZK60 alloy containing 3
wt% Ce has been developed [25], where it was demonstrated
that Ce addition could affect the precipitation manner and
refine the microstructure, resulting in higher strengths com-
pared to the base alloy. In the current study, attempts have
been made to unveil the link between the microstructural
features and wear property in the developed Ce-added alloy.

2 Materials and Experimental Procedures
2.1 Materials and Processing

To investigate the effects of Ce addition on the microstruc-
ture and wear behavior of Mg alloys, 3 wt% of Ce was added
to a base ZK60 alloy; two Zk60 alloys with a similar base
composition were produced, while one of them contains Ce.
In a previous work of the authors, it has been found out that
the alloy containing 3 wt% Ce possesses the most promis-
ing mechanical properties in terms of hardness and strength
levels [25], while the wear behavior of the developed alloy
remained unknown.

High purity Mg (99.9 wt%), Zn (99.9 wt%), and Mg-30
wt% Zr + Mg-30 wt% Ce master alloys were used to pro-
duce the targeted alloys. An induction furnace (model:
IGM12-3) was used to melt the raw materials. Mg was
first placed in the graphite crucible with a temperature of
740 °C. The Melting process was carried out in a protec-
tive atmosphere (a mix of SF¢ and CO,). Having melted
the pure Mg, Zn was added to the melt, which was held
and stirred (using a stainless steel rod) for 15 min after-
wards. Then, the master alloys were added into the molten
alloy. The melt was mechanically stirred again for 2 min
to reach a homogenous composition. After a 5-min rest
period, the melt was poured into a preheated (200 °C)
cylindrical steel mold with a diameter of 30 mm, a height
of 45 mm, and a thickness of 2 mm. Inductively Coupled
Plasma (ICP, model: VARIAN VISTA-PRO) technique
was used to measure the amount of the elements present in
the alloys. The chemical composition of the cast alloys is
given in Table 1. In this study, the terms ZK60 and ZK60-
3Ce refer to the base and Ce-added alloys, respectively.

The cast alloys were machined to a cylindrical shape
with a length of 28 mm and 29 mm in diameter. The parts
were then homogenized at 440 °C for 12 h to, as much as
possible, reduce the compositional inhomogeneity. It has
been carried out according to the methodology suggested
earlier [25]. The homogenized parts were finally extruded
at 440 °C with an 18:1 extrusion ratio.

2.2 Metallography and Microstructural
Examinations

The microstructures of the studied alloys were inspected
under Optical (OM, Leitz) and Scanning Electron Micros-
copies (SEM, ZEISS SIGMA VP). For this purpose, met-
allographic samples were ground and then polished with
0.05 pm alumina suspension. The polished surfaces were
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etched using an acetic picric etchant (5 ml ethanol, 1 ml
acetic acid, 2 ml distilled water, and 0.4 g picric acid). OM
images were randomly taken and analyzed using Digimizer
image analyzing software in order to determine the average
grain size of the alloys, according to ASTM-112E stand-
ard. For each alloy, at least 300 grains were delineated on
the OM images without bias.

X-Ray Diffraction (XRD, PHILIPS) and Energy Dis-
persive Spectroscopy (EDS) techniques were employed
to identify the phases present in the microstructure of the
alloys. The XRD data was obtained by using Cu-Ka radia-
tion operated at 40 kV and tube current of 30 mA over the
20 ranging from 20° to 80°. A step size of 0.02°, with a
counting time of 0.5 s per step, was used to run the XRD
tests.

2.3 Mechanical Testing

The hardness of the samples was measured using a WOLPER
machine with a Vickers indenter at a force of 0.98 N (dwell
time of 30 s). The hardness test was repeated at least five
times on each sample, and an average was reported.

The tensile tests were performed on the extruded speci-
mens prepared according to ASTM: E8-04 standard. A SAN-
TAM machine with a capacity of 2 tons and a jaw velocity of
0.1 mm/sec was used to perform the tensile tests. For each
alloy/condition, three samples were prepared and tested, and
an average was reported.

2.4 Wear Testing

A pin-on-disc tribometer was employed to carry out a dry
sliding wear test at room temperature. The pin specimens
with dimensions of 5 mm in diameter and 15 mm in height
were made from the ZK60 and ZK60-3Ce alloys. The coun-
terpart surface was an AISI52100 steel disc, 40 mm in diam-
eter, and 5 mm in thickness. Before running the wear tests,
both disc and pin were cleaned by an ultrasonic cleaner so
as to remove any possible traces of contaminants.

To presumably establish the mild, medium, and severe
wear conditions, the wear tests were carried out under nor-
mal loads of 5, 20, 40, and 60 N. These loading conditions
were chosen according to the published reports [26, 27]. A
constant sliding speed of 0.5 m/s was set to run the test for
a sliding distance of 1000 m. The tribometer recorded the
friction coefficient and sliding distance continuously. The
samples were weighed before and after the wear tests in
order to determine the weight loss. The volume loss during
the wear test was determined from the weight loss and the
alloy’s density.
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In addition to the worn surfaces of the pin specimens, the
produced wear debris was collected and examined using an
SEM (equipped with EDS unit).

3 Results and Discussion
3.1 Microstructural Observation

Figure 1 shows the microstructure of the extruded alloys. As
it can be seen in Fig. 1a, the microstructure of the base alloy
consists of equiaxed a-Mg grains formed through Dynamic
Recrystallization (DRX). Compared to the base alloy, finer
grains are obtained in ZK60-3Ce alloy (Fig. 1b). OM images
were employed to measure the grain size in both alloys under
investigation. The results of grain size measurement show
that the grain size of ZK60 alloy is reduced from 6.1 to
2.0 pm when 3 wt% of Ce has been added to the base alloy.

Figure 2 illustrates the SEM images of the extruded
alloys. The results of EDS microanalyses of the various pre-
cipitates (indicated by the yellow arrow in Fig. 2) are also
shown in the tables below their corresponding image. From
Fig. 2a, it is apprehended that the microstructure of the base
alloy is composed of few Mg—Zn precipitates distributed in
a matrix of a-Mg. Figure 2b shows that the fraction of the
precipitates (the white spots) significantly increases in the
presence of Ce. Some of these precipitates are rich in Ce.
Similar observations to Fig. 2 suggest that the volume frac-
tion of the precipitates increases from ~1 to ~12% when 3
wt% of Ce has been added to the base alloy.

XRD analysis was carried out in order to identify the
precipitates existed in the microstructure of the alloys under
investigation. Figure 3 shows that the base alloy is composed
of a-Mg and Mg,Zn, precipitates. In agreement with EDS
results (Fig. 2), this figure also shows that, in addition to
Mg,Zn;, there is a Ce-containing precipitate (MgZn,Ce) in
the microstructure of ZK60-3Ce alloy. In fact, due to the
limited solubility of Ce in Mg, this element tends to form
new precipitates [17], which, according to XRD results, are
identified as MgZn,Ce. These precipitates have a high melt-
ing point and good thermal stability, and they can lock the
grain boundaries through the pinging effect [28]. The role of
Ce as Particle Stimulated Nucleation (PSN) in Mg alloys can

Table 1 Chemical composition

All El ts (Wt%
of the materials used in this oy M
study (Mg to balance) Zn Zr Ce
ZK60 6.04 049 -
ZK60-3Ce 594 048 2.96
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be regarded as another factor affecting the microstructural
components [29]. More explanations of the microstructural
evolutions (i.e., precipitation manner and grain refinement)
and the phenomena taken place in the presence of RE can
be found in our previous work [25].

3.2 Hardness and Tensile Properties

Table 2 shows that the addition of Ce to the base alloy
enhances the hardness level (about 10%). This increase in
hardness, though slight, could be due to the microstruc-
ture refinement as well as a higher volume fraction of the
precipitates in ZK60-3Ce alloy. Table 2 also gives the data
extracted from the tensile tests for the extruded alloys. It
can be seen that the addition of Ce improves the mechani-
cal properties of the studied alloy, as the Yield Strength
(YS) and Ultimate Tensile Strength (UTS) increase from
212 to 308 MPa and from 297 to 354 MPa, respectively.
The enhancements in the YS and UTS are attributed to
the microstructural evolutions achieved by Ce addition.
According to Hall-Patch relation, grain refinement results
in enhancements in the strengths of the materials [30].
Ce addition could also promote the formation of new pre-
cipitates in the studied alloy, increasing the total fraction
of the precipitates. Apart from the direct effect of these
precipitates on the hardness and strengths, they would
have a pinning effect on the grain boundaries, causing
further refinement [31, 32]. The decrease in the elonga-
tion (Table 2) could be due to the larger volume fraction
of precipitates formed in the ZK60-3Ce alloy. Because, as
stress concentration sites, they might lead to a premature
failure during the hot extrusion or tensile test, decreasing
the elongation of the alloy [33]. The correlation between
the microstructure and mechanical properties of similar
alloys has been deeply studied in our previous work [25].

Fig. 1 Optical micrographs
of the extruded a ZK60 and b
ZK60-3Ce alloys

3.3 Wear Behavior
3.3.1 Friction Coefficient

Figure 4 shows the steady-state friction coefficients under
different normal loads. It can be seen that there is no sig-
nificant difference between the friction coefficient of ZK60
and ZK60-3Ce alloys, as it lies within a range of 0.12 to
0.26.

The results of friction coefficient as a function of slid-
ing distance under the normal loads of 5, 20, 40, and 60 N
for ZK60-3Ce alloy are shown in Fig. 5. It can be seen that
the oscillations around the mean value are different when
different loads have been applied to the specimens. For
instance, at a load of 5 N, the friction coefficient exhibits
a more unstable behavior compared to the other normal
loads. This can be attributed to the formation and breakage
of adhesive junctions between the pin and disc, leading
to a sudden increase and drop in the tangential force and
friction coefficient. At the low load range (5 N), a uniform
and stable oxide layer cannot form on the worn surface,
and thus, metal to metal contact can be established. At
higher load regimes, formation of an oxide layer (due to
higher contact temperature) can prevent the metal to metal
contact, resulting in a more stable coefficient of friction.

3.3.2 Wear Rate

The results of volumetric wear rates as a function of applied
load for ZK60 and ZK60-3Ce alloys are shown in Fig. 6. It
seems that the volumetric wear rate of both alloys increases
as the normal load increases. Furthermore, the ZK60-3Ce
alloy shows a lower wear rate than the ZK60 alloy within
all the different applied loads. This implies that the presence
of new precipitates and grain refinement caused by the Ce

@ Springer



2736

Metals and Materials International (2021) 27:2732-2742

Fig.2 SEM micrographs and
EDS microanalysis results of
the precipitates distributed in
the microstructure of a ZK60
and b ZK60-3Ce specimens

Chemical composition (wt.%)

Chemical composition (wt.%)

Point

Mg Zn Zr Mg Zn Ce Zr
A 33.55 57.19 9.27 A 33.62 57.46 4.76 4.17
B 44.43 54.38 1.19 B 9.37 48.50 40.99 1.14
C 7.62 40.26 50.89 1.23
Table 2 Mechanical properties of the studied alloys
®o-Mg MEMg,Zn; OMgZn,Ce
® Alloy Vickers hardness ~ UTS YS Elongation
° (HV) (MPa) (MPa) %
[
2Ke0-3Ce ZK60 80+2 29748 212+7  30+2
ZK60-3Ce  88+2 354+£8 308x9 20x1

Intensity (A.U.)

20 30 40 50 60 70 80
20 (degree)

Fig.3 XRD results identifying the phases existed in the microstruc-
ture of the extruded specimens

addition to the base ZK60 alloy can be effective in reduc-
ing the wear rate. As it can be observed in Fig. 6, ZK60-
3Ce alloy exhibits similar wear rates at loads of 5 and 20 N
(wear rate of ZK60-3Ce alloy is not significantly affected
by increasing the normal load from 5 to 20 N). However,
there is a sharp increase in wear rate of ZK60-3Ce alloy
when the normal load increases from 20 to 40 N. Hence,
there is a transition from mild wear to severe wear in these

@ Springer

load regimes, where the wear rate of the Ce-added alloy is
still lower than the base one. By increasing the normal load
to 60 N, both alloys demonstrate a similar wear rate. This
somehow implies that Ce addition cannot be effective in
reducing the wear rate at a high load (60 N).

3.3.3 Wear Mechanisms

In order to understand the wear mechanisms operating
at different normal loads, the worn surfaces of the pin
specimens were analyzed by the scanning electron micro-
scope. Figure 7 shows the SEM images of the worn sur-
faces along with the results of EDS corresponding to the
selected areas within each image. Figure 7a, b display the
worn surface of both Mg-alloys tested at a load of 5 N.
There are numerous grooves and scratches running paral-
lel to the sliding direction, indicating the abrasive wear
mechanism [34-36]. These grooves are typically caused by
the hard asperities on the steel counterface or by the gener-
ated wear particles in the contact region which plow or cut
the soft surface of the magnesium specimens. Regarding
the latter case, the generated wear particles can be severely
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deformed and oxidized during the wear process, which
exhibit higher hardness than the base Mg-alloys and can
cause further abrasion. Thus, the abrasive mechanism is
considered as the dominant wear mechanism at the lower
normal loads (i.e., 5 N).

09 f —6—7K60

08 f —A—7K60-3Ce
07
06 [
05 f

04

03f

02 @Eﬁ
0.1 E

O C n n n n 1 n n n n 1 n n n n 1 n
20 40 60

Load (N)

Coefficient of friction

80

Fig.4 The average steady-state friction coefficient as a function of
normal load

The parallel grooves observed in Fig. 7c and d indicate
that the abrasive wear is also the prevailing wear mechanism
at a load of 20 N. Figure 7c shows that the width of the
grooves on the worn surface can increase with an increase in
the normal load. At a higher load (20 N), the depth of pene-
tration by the hard asperities of the counterface increases, as
a consequence, a larger volume of material can be removed
through the micro-cutting mechanism. In this way, the wear
rate of the specimens increases with increasing the normal
load (Fig. 6). The presence of Ce-containing precipitates in
ZK60-3Ce alloy (Figs. 2 and 3) can improve the abrasive
wear resistance by providing effective barriers to the plas-
tic deformation [35]. Moreover, higher yield and ultimate
tensile strengths obtained for ZK60-3Ce alloy (Table 2), as
results of the grain refinement and formation of precipitates,
can further contribute to the improvement of the abrasive
wear resistance. Therefore, the width of the grooves and
wear rate of ZK60-3Ce alloy does not significantly increase
with increasing the normal load from 5 to 20 N.

The appearance of the worn surfaces that experienced a
load of 40 N (Fig. 7e and f) is quite different from those that
have been subjected to lower loads of 5 and 20 N (Fig. 7a—d).
As indicated in Fig. 7e and f, the spallation of the studied

Fig.5 The evolution of friction
coefficient with sliding distance
under different normal loads for
ZK60-3Ce alloy
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Mg-alloys can take place during the wear process. The
results of the EDS analysis on the spalled region reveal
high oxygen contents, suggesting that the oxidative wear
mechanism can occur when a higher load (40 N) has been
employed. During the wear process, the contact tempera-
ture can increase with increasing the normal load. There-
fore, the Mg-alloys can be readily oxidized at higher contact
temperature in the ambient atmosphere. Consequently, the
oxidized patches can be formed on the worn surface [26,
37]. These oxidized patches are brittle and can be easily
detached, leaving a spalled region on the worn surface. In
addition to oxidative wear, abrasion can also take place at
this load by either the harder asperities of counterface or the
produced wear debris. Therefore, the sharp increase in the
wear rate observed in Fig. 6 (where the load increases from
20 to 40 N) can be attributed to the change in the active wear
mechanisms. Figure 8 shows the details of fracture and crack
formation on the oxidized patches corresponding to the load
of 40 N. The magnified images shown in this figure intend
to provide more details on the spalled region.

The oxidized layer on the worn surface can reduce
the metal to metal contact [22, 26]. Thus, a more stable
coefficient of friction can be observed at the higher loads
(Fig. 5). Comparing Fig. 7e and f, one can say that the size
of the oxidized patch in the ZK60 alloy is significantly
larger than that in the ZK60-3Ce alloy. This implies that
the presence of MgZn,Ce precipitates is effective in reduc-
ing the size of the fractured oxidized patches and thereby
the wear rate. In this regard, Liu et al. [38] reported that
the oxide film formed on the surface of ZK60 alloy con-
tains a number of defects that allow the growth of oxide.
Therefore, during the wear process, a loose and cracked

20
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o 8¢
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L
©
q) .
2 4f —o-ZK60
[ —4—ZK60-3Ce
0 L " " 1 " " n 1 " " 1 " "
0 20 40 60 80

Load (N)

Fig.6 The results of the volumetric wear rate as a function of applied
load for ZK60 and ZK60-3Ce alloys
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oxide layer on the surface of ZK60 alloy can be easily
fractured [38]. On the other hand, several studies [39-41]
reported that Ce in Mg-alloys could increase the resistance
to the oxidation of Mg-alloy. The addition of Ce to Mg-
alloys leads to formation of a protective and compact oxide
layer on the surface during the wear process. This uniform
oxide layer can hinder the further growth of oxide, making
it less susceptible to fracture and spallation (Fig. 8). This
can explain the higher wear rate of ZK60 alloy compared
to the ZK60-3Ce alloy at a load of 40 N.

The worn surface of the ZK60 and ZK60-3Ce alloys
tested at a load of 60 N is illustrated in Fig. 7g and h, respec-
tively, which can be characterized by both grooves and frac-
tured regions. The results of EDS analyses show high oxygen
contents on the worn surface of both alloys. This suggests
that oxidation can easily take place at higher load due to
higher contact temperature. As indicated in Fig. 7g and h,
during the wear process, cracks can initiate and propagate at
the oxidized region, leaving a fractured region on the worn
surface. Eventually, these oxidized regions spall off from the
surface and form the sheet-like wear debris. Subsequently,
the produced wear debris can act abrasively. Moreover, at a
load of 60 N, the precipitates can no longer be effective in
reducing the abrasion, and the wear rates of both alloys are
quite similar.

To support the explanations on the active wear mecha-
nisms provided up to here, the wear debris of the ZK60-3Ce
alloy has been studied under the SEM. Figure 9 shows the
morphology of the debris collected after the wear tests at
different loads. At a load of 5 N, the wear debris mainly con-
sists of small oxidized particles (Fig. 9a). The results of EDS
analysis on the generated wear particles shown in Fig. 9a
confirm the oxidation of the wear particles during the wear
process. It can be seen in Fig. 9b that the wear debris gener-
ated at a load of 20 N is a mixture of small fragmented and
flaky particles. However, at higher loads (i.e., 40 and 60 N),
the examination of the wear debris reveals numerous flakes
or sheets, indicating the delamination of oxidized patches
(Fig. 9c, d). The detachment of this plate-like debris causes
an increase in the wear rate of ZK60-3Ce alloy tested at the
load of 40 N (Fig. 6); during the wear process, cracks initi-
ate at the subsurface, gradually grow parallel to the sliding
direction and eventually reaches the surface. This, in turn,
leads to formation of the long thin sheet-like wear debris
(Fig. 9¢) [34].

Figure 9d indicates that the size of the sheet-like wear
debris significantly increases when the normal load
increases from 40 to 60 N. This can explain the higher wear
rate observed at a load of 60 N. Furthermore, as it is shown
in Fig. 9d, the surface of the sheet-like wear debris contain
numerous cracks, which can be broken down into smaller
particles and cause abrasion during the wear process.
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Fig.8 The details of the spalled oxidized patches on the worn surfaces of a ZK60, b ZK60-3Ce alloys, at a load of 40 N

4 Conclusions

This study investigated the effect of Ce addition (3 wt%) on
the wear behavior of ZK60 extruded alloy under different
normal loads. The results of this study are summarized as
follows:

1. Ce addition could refine the grain size of the studied
alloy from 6.1 to 2.0 pm. It was also found that, in addi-
tion to Mg,Zn; which already existed in the microstruc-
ture of the base alloy, Ce addition promotes the forma-
tion of a new type of precipitates (MgZn,Ce), increasing
the total fraction of precipitates.

2. The addition of Ce could improve the mechanical prop-
erties of the ZK60 alloy in terms of yield and ultimate
tensile strengths. This can be attributed to the increase in
the volume fraction of precipitates and the grain refine-
ment caused by Ce addition.

@ Springer

4,

Both studied alloys exhibited similar frictional behav-
ior, while the wear resistance of the Ce-added alloy was
higher within the different applied loads.

Under the normal loads of 5 and 20 N, the precipitates,
fraction of which is higher in Ce-added alloy, could act
as deformation barriers, enhancing the abrasive wear
resistance of the alloy. When the normal load increased
to 40, the surface oxidation also occurred, leading to a
sharp increase in the wear rate of the studied alloy. In
this condition, it seems that Ce addition could establish
a more stable and protective oxide layer, resulting in
higher wear resistance compared to the base alloy.
Increasing the normal load to 60 N, both studied alloys
show a similar wear behavior due to severe oxidative
wear condition, where the precipitates could not con-
tribute to the improvement of the wear resistance.
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Fig. 9 SEM micrograph of the wear debris detached from ZK60-3Ce alloy, under the different normal loads: a 5 N, b20 N, c40 Nand d 60 N
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