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Abstract: The wear behavior and mild—severe (M—S) wear transition of Mg—10Gd—1.5Y—0.4Zr alloy were investigated
within a temperature range of 20—200 °C. The morphologies and compositions of worn surfaces were examined to
identify the wear mechanisms using scanning electron microscope and energy dispersive X-ray spectrometer. The
microstructure and hardness in the subsurfaces were analyzed to reveal the M—S wear transition mechanism. Under a
constant loads of 20, 35 and 40 N, each wear rate—test temperature curve presented a turning point which corresponded
to the M—S wear transition. In mild wear, the surface material was plastically deformed and hence was strain-
hardened, whereas in severe wear, the surface material was dynamically recrystallized and consequently was softened.
It has been found that the critical temperature for M—S wear transition decreases with increasing the normal load, and
the normal load exhibits an almost linear relationship with critical temperature for M—S wear transition. This work
reveals that the M—S wear transition of the studied alloy conforms to the surface DRX temperature criterion.
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1 Introduction

Mg—Gd—Y—Zr alloys are a new type of rare
earth magnesium alloys, which are developed to
address the problems facing the conventional
magnesium alloys, such as poor -elevated-
temperature mechanical properties, low thermal

stability and unsuitability for heat-treatment
strengthening [1-4]. Recently, a series of
Mg—Gd—-Y—Zr alloys have been developed

demonstrating that they can possess high strength,
good creep resistance and strong precipitation-
strengthening effect at elevated temperatures [5—7].
JANIK et al [5] strengthened a Mg—10Gd—-3Y—
0.4Zr alloy by peak-aging treatment, from which a
high ultimate tensile strength above 300 MPa can
be kept up to 250 °C. YU et al [6] fabricated a

high-strength Mg—11.7Gd—4.9Y—0.3Zr alloy using
a combined technology of pre-deformation
annealing, hot extrusion and aging, from which
high yield strength of 500 MPa and moderate
elongation of 2.7% were reached. The great
achievements can considerably extend potential
applications of Mg—Gd—Y—Zr alloys in elevated-
temperature environments, even extending to the
room and elevated-temperature tribological
applications that used to be limited to aluminum
alloys, such as sliding bearing, clutch piston and
engine piston.

Up to now, a lot of researches have been
devoted to tribological behavior of Mg alloys [8—13].
The most attractive investigation is the mild—severe
(M-S) wear transition of Mg alloys. According to
the result proposed by CHEN and ALPAS [14], Mg
alloys exhibit two types of wear behavior, namely,
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mild wear and severe wear. Mild wear proceeds in a
steady state, in which wear rate increases gradually
with augmentation of load or sliding velocity, and
the surface is slightly damaged without severe
plastic deformation (SPD) or massive material
transfer to the counterface. Mild wear is thus
acceptable in engineering applications, and it is
usually regarded as a type of safe wear behavior.
For this reason, discovery of mechanism of M—S
wear transition and establishment of an effective
criterion are two big issues in investigating wear
characteristics of Mg alloys.

The M-S wear transition mechanism at room
temperature has been explored under various loads
and sliding velocities for several Mg alloys
including AZ31, AZ51, AS31 and Mg97ZnlY2
(at.%) alloys in previous studies [15—19]. It has
been proven that the M-S wear transition
mechanism is the softening of surface material as a
result of the dynamic recrystallization (DRX)
microstructure  transformation  during
testing. This finding is essentially consistent with
earlier wear experimental results of Mg and Al
alloys [14,20]. Moreover, the most important factor
governing the M—S wear transition of Mg alloys is
a certain critical surface DRX temperature that
depends on the sliding velocity [15,16,18].

Since only a limited number of research works
have been carried out regarding tribological
characteristics of Mg alloys at elevated
temperatures [21—23], many tribological issues
related with M—S wear transition need further
understanding. ZAFARI et al [21] investigated the
effect of load on wear rate of AZ91D alloy within
20—250 °C under a low sliding velocity of 0.4 m/s,
and thought that the M—S wear transitions under
different loads were decided at different critical
contact surface temperatures. WANG et al [22]
discovered that the critical load for M—S wear
transition of AZ91D alloy reduced with rising test
temperature during sliding at 0.5 ms ', and the
existence of mechanically mixed layer (MML) on
worn surface delayed M-S wear transition at
200 °C. Even though the available studies have
identified the presence of mild wear and severe
wear at elevated temperatures, the M—S wear
transition mechanism for Mg alloys has not yet
been fully clarified.

In this work, wear properties of Mg—10Gd—
1.5Y—04Zr alloy were studied at temperatures of

wear

20-200 °C. A high sliding velocity of 3.0 m/s was
chosen for avoiding evident MML formation on
worn surfaces and minimizing the influence of
MML formation on the M—S wear transition. The
mechanism for M—S wear transition was illustrated
by the changes of microstructure and mechanical
properties in subsurfaces. In addition, the
relationship between normal load and critical
temperature for M—S wear transition was also
discussed on the basis of a critical surface DRX
temperature criterion.

2 Experimental

2.1 Material

An ingot of Mg—Gd—Y—Zr alloy with 150 mm
in diameter and 200 mm in length was prepared by
the metal mold gravity casting process. The desired
amounts of pure Mg, Mg—15%Gd, Mg—10%Y and
Mg—5%Zr master alloys were heated to melt at
750°C in a graphite crucible placed in a
gas-protected electric furnace. After holding at
720 °C for 15 min, the melt was cast into a steel
mold. The chemical composition of the ingot was
examined by inductively coupled plasma emission
spectrometry, as listed in Table 1. The prepared
Mg—Gd—Y—Zr alloy is hereafter referred to as
Mg—10Gd—1.5Y—-04Zr alloy.

Table 1 Chemical composition of studied alloy (wt.%)

Gd Y Zr Mg
10.1 1.5 0.4 Bal.
2.2 Wear testing

A MG-2000 type high-speed and high-
temperature pin-on-disk wear tester was used for
wear tests under unlubricated sliding condition. Pin
specimens were machined from the casting ingot
into dimensions of 6 mm in diameter and 13 mm in
length. Disks were made of AISI 5150 steel by
quenching and tempering to Rockwell hardness
HRCS57. Before commencement of wear testing, the
surfaces of pins and disks were prepared by
grinding with SiC papers and polishing to surface
roughness of about 0.5 pm (R,).

Wear tests conducted within a
temperature range of 20-200 °C under various
loads of 10, 20, 30, 35, 40, 45, 50 and 60N,
respectively. For preventing MML from forming on
the surfaces during wear testing, a high sliding

WwWere
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speed of 3.0 m/s was selected to wear out the oxide
layer or MML as fully as possible. Each pin
specimen was tested with a constant sliding
distance, i.e. 565 m. The wear rate was expressed
by the volumetric wear loss per unit sliding
distance. The volumetric wear loss was calculated
through the measured reduction of pin length before
and after wear test using a micrometer with high
measurement accuracy (£0.0001 mm). Elevated-
temperature wear tests were carried out in the split
furnace. The required test temperatures were
guaranteed to have an accuracy of +5 °C by using a
chromel—alumel type thermocouple probe. At each
test temperature, after holding temperature for
about 15 min, wear testing started.

The morphologies of worn surfaces were
analyzed by a TESCAN VEGA3 scanning electron
microscope (SEM) equipped with an energy
dispersive  X-ray spectrometer (EDS). The
microstructure change in subsurfaces of pins was
examined after elevated-temperature wear tests
using a LEXT-OLS3000 confocal scanning laser
microscope. The microhardness distribution in
subsurface was measured using a HVS—1000
microhardness tester with 100 g load for 15 s.

3 Results and discussion

3.1 Microstructure of Mg—10Gd—1.5Y—0.4Zr
alloy

XRD analysis of Mg—10Gd—1.5Y—0.4Zr alloy
identified the presence of a-Mg phase and MgsGd
phase, as shown in Fig. 1. The optical microscopy
examination of the alloy showed that the
metallographic structure consisted of equiaxed
grains of a-Mg phase and discontinuous network of
MgsGd phase, as illustrated in Fig. 2. The average
grain size of a-Mg phase was measured to be about
36 um by linear intercept method. The Vickers
hardness of the studied alloy was measured to be
about HV 74.

In order to clarify the formation mechanism of
the network of Mgs;Gd phase in the casting process,
the thermal transformations in the studied alloy
were examined in a continuous heating mode by
differential thermal analysis (DTA), as shown in
Fig.3. The DTA thermal-gram exhibited two
endothermic peaks at 444.5 and 628.1°C,
respectively. Their onset temperatures were 364.5
and 578.4 °C, respectively. By comparing the two

onset  temperatures  with  those  thermal
transformation temperatures of Mg—10.1Gd alloy in
Mg—Gd binary phase diagram, it was found that
364.5 °C was lower than the onset temperature for
dissolution of MgsGd precipitate phase, 389 °C, and
578.4 °C was also lower than the onset temperature
for melting of a-Mg phase, 590°C. The
discrepancies between these temperatures could
be due to the effect of other elements in the studied
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Fig. 1 XRD pattern of as-cast Mg—10Gd—1.5Y-0.4Zr
alloy

Fig. 2 Optical microstructure of studied alloy
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Fig. 3 DTA curve for studied alloy
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alloy, such as Y and Zr. Since the maximum
solubility of the element Gd in a-Mg solid solution
phase is as high as 23.49% according to Mg—Gd
binary phase diagram, the discontinuous network of
MgsGd phase can be confirmed to originate from
precipitation rather than eutectic reaction during the
cooling process.

3.2 Effect of load and test temperature on wear
rate

Wear rate—test temperature curves under
various loads are shown in Fig. 4. The curves were
divided into three groups with regarding to the
variation trend with test temperature. The first
group only included the curve under normal load of
10 N. Its wear rate increased fast in the temperature
range of 20—50 °C, then maintained a low value
below 18x10™"2 m’/m throughout the temperature
range of 50—200 °C. The second group consisted of
the curves under the loads of 20, 30, 35, 40 and
45 N. Their wear rates also increased fast within
20-50 °C, then maintained low levels within
different certain temperature ranges, and finally
rose rapidly with further increasing temperature.
The corresponding temperature ranges for rapid
increasing and maintaining of wear rate were
20—185, 20—135, 20-100, 20-75 and 20-50 °C
when normal loads were 20, 30, 35, 40 and 45 N,
respectively. It is noticeable that the maintaining
temperature range decreases with increasing load,
i.e. decreasing from a width of 50—185 °C under
20 N to a single point, 50 °C, under 45 N. The test
temperatures at the turning points could be
consequently confirmed as 185 °C under 20 N,
135°C under 30 N, 100 °C under 35 N, 75°C
under 40 N and 50 °C under 45 N, respectively. The
wear rates at the turning points were all smaller
than 17x10'2 m*/m. Furthermore, it was also found
that they were very close to the wear rates of AZ51
and AS31 alloys under their respective M—S wear
transition loads, namely 12.5x107>m’/m under
50N for AZ51 alloy and 13.5x107"2 m*/m under
60 N for AS31 alloy [16,18]. Therefore, it is
reasonable to deduce that the turning points on wear
rate-test temperature curves actually correspond to
the M—S wear transitions according to the definition
given by CHEN and ALPAS [14].

The third group was composed of the curves
under 50 and 60 N. Both wear rates went up rapidly
in a large slope within 20—100 °C, then suddenly
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Fig.4 Variations of wear rates with test temperature
under various applied loads

dropped at 150 °C, and finally rose again at 200 °C.
Even though the two wear rate curves appear to
have a variation trend similar to that under 45 N,
the wear rates at 50 °C were much larger under 50
and 60 N than under 45 N. They are actually in the
severe wear regime. Therefore, the wear-rate curve
under 45 N was not included in the third group. In
addition, it was also noticed that the wear rate more
or less dropped when test temperature was higher
than 100 °C, especially an evident dropping
occurred at 150 °C under the loads of 40—60 N.
This phenomenon could be related with a certain
type of strengthening mechanism operating in the
studied alloy when test temperature was higher than
100 °C.

3.3 Wear mechanisms

The morphologies and chemical compositions
of worn surfaces were analyzed using SEM and
EDS techniques. The contents of major elements on
the worn surfaces are listed in Table 2. SEM
micrographs of worn surfaces are shown in Fig. 5.
The surfaces worn at 20 °C in mild wear displayed
typical delamination scars and small detached
pieces of oxide layer, just like the morphological
features of worn surface at 20N and 20 °C
(Fig. 5(a)). Meanwhile, the contents of oxygen
element were quite high on the worn surfaces, for
example, 13.04% at 20 N and 7.99% at 40 N. The
corresponding wear mechanisms were delamination
and surface oxidation (SO). However, it was found
that these surface morphological features appeared
not evident at elevated temperatures, i.e. the number
of delamination scar decreased and the surfaces
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Table 2 Contents of major elements on worn surfaces

Load/N Temperature/°C Contentwt.%

Gd Y Zr

50 385 9.08 1.62 0.55

100 7.68 923 153 0.39

10 150 386 928 1.62 0.51
200 305 9.19 141 0.63

50 310 9.18 1.68 0.53

100 192 9.17 150 0.56

30 150 516 8.80 130 0.50
200 372 867 1.50 0.75

20 7.99 890 128 044

50 1.76 929 1.71 0.54

40 75 249 9.60 140 0.35
150 398 929 146 0.30

200 1.58 894 149 0.54

20 380 9.61 139 0.35

50 385 9.06 148 0.55

60 100 582 9.04 143 047
150 1.78 9.10 1.44 044

200 1.17 933 1.55 0.62

became flat. Moreover, a few of wear mechanisms
that usually occurred at room temperature in mild
wear regime for magnesium alloys,
oxidation, abrasion and delamination, disappeared
at elevated temperatures above 50 °C. For the first
group of wear rate curve, i.e. under 10 N, the worn
surfaces at 50 and 100 °C were suffered from mild
plastic deformation (MPD) and a few spallation
scars of oxide layer, which resulted in a flatten
surface and a few shallow detachment scars of
oxide layer (Fig.5(b)). The contents of oxygen
element were 3.85% and 7.68%, respectively. As
seen from the top right photograph showing the
edge of the specimen, the surface material was
plastically deformed along the sliding direction, but
was not extruded out the contact surface. These
features indicate that MPD and SO are the major
wear mechanisms. As test temperature was
increased above 100°C, the surface was
characterized by a smooth appearance along with a
few of scratches and scars (Fig. 5(c)), meanwhile
the surface material was still restricted between the
contact surfaces. The contents of oxygen element
were 3.86% at 150°C and 3.05% at 200 °C,

such as

respectively.  Therefore, the primary wear
mechanisms were MPD, scratch and slight surface
oxidation. It is noted that even in the mild wear
regime, the content of oxygen element do not
invariably increase with increasing test temperature.
This could be related with the enhancement of
MPD at high temperature, because the brittle oxide
film or layer was easily broken and removed from
the deformed surface at high sliding speed.

For the second group of wear rate curves, for
example, when subjected to 40 N, the worn surfaces
were also slightly deformed at 50 and 75 °C
(Figs. 5(d) and (e)). Even though the worn surface
was much evener at 75 °C, the surface material was
still limited between the contact surfaces and a few
cracks were found on localized area. The oxygen
element content declined to a very low extent, only
1.76%-2.49%. The main mechanism was thus
MPD. However, at temperatures above 75 °C,
surface material underwent SPD and was extruded
out the contact surface, resulting in a rather smooth
surface and a bending edge (Fig. 5(f)). In addition,
there were no scars and cracks on the surface,
indicating that the surface material exhibits a better
ductility at temperatures above 75 °C. This suggests
that wear mechanism transforms from MPD to
SPD.

For the third group of wear rate curves, when a
high load of 60 N was applied, the worn surface
demonstrated typical SPD features even at 20 °C,
that is, the worn surface was very smooth without
cracks, and the extruded surface material produced
a bending edge (Fig. 5(g)). The bending edge was
much more obvious as test temperature was
increased to 50 °C (Fig. 5(h)). This could be due to
the thermal softening originating from frictional
heating produced by large load and high sliding
velocity.

As for the dropping of wear rates at
temperatures above 100 °C, the surface oxidation
was found not to be the dominant cause, since the
content of oxygen element was rather low at 150 °C
under the loads of 40—60 N, ranging from 1.78% to
3.98%. Such a low content of oxygen element was
insufficient to produce a hard oxide layers that
could cover the entire worn surface and decrease
wear rate considerably. From the aspect of casting
process of the studied alloy, the precipitation
hardening that occurred during wear testing at
elevated temperatures might be a major reason for
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Fig. 5 SEM images of worn surfaces under different sliding conditions: (a) 20 N, 20 °C; (b) 10 N, 50 °C; (c) 10 N,
200 °C; (d) 40 N, 50 °C; (e) 40 N, 75 °C; (f) 40 N, 150 °C; (g) 60 N, 20 °C; (h) 60 N, 50 °C

the dropping of wear rate. In fact, the a-Mg phase
was in a super-saturated state owing to fast cooling
velocity during steel mold casting, and precipitation
could happen at test temperatures above 100 °C.
SMOLA et al [24] reported that intermetallic phases
precipitated in as-cast Mg—Gd—Y—Zr alloys such as
Mg-10Gd, Mg—15Gd and Mg—10Gd—-3Y—0.5Zr
alloys during heating at temperatures ranging from
100 to 250°C, in which phase transformation
developed in  the following sequence:
supersaturated solid solution o'(hcp)—f"(D019)—
p'(cbco)—>p(MgsGd, fce).

In order to testify the deduction of
precipitation hardening, cylindrical samples of
8.0 mm in diameter and 10.0 mm in length were

directly machined from the studied alloy for aging
test. The samples were heat-treated in an electron
resistance furnace without protection of shield gas
at temperatures of 50—200 °C during a period of
20 min (almost the same period of wear testing).
After standard surface preparation including
grinding with SiC sand paper and polishing with
diamond paste, the hardness was measured using a
HVS-1000 microhardness tester. The average
hardness values after aging at different temperatures
are listed in Table 3. The hardness measurement
results identified the precipitation hardening
phenomenon at temperatures of 150—200 °C. The
hardness was enhanced significantly above 100 °C,
i.e., increased from HV 74.1 at 20 °C to HV 81.5 at
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150 °C. In fact, several Mg—Gd—Y—Zr alloys have
been reported to exhibit significant strengthening
effect after aging at temperatures of 180—200 °C for
a short period. NING et al [25] reported that hot-
rolled Mg—10Gd—3Y-2Ag—0.4Zr alloy exhibited a
hardness increase from HV 95 to HV 113 after
aging at 180 °C for 24 min.

Table 3 Hardness results of as-cast alloy after aging at
different temperatures

Temperature/°C Hardness (HV)
20 74.1
50 75.6
100 78.5
150 81.5
200 82.3

A wear mechanism transition map of the
studied alloy was established on test temperature—
normal load coordinate system, as shown in Fig. 6.
It consisted of two major regions, namely mild and
severe wear regions. The boundary between them
was indicated by solid line 44'. Each region was
composed of several sub-regions. The mild wear
region (considered as safe working region) included
three main sub-regions. They were delamination+
surface oxidation, MPD+surface oxidation and
MPD+scratch  sub-regions, respectively. At the
temperatures of 50—200 °C, the surface oxidation
mainly occurred as the normal load was not higher
than 10 N. Here, we defined the surface oxidation
as the content of oxygen element on the worn
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Fig. 6 Wear mechanism transition map (D—Delamination;
MPD-Mild plastic deformation; SO—Surface oxidation;
SPD—Severely plastic deformation; SM—Surface melting;
Sc—Scratch)

surface was larger than 3.0%. The severe wear
region was composed of two sub-regions, i.e., SPD
and surface melting (SM) sub-regions that were
separated by dashed line BB'. The boundary lines
CC' and DD’ were determined by the absence of
delamination wear mechanism and occurrence of
scratching, respectively.

3.4 M-S wear transition mechanism

As observed from the wear mechanism
transition map, a common point was noted that the
onset of M—S wear transitions was accompanied by
the wear mechanism transition from MPD to SPD
under loads of 20—45 N. This phenomenon suggests
that the occurrence of SPD is possibly related with
a certain type of microstructure transformation in
surface material and the consequent property
change. The microstructure and microhardness in
subsurfaces were therefore examined for several
selected pin specimens tested under 30, 40 and
60 N in mild and severe wear regimes, as shown in
Figs. 7 and 8, respectively.

Under the load of 30 N, at 50 °C, a deformed
microstructure zone with a thickness of about
170 pum was formed in the subsurface (Fig. 7(a)).
As seen in the magnification photograph (Fig. 7(b)),
a considerable amount of deformation twins were
produced in a-Mg grains along the deformation
direction. At 100 °C, the deformed microstructure
zone was extended to about 180 pm in depth
(Fig. 7(c)). However, when test temperature was
further increased to 150 °C, besides formation of a
friction-affected zone (FAZ) with a depth of
190 um, another important finding was that a quite
different microstructure of the original deformed
microstructure in the top part of FAZ took place,
namely a newly formed microstructure consisting
of fine grains in submicrometer scale was
developed within 0—50 um in depth (Fig. 7(d)).
These fine grains might be formed by DRX
transformation, since the combination of large
plastic strain and high surface temperature rising in
the near-surface region enable DRX transformation
to realize. With the test temperature reaching the
highest temperature of 200 °C, the microstructure
transformation in subsurface became more
complicated. It is known from metallic
recrystallization theory that the plastically deformed
magnesium alloys undergo static recrystallization
(SRX) when heating temperature is higher than
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Fig. 7 Microstructures in subsurfaces under different conditions: (a, b) 30 N, 50 °C; (c) 30 N, 100 °C; (d) 30 N, 150 °C;
(e) 30 N, 200 °C; (f) 40 N, 50 °C; (g) 40 N, 100 °C; (h) 60 N, 20 °C

150 °C. Therefore, at 200 °C, below the top DRX
microstructure zone was actually a zone of SRX
microstructure along with deformed a-Mg grains
within the depth of 30—100 um (Fig. 7(e)). In
contrast to the continuous dynamic deformation in
near surface zone, an almost static deformation

zone with a steady-state plastic strain distribution
was formed below. Such a distribution of steady-
state plastic strain in the subsurfaces was found in
several magnesium alloys even after a short period
of sliding wear [26]. This type of strain distribution
can promote SRX microstructure transformation
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within a certain depth range in subsurface as long as
the test temperature is higher than 150 °C. Under
40N, a similar transformation from plastic
deformation to DRX microstructure was found in
the near surface region before and after the critical
temperature of 75 °C ((Figs. 7(f) and (g)). Under
the highest load of 60 N, DRX microstructure
transformation was found to be realized within the
0—30 pum depth even at 20 °C (Fig. 7(h)).

Since DRX softening typically accompanies
the DRX microstructure transformation, the
microhardness in the subsurface was measured to
verify the softening effect, as shown in Fig. 8.
Under the lowest load of 10N, the hardness
increased within 20 um depth with temperature
rising, even through a rapid decrease of hardness
occurred at depth above 20 um as temperature was
200 °C (Fig. 8(a)). This means that there is no
softening in the near-surface region in the mild
wear regime. However, the softening of surface
material was observed in specimens suffered from

severe wear. Under the load of 30 N, when wear
was mild at 50 and 100 °C, the hardness reduced
monotonically along the depth direction until the
hardness of wunaffected substrate, suggesting
strain-hardening effect decreasing with the increase
in depth (Fig. 8(b)). The hardness was found to be
higher at 100 °C than at 50 °C within 30 um in
depth. This could be due to the combination of an
enhanced strain-hardening effect by larger plastic
deformation extent and an evident precipitation
hardening effect at 100 °C. When wear was severe
at 150 and 200 °C, the hardness values were much
lower than those at 50 and 100 °C within 80 um in
depth, suggesting the occurrence of softening. The
hardness curve exhibited a V-shaped wvalley at
50 °C, but a W-shaped variation at 100 °C within
the softening depth range. In comparison with
subsurface microstructures in Figs. 7(d) and (e), the
V-shaped valley at 50 °C actually corresponded to
DRX microstructure transformation zone, while
W-shaped variation range corresponded to DRX
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and SRX microstructure transformation zones.
Under 40 N, at 100 °C, a low hardness valley was
also formed within 70 um in depth, whereas at
50 °C, the hardness decreased monotonically
throughout the entire plastic deformation zone
(Fig. 8(c)). The low valley of hardness apparently
corresponded to the DRX microstructure zone.
Similarly, under 60 N, a low hardness valley also
occurred within 30 pm in depth even at 20 °C
(Fig. 8(d)). The difference between the hardness
distributions in subsurfaces prior to and after M—S
wear transition confirms that DRX softening in the
near surface region is the real cause of M—S wear
transition.

3.5 Relation of normal load with test

temperature for M—S wear transition

The M-S wear transition mechanism of
magnesium alloys during dry sliding wear at room
temperature has been proven to be the softening of
surface layer material owing to DRX microstructure
transformation by several research works [15—19].
LIANG et al [15-17] and AN et al [18,19] have
proposed a surface DRX temperature criterion of
M-S wear transition for magnesium alloys on the
basis of comprehensive studies of AZ31,
Mg—5A1-0.8Zn, Mg—3Al1-0.4Si—0.1Zn and
Mg97Zn1Y?2 alloys. The surface DRX temperature
criterion tells that when friction-induced surface
temperature  (7%) critical DRX
temperature (7prx), i.€. Ts>Tprx, mild wear transits
into severe wear. The critical DRX temperature
only depends on the sliding speed. A model for
evaluating the transition load (Fy) is established
according to the surface DRX temperature criterion
of M-S wear transition, as expressed by Egs. (1)
and (2). These two equations are actually derived
from the relation of friction-induced surface
temperature (7,) with normal load (F) and sliding
velocity (v) proposed by LIM and ASHBY [27], as
expressed by Eq. (3).

€XCEeSses  a

Tppx —T
p_ToxT) "
Cprx KV
C o __ )
AnKmp
o Fvl
T, =7+ 3)
AnKmp

where T is the environmental temperature, cprx is

an approximate constant that is related to the
material properties of friction pair, u is the
coefficient of friction, and A4,, /,, K, and a stand
for the nominal contact area, mean diffusion
distance, thermal conductivity and conducted heat
fraction of the pin, respectively.

In the present study, it is noted that at M—S
wear transition state, normal load shows a perfect
linear relation with test temperature within
20—190 °C, i.e. raising test temperature decreases
the required normal load, as shown by solid line A4’
in Fig. 6. After linearly fitting as shown in Fig. 9,
the normal load can be written as a linear function
of test temperature 7, i.e. Eq. (4), and it can also be
expressed by Eq. (5).

F; =kT+F, “
Fp==k(T,=T) )

where Fy and T are the intercepts of F'r and T axes,
respectively, their respective values are 53.4 N and
302.9 °C, and £ is the slope of linear relationship,
—0.1764. The physical meaning of F, is the
transition load when test temperature is 0 °C, as
shown from the fitted line. Nevertheless, the
meanings of k and 7, cannot be easily determined
from the fitted line. However, it is found that Eq. (5)
is similar to Eq. (1), i.e., the modeling of M—S wear
transition load for Mg alloys at room temperature
was put forth by LIANG et al [15,16]. If the surface
DRX temperature criterion can be applied to dry
sliding wear at elevated temperatures, transition
load should have a linear relationship with test
temperature under a constant sliding speed, given
that cprx and u are not evidently influenced by test
temperature, i.e., they can be roughly regarded as

60
__ 534N
50 F —— Measured
—o— Linearly fitted
40 +
Z
T 30}
=
20+
10} 302.9 °C

0 5‘O 160 15IO 260 25‘0 300
Test temperature/°C
Fig. 9 Curves of normal load vs test temperature for
M-S wear transition
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constants. Therefore, as seen from the linear
relationship between Fr and 7, the Mg—10Gd—
1.4Y—0.4Zr alloy could follow the surface DRX
temperature criterion during the dry sliding wear at
temperatures of 50—200 °C.

By comparison of Eq. (1) with Eq. (5), it can
be seen that 7 and —k correspond to 7Tprx and the
reciprocal of cprxuv, respectively. In the present
study, the coefficient of friction x varied narrowly
around 0.32 at different M—S wear transition states,
and sliding velocity was a constant of 3.0 m/s. cprx
is therefore calculated to be 5.905 using the values
of k, u and v. At the different M—S wear transition
states, l,, A, and o could be considered as nearly
constants since the reduction in length of pins was
very small compared with their original length. As
for the thermal conductivity of pin (Kyp), it is
reported that thermal conductivity increases a little
at 50—200 °C for magnesium alloys. For instance,
thermal conductivity varies from 105 to
107 W/(m-K) for Mg—1.5%Al alloy, from 137 to
142 W/(m'K) for Mg—1.0%Zn alloy, from 57 to
64 W/(m-K) for Mgy;Zn,Y, alloy, from 51 to 57 for
aged Mgy,Zn;Gd, alloy [28—31]. The almost
constant x4 at the different M—S wear transition
states could be due to the same surface DRX
temperature and similar surface morphologies even
though the test temperatures
Therefore, for the reason of simplification, cprx can
be approximately taken as a constant at different
M-S wear transition states. In order to confirm if 7
3029 °C was the critical DRX temperature of
surface material under given sliding velocity
condition, the strain rate of surface material plastic
deformation was measured after wear testing, and
then hot compression tests were conducted at a
similar strain rate within a temperature range of
250-350 °C.

The equivalent shear strain was measured by
means of the curvature of the flow line under two
siding conditions in mild wear, and then was plotted
against depth from the surface, as shown in Fig. 10.
The equivalent strain &(z) at the depth z was
calculated using the shear angle of the flow line 6(z),
as expressed by Eq. (6) [32,33].

were different.

g(z)z?tan@(z) (6)

The equivalent strain was very large near the

surface. The strain was higher than 1.0 within
5—40 um in depth under 30 N and 100 °C, and
within the 5-80 um depth under 40 N and 50 °C,
respectively. The corresponding strain rate varied
from 5.3x107 to 3.5x107 s within 5-40 um in
depth under 30 N and 100 °C, and from 5.3x10°° to
5.6x107 s™' within 5-80 pm in depth under 40 N
and 50 °C. Since friction-induced DRX micro-
structure transformation occurred in the two depth
ranges under 30 and 40 N, the strain rates in the
middle of the two depth ranges could be
approximately took as 1.0x107*s™'. Therefore, hot
compression tests were performed with strain rate
of 1.0x102s™" until true strain of 1.0 in the
temperature range of 250—350 °C for determination
of DRX temperature.

10

- —=-30N, 100 °C
= 87 —e— 40N, 50 °C
<

Z

0 20 40 60 80 100 120 140 160 180
Depth from surface/um

Fig. 10 Curves of equivalent plastic strain vs depth from
surface

After hot compression testing, the optical
microstructures of the samples were examined. The
microstructures of hot compressed samples at
290 and 300 °C are shown in Fig. 11. At 290 °C, a
series of deformation twins were formed in a-Mg
grains, while at 300 °C, a lot of fine DRX grains
occurred. The DRX grains evidently grew at the
original locations of twins. The critical temperature
for DRX microstructure transformation at
1.0x107 5" was consequently considered as 300 °C.
The DRX temperature determined in hot-
compression tests essentially agrees with the
linearly fitted 7, 302.9 °C. Therefore, it is
reasonable to conclude that the M—S wear transition
of Mg—10Gd—1.5Y-0.4Zr alloy at elevated test
temperature still follows the critical temperature
criterion by LIANG et al [15,16].



Yuan-bo WANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2986—2998

Deformation twins

Fig. 11 Microstructures after hot compression at
different temperatures: (a) 290 °C; (b) 300 °C

4 Conclusions

(1) There were evident turning points on the
wear rate vs test temperature curves under normal
loads of 20—45 N. The wear rate increased rapidly
as test temperature exceeded the critical value at
turning point. The turning points actually
corresponded to the M—S wear transitions.

(2) The critical temperature for M—S wear
transition decreased from 185 to 20°C with
increasing normal load from 50 to 20 N.

(3) In mild wear region, the main wear
mechanisms were delamination, surface oxidation,
MPD and scratch. In severe wear region, the major
wear mechanisms were SPD and surface melting.

(4) In mild wear, surface material underwent
plastic  deformation and consequently was
strain-hardened, while in severe wear, surface
material  experienced ~DRX  microstructure
transformation and therefore was softened.

(5) The normal load presents an almost linear
relationship with the critical temperature for M—S
wear transition. The good agreement between the
linearly fitted DRX temperature and hot-
compression result proves that M—S wear transition
at elevated temperatures obeys the surface DRX
temperature criterion.
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