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Dry sliding wear behavior and mechanism of AM60B alloy at 25—200 °C
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Abstract: Dry wear tests under atmospheric conditions at 25—200 °C and loads of 12.5-300 N were performed for AM60B alloy.
The wear rate increases with increasing the load; the mild-to-severe wear transitions occur under the loads of 275 N at 25 °C, 150 N
at 100 °C and 75 N at 200 °C, respectively. However, as the load is less than 50 N, the wear rate at 200 °C is lower than that at 25 °C
or 100 °C. In mild wear regimes, the wear mechanisms can be classified into abrasive wear, oxidation wear and delamination wear.
Delamination wear prevailed as the mild-to-severe wear transition starts to occur; the delamination occurs from the inside of matrix.
Subsequently, plastic-extrusion wear as severe wear prevails accompanied with the transition. The thick and hard tribo-layer

postpones the mild-to-severe wear transition due to restricting the occurrence of massive plastic deformation of worn surfaces.
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1 Introduction

Magnesium alloys have been largely overshadowed
by aluminum alloys for a long time. However, they are
becoming one of the important lightweight materials in
the last few decades. Magnesium alloys maintain a
significant usage in machine, aerospace, automotive,
space and nuclear energy due to their low densities, high
specific buckling resistances, high specific strength,
good damping capacities, good manufacturing and
recycling capabilities [1-5]. The wear is a serious
problem when magnesium alloys are subjected to sliding
motion. The research about the wear of magnesium
alloys has received significant attention in recent years.
AMG60B alloy is one of the widely used magnesium
alloys and possesses an excellent toughness and ductility.
However, the research about the wear of AM60B alloy
has been sparsely reported till now.

AN et al [6] investigated the dry sliding wear of
AZ91 and Mgy,Zn,Y, alloys. They considered that there
were five wear mechanisms for magnesium alloys,
namely abrasion wear, oxidation wear, delamination
wear, thermal soften and melting. The superior wear
resistance of magnesium alloy was attributed to the
thermal  stability of intermetallic =~ compounds.
ABDEL-WAHAB [7] studied the dry sliding wear

behavior of hot deformed AZ61 alloy. The wear
mechanisms were classified into two main wear regimes,
the mild wear regime and severe wear regime. SHARMA
et al [8] and HUANG et al [9] also shared the same
viewpoint. But they pointed out that the severe wear
should include the transfer of material. AUNG et al [10]
studied the effect of sliding speed on the wear behavior
of AZ91D alloy. Abrasive wear, oxidation wear and
delamination wear prevailed at the sliding speeds of 0.01,
0.1 and 1.0 m/s, respectively. Recently, DAS et al [11]
studied the wear behavior of AZ31 alloy, and considered
that the oxidation wear prevailed at the low temperature;
the plastic-deformation prevailed at the elevated
temperature.

The aim of the present work is to study the effect of
ambient temperature and load on the wear behavior and
mechanism of AMG60B alloy. The morphology,
composition and structure of worn surfaces were
examined. The wear behavior and wear mechanism of
AMO60B alloy at 25-200 °C were explored, and the
relationship between the tribo-layer and the mild-severe
wear transition was clarified.

2 Experimental

The dry wear tests were performed on a pin-on-disk
high-temperature wear tester (MG—200 type). The pin
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specimens made from commercial AM60B alloy were
machined to 6 mm in diameter and 12 mm in length.
Because Mg—Fe was a popular sliding couple in
engineering, commercial AISI 10 steel (HB171) was
selected as the counterface, which was machined to 70
mm in diameter and 10 mm in thickness. The same test
parameters were used for all samples: normal load of
12.5-300 N; 0.5 m/s of the sliding speed; 600 m of
sliding distance; 25, 100 and 200 °C of the ambient
temperatures.

All data on wear were measured from pins. Prior to
the test, pins and disks were polished with 600 grit SiC
paper and degreased. The pins were cleaned with acetone
and dried before and after the test and then weighed for
the wear loss using a balance with an accuracy of
0.01 mg. The wear rate was calculated through the mass
loss divided by the density of the alloy and the sliding
distance.

The morphology, composition and phase of worn
surfaces were analyzed using an AMRA-1000B type
scanning electron microscope (SEM) equipped with Inca
Energy 350 type energy-dispersive spectrum (EDS), and
a D/Max—2500/pc type X-ray diffractometer (XRD)
respectively. The micro-hardness was measured using a
HVS-1000 type digital micro-hardness tester with a load
0f 0.098 N and a holding time of 20 s.

3 Results and analyses

3.1 Wear rate

The wear rates of AM60B alloy as a function of the
load at 25, 100 and 200 °C are shown in Fig. 1. The wear
rate increased with increasing the load under different
ambient temperatures. There existed the critical loads,
under which the wear rate started to increase rapidly. In
other words, the wear transition from mild wear to severe
wear occurred. It can be observed that the mild-to-severe
wear transition occurred at almost same wear rate range
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Fig. 1 Wear rate as function of load and ambient temperature
for AM60B alloy at 25, 100 and 200 °C, respectively

around (3—4)x10> mm’/m, that was reported by CHEN
and ALPAS [12]. The critical loads decrease with
increasing the ambient temperature, and were identified
to be about 275 N at 25 °C, 150 N at 100 °C and 75 N at
200 °C, respectively.

Under the loads lower than 50 N, the wear rate at
200 °C was lower than those at 25 and 100 °C. It is clear
that in this case, the wear under different ambient
temperatures fell in the mild wear regime. This seems to
be contrary to the popular viewpoint that the transition
from mild wear to severe wear was controlled by the
critical surface temperature [6, 12, 13].

3.2 Phase and morphology of worn surfaces

XRD patterns of the worn surfaces of AM60B alloy
under various ambient temperatures and loads are shown
in Fig. 2. It can be observed that tribo-oxides appeared
on the worn surfaces except for Mg and Mg;;Al;, phases.
At 25 °C, trace Mg—AIl—O phase appeared under a lower
load; MgO and trace Mg—Al—-O existed under the higher
loads. At 100 °C, trace Mg—AI-O also appeared under a
low load; the tribo-oxides were MgO and trace MgAl,O,
under a load of 150 N. As the load reached 250 N,
MgAl,O, turned to be a predominated oxide with trace
MgO. At 200 °C, the tribo-oxides were obviously
different from those at 25 and 100 °C under the lower
loads, and the tribo-oxides were MgO and trace
MgAlL,O,. As the load increased, MgAl,O, turned to be a
predominant tribo-oxide. It can be suggested that the
oxides formed on worn surfaces roughly according to an
order of Mg—AI-O, MgO and MgAl,O, with increasing
the ambient temperature and normal load. Table 1
summarizes the component and amount of tribo-oxides
on the worn surfaces of AM60B alloy under various
conditions. It must be noted that at 25 and 100 °C, the
amount of tribo-oxides increased with increasing the load,
but significantly reduced when the wear entered the
severe wear regime. However, at 200 °C, the amount of
tribo-oxides reduced with increasing the load.

The morphologies of the worn surfaces of AM60B
alloy under different ambient temperatures and loads are
shown in Fig. 3. Under the lower loads, many deep
grooves along the sliding direction presented at 25 °C
(Fig. 3(a)). As the ambient temperature increased,
delamination craters appeared with shallow grooves
(Figs. 3(d) and (g)). It is clear that at 200 °C, relatively
smooth worn surface was covered by tribo-oxide layer.

As the load increased, the delamination significantly
increased with the delamination crater enlarging at 25
and 100 °C (Figs. 3(b) and (e)). At 200 °C, the plastic
deformation and plastic yield started to appear besides a
small amount of delaminated regions (Fig. 3(h)). As the
load further increased, the obvious plastics deformation
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Fig. 2 XRD patterns of worn surfaces of AM60B alloy under
various conditions: (a) 12.5, 275 and 300 N at 25 °C; (b) 12.5,
150 and 250 N at 100 °C; (c) 12.5, 50 and 100 N at 200 °C

and fracture occurred at 25 and 100 °C (Figs. 3(c) and
(f)). However, at 200 °C, there was merely a gross plastic
flow without fracture because of the low flow strength at
high temperature, thus the worn surface turned to be
smoother (Fig. 3(i)). Especially, a large extrusion edge
appeared on the tip of the worn surface (Fig. 4(b)),
compared with a small one under 25 N (Fig. 4(a)).

3.3 Section morphology of worn surfaces

The section morphology of worn surfaces of
AMO60B alloy under various conditions was investigated,
as shown in Fig. 5. Under the lower loads, the tribo-layer
thickened with increasing the ambient temperature
(Figs. 5(a), (d) and (g)). Especially, the thickness of the
tribo-layer reached 30 um at 200 °C (Fig. 5(g)), which
was substantially thicker than 5 pm at 25 °C and 12 pm
at 100 °C. As the load increased, the morphology of
tribo-layer greatly changed. At 25 °C, the increased load
detached and thickened the tribo-layer (Figs. 5(b) and
(c)). It is clear that the detached tribo-layer appeared.
This means that the tribo-layer not only formed on the
worn surface, but also appeared on the subsurface. At
100 °C, the increased load significantly thinned the
tribo-layer on the worn surface. More importantly, the
delamination occurred in the matrix on subsurface,
where there existed crack and the oxide mixture inside
crack (Figs. 5(e) and (f)). At 200 °C, the tribo-layer
almost could not be found under the loads of 50-100 N
( Figs. 5(h) and (1)).

The existence of tribo-layer would be expected to
substantially affect the wear behavior, which depended
on the component and property of tribo-layer. The X-ray
energy dispersive line scanning analysis result for the
section of worn surface is illustrated in Fig. 6. It is
observed that the tribo-layer contained relatively higher
oxygen and lower magnesium than the matrix. Hence,
the tribo-layer was the mixture of oxide and matrix, as
shown in XRD pattern (Fig. 2). It is clear that the
tribo-layer was a mechanical mixing layer (MML), as
reported by SHARMA et al [8] and WANG et al [14].
The thickness and hardness of tribo-layer at the various
sliding conditions are summarized in Table 2. It must be
noted that the hardness of tribo-layer was obviously
higher than the alloy matrix. Undoubtedly, the hard, thick
mechanical mixing layer would cause the variation of
wear behavior and mechanisms.

Table 1 Component and amount of tribo-oxides on worn surfaces of AM60B alloy under various conditions

Temperature/ Main tribo-oxide Trace tribo-oxide Amount of tribo-oxide
°C 125N 275N 300N 125N 150N 250N 125N 50N 100N
25 - MgO MgO Mg—-Al-O Mg—-Al-O MgAl,0, Trace More  Less
100 - MgO MgAl,O4 Mg—Al-O MgAl,O4 MgO Trace More  Trace
200 MgO MgAl,O4 MgAl,O4 MgAl,O4 - - More Trace Trace
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Fig. 3 Morphologies of worn surfaces of AM60B alloy under various conditions:(a) 25 °C, 12.5 N; (b) 25 °C, 275 N; (c) 25 °C,
300 N; (d) 100 °C, 12.5N; (e) 100 °C, 150 N; (f) 100 °C, 250 N; (g) 200 °C, 12.5 N; (h) 200 °C, 50 N; (i) 200 °C, 100 N

4 Discussion

4.1 Wear mechanisms and delamination wear

The wear transition from mild wear to severe wear
of AM60B alloy occurred with increasing load under
different ambient temperatures. The wear transition
undoubtedly resulted in the change of wear mechanisms.
ABDEL-WAHAB [7] classified the wear mechanisms of

AZ61 alloy into the mild wear and severe wear and
emphasized the severe wear controlled by a mass of
plastic deformation and plastic yield. CHEN and ALPAS
[12] further classified the wear mechanisms into
oxidation wear and delamination wear for the mild
wear and the severe plastic deformation and melting
wear for the severe wear. AN et al [6] identified five
wear mechanisms for AZ91D alloy: abrasion,
oxidation, delamination, thermal softening and melting.
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Fig. 5 Section morphologies of worn surfaces of AM60B alloy under various conditions: (a) 25 °C, 12.5 N; (b) 25 °C, 275 N;
(c) 25 °C, 300 N; (d) 100 °C, 12.5 N; (e) 100 °C, 150 N; () 100 °C, 250 N; (g) 200 °C, 12.5 N; (h) 200 °C, 50 N; (i) 200 °C, 100 N

Table 2 Hardness and thickness of tribo-layer under various loads and ambient temperatures

Maximum thickness of tribo-layer/um  Hardness of tribo-layer, HV Hardness of matrix, HV

Ambient temperature/°C
125N 275N 300 N 125N 150N 250N 125N 50N 100N
25 4 25 40 110 110 100 75-85
100 15 10 20 103 - - 70-80
200 30 - - 119 - - 70-75

Note: Micro-hardness was measured on section of worn surfaces at room temperature for worn specimens under different ambient temperatures.

HUANG et al [9] studied the wear behavior of AZ91D
and AM60B alloys. They indicated that fatigue wear and
abrasive wear were the predominant wear mechanisms
for AM60B alloy and delamination wear, adhesive wear
and abrasive wear for AZ91D alloy.

The wear mechanisms under various sliding
conditions could be derived through the analysis for
phase, morphology and composition of worn surfaces. At
25 °C, under the lower load, many deep grooves
appeared on the worn surfaces. In this case, there was a
tribo-layer of 5 pm on the worn surface. It is clear that
Fig. 6 Line scanning analysis of section for worn surface of abrasion wear and oxidation wear were predominated
AMG60B alloy under load of 300 N at 25 °C wear mechanisms. As the load increased to 275 N, the
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tribo-layer thickened and delamination craters increased.
In this case, oxidation wear and delamination wear were
predominated wear mechanisms. As the load increased to
300 N, a mass of detached tribo-layer means the
appearance of a severe delamination wear. Hence, the
severe delamination wear and plastic extrusion are
predominant wear mechanisms.

At 100 °C, under the lower load, a few delamination
craters and a relatively thick tribo-layer appeared on the
worn surface. It is clear that oxidation wear prevailed. As
the load increased to 150 N, the delamination craters on
the worn surface enlarged, and the ftribo-layer
significantly thinned. The delamination occurred in the
matrix at subsurface. In this case, oxidation wear and
delamination wear prevailed. As the load further
increased to 250 N, obvious plastic flow appeared, and
the delamination deepened on subsurface. It is clear that
delamination wear and plastic extrusion are predominant
wear mechanisms.

At 200 °C, under a load of 25 N, a few delamination
craters and shallow grooves presented and a thick
tribo-layer appeared on the smooth worn surface

(Fig. 3 (g) and Fig. 5(g)). This is a typical oxidation wear.

As the load increased to 50 N, the plastic flow and a few
fracture marks appeared on the worn surface. The
tribo-layer was totally eradicated because a relatively
massive deformation resulted in the delaminating of
tribo-layer. As the load further increased to 100 N, a
totally plastic flow occurred on the worn surface. In this
case, the plastic extrusion prevailed.

In summary, as the load increased at different
ambient temperatures, the transition from mild wear to
severe wear occurred accompanied with the severe
delamination and massive deformation. This is
agreement with the reported research results [7-9]. In
our test, the mild wear regimes can be classified into
abrasive wear, oxidation wear and delamination wear. As
the tribo-layer is thin under lower loads and ambient
temperatures, abrasive wear prevailed. Usually, abrasive
wear and oxidation wear prevailed together. It is clear
that oxidation wear always prevailed in mild wear
regimes. The prior researches reported the delamination
wear prevailed in mild wear regimes, but did not clarify
the delamination pattern [7—-10]. We found that
delamination wear prevailed as the load or/and ambient
temperature reached a relatively high level, at which the
transition from mild wear to severe wear started to occur.
Especially, the delamination pattern was found to
delaminate from inside the matrix at subsurface. It is
clear that delamination wear belongs to a fatigue wear. In
this case, the wear depends on strength and toughness of
subsurface as well except for the role of the tribo-layer.
Higher strength and toughness of subsurface would delay
the initiation of cracks, thus reducing delamination.

There existed a crack and the oxide mixture inside the
crack on the section of the worn surface (Figs. 5(e) and
(f)). The EDS analysis result of wear debris could further
prove the delamination pattern, as shown in Fig. 7. It can
be observed that the upper side of the plate debris
presented relatively high oxygen, but low oxygen in the
delaminated side.

Mg
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Mg  62.67
Al 2.82
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Energy/keV
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Fig. 7 Morphology (a) and compositions (b, c) of wear
debris for AM60B alloy under load of 250 N at 100 °C:
(a) Morphology; (b) Upper side of debris; (¢) Delaminated side
of debris

4.2 Tribo-layer and oxidation wear

During sliding of magnesium alloy, more or less
tribo-oxides appeared on the worn surfaces. ZHANG et
al [15] investigated the friction and wear behavior of
Mg—Zn—Y quasicrystal materials and found the
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tribo-oxide to be MgO. CHEN and ALPAS [12] found
that the tribo-oxide was MgO in the mild wear of AZ91
alloy, but its amount was little in the severe wear.
ABDEL-WAHAB [7] investigated the wear behavior of
AZ61 alloy processed by the warm deformation
(extrusion and rolling) during drying sliding. They
pointed out that the tribo-oxide was ZnO, which only
appeared in the mild wear regime. But AUNG et al [10]
observed several tribo-oxides during the wear process. At
0.01 m/s, the main tribo-oxides were Mg—Al-O and
MgO, in abrasion wear. At 0.1 m/s and 1.0 m/s, the
tribo-oxides were MgO and MgAl,O,, respectively, in
oxidation wear. In the severe wear regime, the content of
tribo-oxide was very low.

In our experiment, XRD analysis results of the worn
surfaces show that various tribo-oxides appeared. The
oxide component of worn surfaces changed in the order
of Mg—Al-O, MgO and MgAlL,O4 with increasing the
loads and ambient temperatures (Table 1). There was no
MgO, phase but only Mg—Al—-O phase under the lower
ambient temperatures and loads. At 200 °C, the
tribo-oxides were MgO and MgAl,O,.

During sliding, under the normal load and friction
force, the particles of oxides and Mg were mechanically
mixed and pressed into the worn surfaces to form the
so-called MML. The thickness of tribo-layer even
reached 30—40 pm under the lower loads at 200 °C
(Fig. 5(g)). More importantly, the tribo-layer presented
higher hardness than the alloy matrix (Table 2).
Undoubtedly, the tribo-layer would affect the wear
behavior.

WANG et al [14] pointed out that as the tribo-layer
exceeded a certain thickness, it significantly affected the
contact conditions and wear rates due to its greater
stiffness and hardness compared with the substrate.
SHARMA et al [8] also indicated that the wear rate and
surface damage could be minimized if the plastic
deformation at the contact interfaces was prevented. The
tribo-layer withstanding high stress without the plastic
deformation or fracture of the matrix was very effective
in reducing wear. Obviously in our study, the tribo-layer
took a great part in preventing from wear. This depended
on the thickness and hardness of the tribo-layer. The
thick and hard tribo-layer is expected to definitely result
in a low wear rate.

The tribo-layer was thickened and compacted with
increasing the ambient temperature. Under the low loads
of 12.5-25 N, the tribo-layer could stably exist on the
worn surface to forbid the plastic deformation of the
substrate. Thus, the mild wear prevailed under the
ambient temperature of 200 °C and the low loads of
12.5-25 N. In this case, oxidation wear should be the
predominant wear mechanism. Consequently, the wear
rate at 200 °C was lower than that at 25 or 100 °C.

Although the tribo-layer at 25 and 100 °C did not thicken
and consolidated as much as at 200 °C. The produced
tribo-oxides would reduce wear more or less. Hence,
oxidation wear always prevailed in the mild wear regime.

5 Conclusions

1) The wear rate increases with increasing the load;
the mild-to-severe wear transition occurs under a load of
275 N at 25 °C, 150 N at 100 °C and 75 N at 200 °C,
respectively. However, as the load is less than 50 N, the
wear rate at 200 °C is lower than that at 25 or 100 °C.

2) A tribo-layer (MML) is found to form on worn
surface during wear. The MML contains oxides of
Mg—-Al-O, MgO and MgAl,O,, and has obvious
influences on the wear behavior and mechanism.

3) The mild wear regimes can be classified into
abrasive wear, oxidation wear and delamination wear.
Abrasive wear prevailed as the tribo-layer was thin;
oxidation wear always exists.
prevailed as the load or/and ambient temperature reaches
a relatively high level with the delamination occurring
from the inside of the matrix.

4) The delamination wear and plastic-extrusion
wear successively prevail companied with the
mild-to-severe wear transition. The thick, hard
tribo-layer postpones the mild-to-severe wear transition
due to restricting massive plastic deformation of worn
surfaces.

Delamination wear
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