Kovove Mater. 58 2020 25–32
DOI: 10.4149/km 2020 1 25

25

Eﬀects of Al content on friction and wear behavior
of weld surfacing Mg-Al-Zn alloy
Q. Chen1 *, Z. Zhao2, Z. Zheng1 , G. Cheng1 , Y. Zhao1 , L. Lu1
1

School of Mechanical and Electronic Engineering, Shandong Jianzhu University, Jinan 250101, P. R. China
2
School of Materials Science & Engineering, Northeastern University, Shenyang 110819, P. R. China
Received 1 July 2019, received in revised form 3 October 2019, accepted 25 October 2019
Abstract
In this study, surfacing-welding magnesium alloys with diﬀerent compositions were prepared by changing the Al content in the Mg-Al-Zn alloy welding wire. Also, the eﬀects of the
Al content on the dry sliding tribological performance and wear mechanism at room temperature were investigated. The results revealed that the macro-hardness of the surfacing-welding
Mg-Al-Zn alloy gradually increases. Also, the coeﬃcient of friction and wear rate gradually
decreases with the increase in the Al content from 3 to 9 % within the parameter range.
Among these alloys, the surfacing-welding alloy containing 9 % Al exhibited the best wear
resistance. The mechanism revealed that with the increase in the Al content, the grain size
and amount of the β-Mg17 Al12 phase in the alloy gradually increased, and the phase evolved
into a reticular shape from the originally dispersed particles. During the wear process, the
reticular phase can resist the plowing action caused by microscopic hard protrusions on the
grinding disc and the wear debris, protect the α-Mg matrix, decrease the amount of ﬁne granular debris generated by the abrasive wear mechanism, and enhance the wear resistance of
the surfacing-welding alloy. Four wear mechanisms were observed during the friction and wear
process of the surfacing-welding Mg-Al-Zn alloy, among which the abrasive wear and plastic
extrusion of the surface metal were the principal wear mechanisms, while the oxidative wear
and delamination wear were the secondary wear mechanisms.
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1. Introduction
Owing to its high speciﬁc strength and good shock
absorption, magnesium alloy has been considered as a
lightweight material with high development potential,
and it has been considerably applied in automobile
manufacturing, aerospace, and other ﬁelds in recent
years [1–3]. However, magnesium alloys also exhibit
some limitations, such as low hardness prone to wear
and scratch and high chemical activity prone to corrosion, easily leading to various local damage such as
wear, abrasion, and corrosion during the service life of
magnesium alloy components and parts. As a conventional surface cladding technology, surfacing welding
can eﬀectively and rapidly repair damaged magnesium
alloy materials and can be employed for the surface
strengthening and rapid prototyping of components
*Corresponding author: e-mail address: sjdcqq@163.com

and parts; hence, this method is of signiﬁcance in decreasing the manufacture and maintenance cycle, extending the service life of metal materials, and saving
resources [4, 5]. Besides, owing to the ﬂexible/simple
operation and high repair eﬃciency, the surfacing
welding technology demonstrates extremely important
applications under some special circumstances, including the rapid emergency repair of weapons and equipment [6, 7].
As one of the basic failure forms of components,
wear adversely aﬀects the service state of magnesium
alloy materials. Therefore, the friction and wear behavior of magnesium alloys have gradually become hot
research topics in recent years. For example, Niu et al.
have investigated the eﬀects of test parameters such
as test load, sliding speed, and ambient temperature
on the friction and wear behavior of magnesium alloys
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Fig. 1. Schematic of the surfacing-welding test [15].

T a b l e 1. Chemical composition of the Mg-Al-Zn alloy
welding wire (mass fraction)
Alloy

Al

Zn

Mn

Mg

AZ31
AZ61
AZ91

3.08
5.93
8.64

0.95
0.98
0.90

0.26
0.24
0.28

Bal.
Bal.
Bal.

and determined the wear mechanism of the Mg-3Al-0.4Si alloy under diﬀerent test conditions [8, 9]. Hu
et al. have investigated the eﬀect of large deformation
processing, such as high-pressure torsion on the tribological behavior of magnesium alloys [10, 11]. Yagi et
al. have reported that the addition of rare earth elements such as Y and Gd can eﬀectively enhance the
wear resistance of magnesium alloys [12–14].
The wear resistance of the surfacing-welding magnesium alloy mainly depends on the welding material
and welding process. The composition of the material
(i.e., welding wire) used in surfacing welding is the
basis for determining the post-welding performance.
However, extremely few studies on the friction and
wear behavior of surfacing-welding magnesium alloys
and the relationship between the friction and wear behavior and the composition of the wire have been reported. The intrinsic relationship between the composition, wear mechanism and wear resistance of the alloy still needs systematic and intensive studies. Therefore, the eﬀects of the variation of the Al content on
the microstructure, tribological behavior, and wear
mechanism of the surfacing-welding Mg-Al-Zn alloy
are investigated by using a conventional Mg-Al-Zn
magnesium alloy welding wire. The study can provide
a basis for the composition design of the welding ﬁlling
material comprising the magnesium alloy.

2. Experimental materials and methods
In this test, the diameter of the magnesium alloy

Fig. 2. Schematic of the pin-disc friction and wear test
[15].

wire was 2.5 mm. Table 1 summarizes the chemical
composition of the alloy wire. The thickness of the ascast sheet material was 10 mm, and the composition
consistent with that of the wire was used as the base
material for welding. Before the welding test, the oxide ﬁlms on the surfaces of the base metal and wire
were removed by mechanical grinding, and then the
surfaces were washed using an organic solvent such as
alcohol. Surfacing welding was carried out on a magnesium alloy sheet surface by tungsten-inert gas-shielded
welding. The diameter and height of the specimen
were 20 and 30 mm, respectively. Figure 1a shows the
schematic diagram of the surfacing-welding process.
The welding voltage was 15 V, the current was 130 A,
the protection gas was argon with a purity of 99.99 %,
and the ﬂow rate was 16 L min−1 . After the surfacingwelding test, the specimen was cut along its longitudinal section by wire cutting, and the section was
mechanically polished. The microstructures were observed by optical microscopy (DMI5000M, Leica) and
scanning electron microscopy (SEM, SSX-550, SHIMADZU). The phase composition of the surfacingwelding alloy was analyzed by X-ray diﬀraction (XRD,
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Fig. 3. The microstructure of the surfacing-welding Mg-Al-Zn alloy: (a), (d) AZ31; (b), (e) AZ91; (c) SEM micrograph of
the surfacing-welding AZ91 alloy and (f) EDS result for the position labeled in Fig. 3c.

MPDDY2094, PANalytical B.V.) at an accelerating
voltage of 40 kV and a current of 40 mA. The macro-hardness of the specimen was measured using a Vickers macro-hardness tester (452-SVD, Wolpert). Each
specimen was measured ﬁve times, and the values were
averaged.
Friction and wear tests were carried out on multifunctional friction and wear tester (MMD-1, Jinan
Yihua Friction Test Technology Co., Ltd.). The pin-

-disc friction pair (Fig. 2) was utilized. The dimension
of the pin was Ø 4.8 × 12.7 mm2 . Figure 1b shows
the sampling position. The inner and outer diameters of the disc were 28 and 44 mm, which comprised
45 steel (hardness: 24.8 HRC). The pin and grinding
disc were mechanically polished before the test, dried
with ethanol, and dried. The dry sliding friction test
was carried out, with a normal load of 25 N, a sliding speed of 0.75 m s−1 , and a sliding distance of 1 km
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Fig. 4. XRD pattern of the surfacing-welding AZ91 alloy.

Fig. 5. The hardness of surfacing-welding alloys with different Al contents.

at an ambient temperature of 25 ◦C. The coeﬃcient of
friction (COF) can be directly read from the test instrument. The weight loss of the pin was measured by
an electronic analytical balance before and after the
test, and the volumetric wear rate was calculated. After the test, the worn surface and morphology of the
debris were observed by SEM with energy disperse
spectroscopy (EDS), and the longitudinal section microstructure of the specimen was observed by optical
microscopy.

3. Results and discussion
3.1. Microstructures
Figure 3 shows the microstructure of the surfacingwelding magnesium alloy with diﬀerent Al contents.
From the optical micrograph, the microstructures of
the alloy mainly comprise a white α-Mg matrix and a
black/gray second phase. The combination of EDS results (Fig. 3f) and XRD patterns (Fig. 4) revealed that
the second phase is the β-Mg17 Al12 phase. Among
them, the β-phase in the surfacing-welding AZ31 alloy
is mainly dispersed as particles. With the increase in
the Al content, the amount of the β-phase gradually
increases, and its morphology gradually changes from
particles and chunks to an irregular reticular phase
along the grain boundary. To better observe the morphology of the β-phase, further observation was performed with SEM. Figure 3c shows the SEM micrographs. A small amount of α-Mg was present in the
pores amidst the β-Mg17 Al12 phase, and a lamellar
α + β eutectic structure attaches to the edges.
3.2. Mechanical properties
Figure 5 shows the hardness of the surfac-

Fig. 6. COF and wear rate of surfacing-welding alloys with
diﬀerent Al contents.

ing-welding alloys with diﬀerent Al contents. The
surfacing-welding AZ31 welding wire with an Al content of 3 % exhibits the lowest hardness of only
48.0 HV; with the increase in the Al content to 6 %,
the macro-hardness increases to 56.7 HV, with an enhancement of 8.7. Moreover, as the Al content reaches
9 %, the hardness of the surfacing-welding alloy increases to the maximum value of 69.0 HV. The macrohardness of the surfacing-welding magnesium alloy is
mainly related to the amount of the β-phase as the
β-phase as a hard, brittle phase exhibits a considerably higher micro-hardness than that of the Mg
matrix. Therefore, with the increase in the Al content, the size and amount of the β-phase in the
surfacing-welding magnesium alloy signiﬁcantly increase (Fig. 3), as well as the hardness increases.
Figure 6 plots the statistically counted COF and
wear rate of the surfacing-welding magnesium alloy.
With the increase in the Al content, the trend of the
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wear rate is opposite to that of hardness, and the
wear resistance is gradually enhanced, which is consistent with Archard’s law [16]. At an Al content of 3 %,
the wear rate of the surfacing-welding alloy reaches
the maximum value of 3.35 × 10−2 mm3 m−1 . After
employing the surfacing-welding process for the AZ61
magnesium alloy wire, the wear rate rapidly decreases
to 2.33 × 10−2 mm3 m−1 . With the further increase
in the Al content to 9 %, the wear rate gradually decreases to the minimum value, but the magnitude of
variation signiﬁcantly decreases. The change rule of
COF is similar to that of the wear rate, indicating
that it decreases with the increase in the Al content,
but it exhibits a lower varied extent. At an Al content
of 3 %, the COF of the surfacing-welding alloy reaches
the maximum value of 0.373. After the increase in the
Al content to 9 %, the COF of the surfacing-welding
alloy gradually decreases to 0.334.
The eﬀects of the Al content on the wear resistance
of the surfacing-welding alloy are mainly related to
the β-Mg17 Al12 phase. The β-phase exhibits two opposite eﬀects in the friction and wear process: on the
one hand, the micro-hardness of the β-phase is considerably greater than that of the α-Mg matrix, hence,
the bulky, reticular β-phase can render certain protection during the wear process; resist the plowing action
on matrix caused by microscopic hard protrusion and
grinding debris; reduce the adverse eﬀects of abrasive
wear, and enhance the wear resistance of the alloy. On
the other hand, previously, during the deformation of
surface and subsurface metals caused by friction, the
β-phases with a coarse size and an irregular shape
tend to cause stress concentration and become crack
sources, thereby increasing the extent of delamination
wear and decreasing the wear resistance of the alloy
[15, 17]. In the actual wear process, which action can
dominate the variation concerning the wear resistance
of magnesium alloys depends on the test parameters
and micro-wear mechanism.
3.3. Wear mechanisms
To precisely understand the relationship between
the tribological behavior of the surfacing-welding magnesium alloy and its elemental contents, the morphologies of the surface wear and debris generated after
friction were observed by SEM, and then four wear
mechanisms were observed: abrasive wear, oxidative
wear, delamination wear, and plastic-extrusion.
Figure 7 shows the SEM images highlighting the
wear morphology of the specimen surface. After the
sliding friction, a large number of furrows parallel to
the sliding direction are observed on the surfacingwelding AZ31 magnesium alloy surface, manifesting
the main characteristics of abrasive wear. Under this
wear mechanism, the microscopic hard protrusions on
the grinding disc surface and the debris between fric-

Fig. 7. Friction and wear surface morphology of surfacingwelding alloys with diﬀerent Al contents: (a) AZ31,
(b) AZ61, and (c) AZ91.

tion surfaces are pressed into the surface of the specimen under the test load. Next, the protrusions and
debris cut and plow the surface of the specimen during
sliding, leading to the breaking and falling of the surface metal and eventually forming furrows and granular wear debris (Fig. 9). Figure 7b shows the wear
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Fig. 8. EDS results for regions labeled in Fig. 7.

surface morphology of the specimen after the increase
in the Al content to 6 %. At this time, the number
of furrows signiﬁcantly decreases. With the further in-

crease in the Al content to 9 %, the wear surface of the
surfacing-welding alloy becomes smoother (Fig. 7c),
and the extent of abrasive wear is minimized. Also, a
small spalling pit is observed on the wear surface of
the surfacing-welding AZ91 alloy, indicative of the delamination wear on the alloy surface. The mechanism
results revealed that the surface metal is continuously
subjected to the cyclic actions of the normal load and
tangential friction force during the friction and wear
process; the cyclic actions cause the shear deformation to occur on the surface layer and accumulate to
form cracks or voids; the cracks continuously spread
to the surface, eventually forming local delamination
and sheet-like, block-like wear debris. However, owing to the limited test load, small spalling pit, and a
lower extent of delamination wear, the delamination
wear does not become the main wear mechanism. In
this test, owing to the low test load, the deformed extent and depth are limited for the sub-surface metal of
the surfacing-welding alloy. The principal wear mechanism is the abrasive wear, and the β-phase mainly
serves to protect the matrix. Therefore, with the in-

Fig. 9. Debris morphology of surfacing-welding alloys with diﬀerent Al contents after friction and wear: (a), (b) AZ31 and
(c), (d) AZ91.
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crease in the Al content, the wear resistance of the
surfacing-welding alloy gradually increases (Fig. 6).
Figure 8 shows the EDS results obtained for the
elemental content of the specimen surface after friction and the wear process. A small amount of O is
observed on the surfacing-welding alloy surface, indicating that the alloy also undergoes slight oxidative
wear during the friction and wear process. Oxidation
wear occurs because the magnesium alloy itself can be
easily oxidized. Meanwhile, a large amount of friction
heat is generated during friction, continuously oxidizing the alloy surface and forming an oxide ﬁlm. Under
the pressing and cutting actions on the metal part of
the disc, the oxide ﬁlm breaks and falls into granular
debris; as the sliding continues, the new oxide ﬁlm is
regenerated and then causes wear.
Figure 9 shows the morphology of the debris after the friction and wear process. The debris of the
AZ31 surfacing-welding alloy mainly comprises ﬁne
granular debris and large pieces of ﬂaky wear debris.
Among them, ﬁne granular debris mainly originates
from abrasive wear. With the increase in the Al content to 9 %, the abrasive wear extent of the AZ91
surfacing-welding alloy decreases (Fig. 7); hence, the
number of ﬁne debris in Figs. 9c,d signiﬁcantly decrease. Also, a large amount of ﬂaky wear debris is
observed (Fig. 9). Generally, the ﬂaky wear debris is
mainly related to the overall peeling of the surface
metal caused by the delamination wear. However, in
the test, the extent of delamination wear is low for
these alloy systems (Fig. 7), and a limited amount
of wear debris is generated by this mechanism. At
the same time, the edge morphology of the surfacingwelding alloy after wear revealed a large number of
lamellar structures (Fig. 10). Therefore, ﬂaky debris is
considered to result from the plastic-extrusion mechanism of the surface metal mainly, that is, during sliding friction, the friction-generated heat and the friction force act together and cause the thermal softening and severe plastic deformation of the surface
metal (Fig. 10b). Furthermore, the softened, deformed
surface metal is continuously squeezed to the edge of
the specimen, extruded, and peeled oﬀ to form ﬂaky
and chunky debris [18]. Finally, a lamellar structure is
formed at the edges of the test pin.

4. Conclusions
In this study, the surfacing-welding process of the
Mg-Al-Zn alloy wire with diﬀerent Al contents was
carried out, and the friction and wear behavior of the
welding wire were examined by the pin-disc dry friction and wear test at room temperature. The conclusions are as follows:
1. With the increase in the Al content from 3
to 9 %, the macro-hardness of the surfacing-welding
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Fig. 10. Morphology of the worn edge of the surfacingwelding AZ61 alloy: (a) SEM image and (b) optical microstructure of the longitudinal section.

Mg-Al-Zn alloy gradually increases, and the COF
and wear rate gradually decrease. Among them, the
surfacing-welding AZ91 alloy with an Al content of
9 % exhibits the lowest wear rate and the best wear
resistance.
2. Under the test conditions, the eﬀect of the Al
content on the wear resistance of the surfacing-welding
Mg-Al-Zn alloy is mainly related to the size and
amount of the β-Mg17 Al12 phase. With the increase
in the Al content, the size and number of the β-phase
gradually increase. Meanwhile, the morphology of the
β-Mg17 Al12 phase evolves from the dispersed particles
to a reticular structure, which can protect the matrix
during the wear process, resist the ploughing actions
caused by microscopic hard protrusions and wear debris, decrease the amount of ﬁne granular debris generated by the abrasive wear mechanism, and enhance
the wear resistance of the surfacing-welding alloy.
3. Under the test conditions, four wear mechanisms are observed during the friction process of the
surfacing-welding Mg-Al-Zn alloy: abrasive wear, ox-
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idative wear, delamination wear, and severe plastic deformation. Among these wear mechanisms, abrasive
wear and severe plastic deformation are the principal
wear mechanisms.
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