
Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

Full length article

The influence of surface pre-twinning on the friction and wear performance
of an AZ31B Mg alloy

Bo Maoa, Arpith Siddaiaha, Xing Zhanga, Bin Lib, Pradeep L. Menezesa,⁎, Yiliang Liaoa,⁎

a Department of Mechanical Engineering, University of Nevada, Reno, Reno, NV 89557, USA
bDepartment of Chemical and Materials Engineering, University of Nevada, Reno, Reno, NV 89557, USA

A R T I C L E I N F O

Keywords:
Friction
Wear
Magnesium alloys
Deformation twins

A B S T R A C T

Twinning is an important mode in plastic deformation of hexagonal close-packed magnesium (Mg) alloys that
are promising lightweight structural metals. Recent studies show that the hardness, strength, and stretch
formability of Mg alloys can be improved by pre-twinning. However, how twinning and associated micro-
structure influence the tribological properties of Mg alloys have not been studied systematically. In this work, a
gradient twin microstructure in which the density of twins decreases with depth was introduced to an AZ31B Mg
alloy plate by laser shock peening. Then sliding tests were performed on surfaces with varying twin volume
fraction (TVF) under dry condition. The results shown that both the coefficient of friction (COF) and wear rate
decrease with the increase of TVF. A possible mechanism responsible for the effect of surface pre-twinning on the
tribo-performance of Mg alloys is proposed. In specific, it is discussed that the improved tribo-performance of Mg
alloys by pre-twinning are attributed to the twinning-induced hardening effect, twin growth and saturation
phenomenon, and twinning-induced surface crystallographic texture change during sliding. We envision the
results in the present study can offer new insights on the designing and developing Mg alloys towards enhanced
tribological performance.

1. Introduction

Magnesium (Mg) and its alloys offer lightweight alternatives to
conventional metallic materials due to their good strength-to-weight
ratio, machinability and recyclability [1,2]. However, their potential
applications are currently restricted due to their poor formability,
limited ductility and low wear resistance at room temperature [3–5].
New alloy design and processing strategies have been developed in
recent years in order to overcome these barriers [6–8], while most of
them aim to improve the ductility and/or strength of Mg alloys. In some
applications, such as pistons, valves, bearing, sliding seals and gears,
Mg alloys are subjected to sliding motion where friction and wear
performance is of specific importance [9]. Moreover, sliding wear is an
important consideration in the forming process of Mg alloys, such as
drawing, extrusion and forging [10]. Therefore, improving the tribo-
logical properties of Mg alloys is of critical importance for expanding
their engineering applications.

Several studies have been conducted to investigate the tribological
properties of Mg alloys as affected by various tribological conditions
including applied load, sliding speed, temperature and lubricated con-
ditions [10–17]. For instance, Anbu et al. [12] studied the wear

mechanism of a casted ZE41A Mg alloy. Five wear mechanisms were
proposed including abrasion, oxidation, delamination, plastic de-
formation, and melting. Taltavull et al. [13] investigated the effects of
applied load and sliding speed on the wear behavior of an AM50 Mg
alloy. It was found that the wear behavior transitioned from abrasion
and adhesion to severe plastic deformation with increasing applied load
and sliding velocity. Liang et al. [18] explored the correlation between
friction-induced microstructural evolution and tribological properties
of AZ31 Mg alloys. It was found that a solidified layer formed beneath
the worn surface followed by a dynamic recrystallization zone and a
deformed zone.

Besides these scientific studies, several strategies have been devel-
oped to improve the tribological performance of Mg alloys, either by
fabricating a hard surface coating or introducing a nano-crystallization
surface layer. For instance, Yu et al. [19] utilized a plasma electrolytic
oxidation method to fabricate SiC based coatings on the surface of an
AZ31 Mg alloy. The wear rates of the coated Mg alloy samples were
reduced by 75% as compared with the untreated ones. Wang et al. [20]
developed a laser cladding approach to fabricate AleSi coatings on the
surface of an AZ91 Mg alloy. The results showed that the wear rate can
be significantly decreased by laser cladding. Sun et al. [15] carried out
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a surface mechanical attrition treatment on an AZ91D Mg alloy and
found that the coefficient of friction (COF) of the processed samples can
be reduced by 15% with the presence of nano-grains.

Despite the aforementioned studies, little attention has been placed
on investigating how the tribo-performance of Mg alloys is affected by
deformation twinning, which is the prevalent plastic deformation me-
chanism in Mg alloys due to their limited slip systems at ambient
temperature [21]. Twins are lenticular grains with a different but well-
defined crystallographic orientation from the parent grain activated
typically by a homogeneous simple shear [22]. Among the multiple
modes, 〈 〉{1012} 1011 extension twinning is the most commonly observed
twinning mode in Mg alloys. Recent studies show that the pre-existing

〈 〉{1012} 1011 twins can effectively improve the surface hardness [23],
tensile strength [24], and stretch formability [25] of Mg alloys. It is of
specific scientific and technical importance to investigate the effect of
surface pre-twinning on the friction and wear performance of Mg alloys.

This research aims to understand the friction and wear properties of
Mg alloys as affect by deformation twinning. AZ31B Mg alloy samples
with various twin volume fraction (TVF) are prepared by laser shock
processing. Sliding tests under dry condition are conducted for friction
and wear testing. The COF values and wear tracks are measured and
analyzed. The relationship among the TVF, COF, and wear resistance
are discussed. A possible mechanism responsible for the effect of TVF on
the tribo-performance of Mg alloys is proposed. We envision the results
in the present study can offer new insights on designing and developing
Mg alloys towards enhanced tribological performance.

2. Experimental details

2.1. Laser shock peening

Laser shock peening (LSP) is a laser-based surface processing tech-
nique which utilizes high energy laser pulses to introduce compressive
residual stresses and surface work-hardened layer to improve the dur-
ability of metallic materials [26,27]. In the LSP process, the target is
typically covered by an ablative coating and a transparent confinement
layer. Due to the laser-matter interaction, the ablative coating layer is
evaporated and ionized, leading to the formation of laser-induced
plasma [28]. The hydrodynamic expansion of plasma is restricted by
the transparent confinement, resulting in a shockwave with a high peak
pressure (on the order of GPa) propagating into the target material.
When the pressure of the shockwave exceeds the dynamic yield strength
of the target material, plastic deformation with an ultra-high strain rate
(105–106/s) is induced on the surface [29,30], leading to the generation
of compressive residual stresses and work-hardened layer. LSP has been
widely used to enhance the engineering performance of metallic ma-
terials by increasing their surface strength, fatigue endurance, wear
resistance, and stress corrosion resistance [31–33].

2.2. Preparation of Mg alloy samples with various TVFs by LSP

Rolled AZ31B Mg alloy plate purchased from Metalmart
International Inc. was used for our experiments. Square plate samples
with a width of 25mm and a thickness of 10 mm were cut and then
processed by laser shock peening (LSP) to prepare samples with various
TVFs. Prior to LSP, sample surfaces were grinded using SiC sandpapers
with different grit numbers (from 320 to 1200), followed by fine pol-
ishing using 3 μm diamond suspension. LSP experiments were con-
ducted with a laser intensity of 1.5 GW/cm2 along the rolled direction
(RD) of the sample. The schematic view of LSP configuration is shown
in Fig. 1a. In this study, a Q-switched Nd-YAG laser operating at a
wavelength of 1064 nm and a pulse width of 7 ns (full width at half
maximum), was used to deliver the laser energy. A black tape was used
as the ablative coating and BK7 glass was used as the transparent
confinement.

Note that in addition to high density of deformation twinning, nano-

sized grains might be produced in the very top surface layer of Mg al-
loys by LSP [34–36]. In order to eliminate the effect of grain refinement
on tribological properties, the LSP-processed samples were electro-
chemically polished to remove the top layer with a thickness of 50 μm.
This will also eliminate the surface roughening effect induced by LSP
[30]. Mg alloy samples with various TVFs were prepared by electro-
chemical polishing of laser-processed samples to remove the top layer
with a series of thickness from 50 to 450 μm, as shown in Fig. 1b. All the
samples subjected to tribological tests were polished to reach a surface
roughness less than 100 nm and then ultrasonically cleaned by acetone.

2.3. Microstructure characterization and hardness tests

The twinning microstructure was characterized using Leica DM2700
optical microscopy (OM), JEOL-7100FT field emission scanning elec-
tron microscope (FESEM), and electron backscattered diffraction
(EBSD). Samples for OM and FESEM characterization were prepared by
sectioning, mounting, polishing, and chemical etching. The solution
used for etching was a mixed acetic picral solution (10ml acetic
acid+ 4.2 g picric acid+ 10ml distilled water+ 70ml ethanol). The
well-polished samples were immersed into the solution for 10 s and
then washed by ethanol and dried by a heater fan [37]. EBSD scans
were performed with HKL Channel 5 data acquisition software on an
area of 200 μm by 200 μm with a step size of 0.5 μm. All the micro-
structure characterization was performed on a cross-section perpendi-
cular to the normal direction (ND). In-depth hardness was measured
from the top surface to a depth of 600 μm using a Wilson Hardness
tester with a 500 g load and 10s dwelling time.

2.4. Tribo-performance tests

Tribological properties of the Mg alloy samples were tested using a
pin-on-plate sliding configuration using an R-Tech Muti-Functional
Tribometer at room temperature in air with a relative humidity of about
20%. The experimental setup is schematically illustrated in Fig. 2. The
cylindrical pin with a hemispherical tip (a diameter of 0.25 in.) was
made of an aluminum alloy 6061 (AA6061) with a Vickers hardness of
110 VHN. Dry sliding tests were conducted on the surface of Mg alloy
samples with different TVFs. Applied loads of 10, 20, 30, 50 N and a
sliding velocity of 2mm/s were used in the tests. The variation of COF
values with sliding distance for each specimen was recorded. After
sliding tests, the worn surface morphologies of both the Mg alloy sub-
strate and AA6061 pin were characterized using three-dimensional (3-
D) optical profilometer, SEM, and energy dispersive spectroscopy
(EDS).

3. Results

3.1. Gradient twinning microstructure generated by LSP

Fig. 3 shows gradient twinning microstructure in an AZ31B Mg alloy
generated by LSP. The originally equiaxed grains with a strong basal
texture now contain a high density of deformation twins that are in a
gradient distribution through the thickness can be observed in the top
surface layer of the laser-processed sample (as shown in Fig. 3a). A
number of needle-like twin lamellas (with a dark brown color after
etching) can be identified in the OM images showing microstructure at
a depth of 0, 100, and 150 μm (Fig. 3b). With the increase of depth,
fewer twins can be observed. At the depth of 350 μm, most of the grains
contain almost no twins. The TVF can be measured by dividing the area
of twins to the overall area by ImageJ software based on color differ-
ence between twins and parents [38]. Fig. 3c shows TVF vs. depth from
the top surface. It can be seen that the TVF decreases from 38% at a
depth of 50 μm to 0% at a depth of 350 μm.

The formation of the gradient twinning microstructure is attributed
to the gradient plastic strain in laser-processed samples [23]. In the LSP
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process, the laser-induced shockwave propagates into the material and
decays with increasing depth, leading to a gradient plastic strain dis-
tribution in the surface of as-processed samples [39–41]. The re-
lationship between the plastic strain and the magnitude of TVF can be
expressed as: εtwin= ftwin× γtwin×m, where εtwin denotes the macro-
scopic strain, ftwin is the TVF, γtwin is the magnitude of twinning shear,
and m is the average Schmid factor of the twinning systems [42,43].
The variation of TVF might influence the friction and wear performance
of Mg alloys through affecting the surface strength, dislocation slip, and
subsequent twinning processes [44–46].

EBSD analysis was performed to study the twinning microstructure
of laser-processed sample at a depth of 100 μm. The inverse pole figure
map in Fig. 4a shows that a large number of twin lamellas are formed in
the parent grains which exhibit a basal texture. The crystallographic
orientation of one twin variant and the parent grain in Fig. 4b shows the
misorientation between twin and parent is about 86o, indicating that
the twinning type is 〈 〉{1012} 1011 tension twin [47]. Different types of
twin boundaries with specific misorientation angles are highlighted by
different colors in the image quality map as shown in Fig. 4c. The
dominant twin boundaries are 86 ± 5°〈 〉1120 (in blue) representing

〈 〉{1012} 1011 extension twins. The red twin boundaries (only very few)
are 56 ± 5°〈 〉1120 , representing 〈 〉{1011} 1012 contraction twins. The
yellow boundaries are 60 ± 5°〈 〉1010 , which are generated when dif-
ferent extension twin variants interact. The green boundaries are
38 ± 5°〈 〉1120 , representing the + 〈 〉{1011} 1012 double twins. Ob-
viously, the extension twins are the dominant twinning mode. More-
over, {0002} pole figure map in Fig. 4d shows that several twin variants
have been activated, which is consistent with results in the previous
studies which state that several twin variants could be activated under
ultra-high strain-rate deformation [48,49].

3.2. Effect of TVF on friction coefficient

Fig. 5 shows the effect of TVF on the COF as measured by the sliding
tests with a load of 20 N and a sliding velocity of 2mm/s. Fig. 5a and b
show COFs with sliding distance for the samples with a TVF of 0% and
38%, respectively. It is found that the value of COF more or less remains
constant with sliding distance for both samples. Moreover, with an
increase of TVF from 0% to 38%, the mean value of COF is decreased by
around 50% from 0.148 to 0.072. Fig. 5c shows that the friction value
gradually decreases with the increase of TVF. For instance, the COF
values for the samples with a TVF of 8% and 24% are 0.135 and 0.112,
respectively. The experimental results in Fig. 5 indicate that the friction
performance of Mg alloy is highly affected by the twinning micro-
structure in terms of TVF.

3.3. Effect of TVF on wear performance

The 3-D profiles of the worn surface of the AZ31B Mg alloy with
different TVFs after sliding tests under an applied load of 20 N are
presented in Fig. 6a–d. It can be seen the wear tracks are composed of
grooves along the sliding direction. Material is displaced to the two
sides of the wear tracks due to the plowing effect during dry sliding. To
quantitatively compare the effect of TVF on the wear performance of
AZ31B Mg alloys, cross-sectional profiles of the worn surfaces of the
samples with different TVFs are summarized in Fig. 6e. It is found that
the average wear track depth decreases with the increase of TVF. For
instance, the wear track depths are around 1.76 and 0.55 μm for the
sample with a TVF of 0% (free of twins) and 38%, respectively. This
indicates the wear volume has been significantly reduced by the pre-
sence of high density extension twins. Moreover, it is found that the
height of the material displaced to the sides of wear track for the sample
with a TVF of 0% (0.4 μm) is much larger than that of the sample with a
TVF of 38% (0.15 μm), demonstrating a stronger plowing effect during
the sliding test for the sample with a lower TVF.

Wear rates of samples with different TVFs as affected by applied
loading in the sliding tests are shown in Fig. 7. It can be seen that the
wear rate increases with the increase of applied loading for all samples.
For instance, as the load increases from 10 to 50 N, the wear rate in-
creases from 9.24×10−5 to 82.15× 10−5mm3/cm·N for the sample
with a TVF of 0%. Since AA6061 pin has a much higher surface micro-
hardness as compared to Mg alloys, increasing applied load causes a
higher degree of plowing of softer counterpart [4]. Moreover, the wear
rate decreases as the TVF increases at all loading circumstances. For
example, given the applied loading of 50 N, the wear rate is reduced by
58% from 82.15×10−5 to 31.32×10−5mm3/cm·N as the TVF in-
creases from 0% to 38%. Figs. 6 and 7 demonstrate the effect of TVF on

Fig. 1. Schematic illustrations of (a) the LSP process and (b) preparation of Mg alloy samples with different TVFs.

Fig. 2. Schematic illustration of the pin-on-plate test.

B. Mao, et al. Applied Surface Science 480 (2019) 998–1007

1000



Fig. 3. Twinning microstructure in an AZ31B Mg alloy generated by LSP: (a) an OM image showing gradient twinning microstructure, (b) OM images showing
various TVFs at different depths, and (c) TVF vs. depth from top surface.

Fig. 4. EBSD analysis of the microstructure of laser-processed Mg alloy at a depth of 100 μm with a TVF of 30%. (a) Inverse pole figure map; (b) the misorientation
between the parent and the twin crystals; (c) Quality map in which different types of twin boundaries are highlighted; (d) {0002} pole figure.
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the enhanced wear resistance of Mg alloy.

4. Discussion

4.1. Effect of deformation twinning on friction

The COF has two components, i.e. the adhesion component and the
plowing component. The adhesion component depends on the material
pair, lubrication and also on the real area of contact, while the plowing
component depends on the “degree of plastic deformation” taking place
at the asperity level [50–52]. The twin-induced surface hardening effect
is expected to change the real area of contact and the degree of plastic
deformation and thus influence the COF between the AA6061 pin and
Mg alloy as a function of TVF [53].

To understand the effect of deformation twinning on the COF,
Vickers micro-hardness tests were conducted on the surface of Mg alloy
samples with different TVFs, as shown in Fig. 8. The hardness value of
the AA6061 pin is also indicated in the figure for comparison. It can be
seen that the micro-hardness value of Mg sample gradually increases
with the TVF. For instance, the Vickers hardness number (VHN) in-
creases from 62 to 72 VHN as the TVF increases from 8% to 38%. The
twinning-induced hardening of Mg alloys has been reported by several
studies [54–56] and two mechanisms are assumed to be responsible for
the improved hardness. The first mechanism is dynamic Hall-Petch ef-
fect. Twins subdivide the parent grains and induce a grain refinement
effect [54]. The other is texture hardening. The presence of twins can
change the surface crystallographic texture as 〈 〉{1012} 1011 twinning
reorients the parent lattice by nearly 90° (Fig. 4). Thus, the orientation
of the parent grains is changed from an easy-to-deform direction to a
difficult-to-deform direction [57]. As the surface hardness of Mg alloy
increases with the increase of TVF, the hardness difference between the
tribo-pair of AA6061 pin and Mg alloy substrate decreases. This means
that the plowing of AA6061 pin (and thus the frictional force) in the Mg
sample decreases with the increase of TVF. Therefore, a higher TVF in
Mg alloys lead to a lower COF.

4.2. Effect of deformation twinning on wear

To study the effect of deformation twinning on the wear behavior of
Mg alloys, the worn surfaces after sliding tests were analyzed by SEM.
Fig. 9 shows micrographs and EDS analysis of the worn surfaces for the
samples with a TVF of 0% or 38% after sliding tests under the load of
20 N. Large numbers of grooves on the wear tracks along the scratch
direction can be observed in Fig. 9a and c. The width of the wear track
for the sample with a TVF of 0% is around 297 μm, which is wider than
that of the sample with a TVF of 38% (253 μm in width). Moreover, the
higher magnification image (Fig. 9b) of the sample with 0% TVF in-
dicates that there are coarse wear debris and delamination damage on
the worn surfaces. In contrast, the size of wear debris on the worn
surface of the sample with 38% TVF is much finer as shown in Fig. 9d,
and no apparent delamination can be observed. The EDS analysis shows
that the chemical compositions of the wear debris in both samples are
mainly magnesium and oxygen. According to the wear mechanism of
Mg alloys as discussed in [10,11,13,58], the dominant wear mechan-
isms in the current study are abrasion together with delamination and
oxidation. When the aluminum pin slides against the Mg alloy sub-
strate, the softer counterpart (Mg alloy) is subjected to wear and oxi-
dation due to the plowing and frictional heating [58]. More im-
portantly, by comparing the width of wear tracks (Fig. 9a and c) and the
size of wear debris (Fig. 9b and d), it can be concluded that both the
abrasive wear and delamination wear in AZ31B Mg alloy have been
significantly reduced by increasing the TVF.

The contact surfaces of the AA6061 pins were also examined by EDS
phase mapping. Fig. 10a–c and d–f show the results for the Al, Mg, and
O signals on the tip surfaces of the AA6061 pins after sliding against the
Mg alloy substrates with TVF of 0% and 38%, respectively. The
scratching tests were conducted with a normal load of 20 N. It can be
seen that a substantial amount of Mg was transferred to the AA6061 pin
surfaces in both cases, and the contact area of Mg is consistent with the
width of the wear tracks in Fig. 9. Moreover, oxidation is involved
during the sliding process, as shown in Fig. 10c and f. The amount of

Fig. 5. Effect of TVF on the COF of Mg alloy samples in sliding tests under the load of 20 N. (a) and (b), COFs of samples with TVF of 0% and 38%, respectively; and
(c) COF vs. TVF.
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Mg and O elements observed in Fig. 10e and f are lower than that in
Fig. 10b and c, indicating the sample with a TVF of 38% exhibits a
greater wear resistance (less plowing) as compared to the sample with
free of twins.

According to the Archard's law [59], the relationship between the
hardness of the wear volume can be described as: =V LkW

H , where V is
the wear volume, L is the sliding distance, W is the normal load, H is the

hardness of the softer material in the contacting pair, and k is the wear
coefficient. Given the twinning-induced hardening effect, the wear
volume is expected to be reduced substantially by the presence of twins.
It can be seen that although the wear depth is more than three times for

Fig. 6. Surface profiles of wear tracks of the samples with different TVFs subjected to sliding tests under an applied load of 20 N: (a) TVF=38%, (b) TVF=24%, (c)
TVF=8%, and (d) TVF=0 (free of twins); and (e) cross-sectional profiles of the worn surfaces of the samples with different TVFs.

Fig. 7. Wear rates of samples with different TVFs as affected by applied loading
in the sliding tests.

Fig. 8. Variation of surface micro-hardness values of Mg alloy samples with
TVF. The hardness value of AA6061 pin is also indicated in the figure for
comparison.
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the surface with free of twins as compared to the surface with a TVF of
38%, the hardness is improved only by 16.1%. This indicates that apart
from the improved surface hardness by the presence of twins, other
factors such as twinning-induced surface crystallographic texture
change [57] might also contribute to the enhanced wear resistance.

4.3. Proposed mechanism

To reveal the mechanism of the effect of TVF on the tribological
behavior of Mg alloys, the subsurface microstructure of Mg alloy sam-
ples (TVF= 0% and 38%) before and after sliding tests were

characterized using SEM and EBSD. As shown in Fig. 11a, the sample
free of twins exhibits the microstructure prior to deformation in which
no twin can be identified. After the sliding test, a wear track is gener-
ated on the sample surface (Fig. 11c). Fig. 11b shows the microstructure
of sample with TVF of 38%. After the sliding test, a wear track is also
observed (Fig. 11d). EBSD analysis was carried out to study the mi-
crostructure beneath the wear tracks of the samples after sliding tests.
The inverse pole figure maps for samples TVF of 0% and 38% are shown
Fig. 11e and f, respectively. The corresponding {0002} pole figure maps
are shown in Fig. 11g and h. For the sample without twins, it can be
observed in Fig. 11e that an area with high density twins (TVF is

Fig. 9. SEM images and EDS analysis of worn surfaces of samples with a TVF of (a) 0% and (c) 38%; images (b) and (d) correspond to the locally enlarged figures for
(a) and (c); and spectrum 1 and 2 correspond to the wear debris in (b) and (d), respectively.

Fig. 10. EDS phase mapping results of the (a, d) Al signal, (b, e) Mg signal, and (c, f) O signal for the tip surface of the Al pins after sliding against the Mg alloy
substrates with free of twins (a, b, c) and with a TVF of 38% (d, e, f).
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estimated to be around 80%) beneath the wear track is revealed after
sliding tests. The nucleation and growth of the twins beneath the wear
track is caused by the plastic deformation induced by the penetration of
the AA 6061 pin to the Mg alloy substrate. Similar observations were
reported by Liang et al. [18]. For the sample with a TVF of 38%, TVF
dramatically increases to almost 100% after sliding tests (Fig. 11f),
indicating that the occurrence of extensive twin-growth activities till
twin saturation. Note that the samples free of twins exhibit a strong
basal texture as shown in our previous study [23]. The {0002} pole
figures in Fig. 11g and h imply that the crystallographic texture of the
microstructure has been significantly changed with the growth and
saturation of twins during sliding tests. This twin growth and saturation
and twinning-induced surface crystallographic texture change during
sliding motion of Mg alloys might contribute to the change of COF and
wear resistance.

Based on the above analysis and discussion, the mechanism re-
sponsible for the influence of TVFs on COF and wear resistance of Mg

alloy is proposed and schematically illustrated in Fig. 12. Fig. 12a–b
and c–d show the contacting and sliding conditions between tribo-pair
of AA6061 pin and AZ31 substrate with a low TVF and a high TVF,
respectively. The red hexagons represent the grains prior to deforma-
tion (Fig. 12a) which have a strong basal texture, and the blue lamellas
(Fig. 12c) represent the pre-existing twins introduced by LSP processing
before sliding. The blue hexagons (Fig. 12d) and green lamellas
(Fig. 12b and d) represent the fully twinned grains and newly devel-
oped twins in the sliding tests, respectively. As shown in Fig. 12b,
twinning is responsible for the plastic deformation of the substrate
when the AA6061 pin is penetrated into it. However, for the sample
with a high TVF (Fig. 12c), subsequent twinning (growth of pre-existing
twins and nucleation of new twins) occurs until the microstructure near
the wear track is fully twinned (Fig. 12d). Non-basal slip systems with
higher critical resolved shear stresses need to be activated to accom-
modate further plastic deformation during sliding (Fig. 12d) [60,61].
Therefore, the penetration depth and the contacting area of the

Fig. 11. SEM images of microstructure of samples with a TVF of 0% and 38% before (a and b) and after (c and d) sliding tests, respectively; EBSD analysis of the
microstructure beneath the wear track: inverse pole figure maps and {0002} pole figure maps of samples with a TVF of 0% (e and g) and 38% (f and h) after sliding
tests, respectively.
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aluminum pin against the substrate in Fig. 12d are smaller than those in
Fig. 12b. As a result, the plowing effect in Mg alloy samples with a high
TVF (Fig. 12d) is weaker than that in samples with a low TVF (Fig. 12b),
resulting in a lower COF and reduced wear volume [29,62,63]. Simi-
larly, for samples with a higher TVF, saturation of twinning and acti-
vation of non-basal slip should occur earlier than that for samples with
a lower TVF, leading to a more prominent effect in reducing the COF
and enhancing the wear resistance.

5. Conclusions

In this work, the influence of surface pre-twinning on the tribolo-
gical performance of an AZ31B Mg alloy is investigated. Sliding tests
are performed on surfaces with different TVFs under dry condition. The
microstructure of the worn surface and subsurface of Mg alloy samples
after sliding tests are characterized and analyzed. The relationships
among the TVF, COF, and wear resistance are discussed. Following
conclusions can be drawn:

(1) Pre-twinning on Mg alloys can bring a surface hardening effect. A
higher TVF results in a greater surface hardness number due to the
twinning-induced hardening effect.

(2) The COF decreases with the increase of TVF in Mg alloy samples.
(3) The wear resistance increases with the increase of TVF in Mg alloys.
(4) Twin growth/saturation and twinning-induced crystallographic

texture change are observed beneath the wear track of Mg alloy
samples after sliding tests.

(5) The mechanism responsible for the influence of pre-twinning on
COF and wear resistance of Mg alloy is proposed. It is discussed that
the reduced COF and enhanced wear resistance of Mg alloy with
increase of TVF are attributed to the twinning-induced hardening
effect, twin growth and saturation phenomenon, and twinning-in-
duced surface crystallographic texture change during the sliding.

We envision that the knowledge of twinning effect on tribological
properties of Mg alloys gained in this study can offer new insights on

the designing and developing Mg alloys towards enhanced tribological
performance.
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