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Due to their hexagonal closed-packed (HCP) crystal structure, magnesium (Mg) and its alloys typically exhibit
strong plastic anisotropy which gives rise to their orientation-dependent mechanical properties. Tribological
performance in terms of friction and wear is of critical importance to manufacturing and applications of Mg alloys,
particularly for components subjected to sliding motion. However, anisotropic microstructure evolution of Mg
alloy and its effects on friction and wear properties have rarely been investigated. In this study, the orientation-
dependent microstructure behaviors of an AZ31B Mg alloy during dry sliding were investigated. The coefficient

of friction (COF) and wear rate of worn surfaces were analyzed and compared. The results indicated pronounced
anisotropic friction and wear behaviors. The mechanism responsible for the anisotropic tribological behaviors

was discussed.

1. Introduction

As lightest structural metallic materials, magnesium (Mg) and its al-
loys have a density of 1.74 g/cm3, which is only 22% and 64% as those of
steels (7.87 g/cm®) and aluminum alloys (2.7 g/cm?), respectively [1].
Mg alloys possess some excellent physical and mechanical properties
such as high strength-to-weight ratio [2], good recyclability [3], and de-
sirable bio-compatibility [4]. All of these characteristics make Mg alloys
promising for applications in aircraft [5], automotive [6], bio-implants
[71, and electronic devices [8].

Mg alloys have a hexagonal closed-packed (HCP) crystal structure
with low symmetry, which endows them unique plastic behaviors as
compared with commonly used metallic materials with a cubic crystal
structure [9]. Among the limited slip systems of Mg crystal, the crit-
ical resolved shear stress (CRSS) for (a) basal slip is much lower than
(¢ + a) slip [10]. Commercially used Mg alloys are mainly manufactured
by hot extrusion or rolling due to their superior mechanical properties
to the casting counterparts [11]. However, wrought Mg alloys typically
exhibit a strong basal texture in which most of grains are oriented such
that their basal planes are perpendicular to a specific direction [12-14].
Therefore, Mg alloys typically exhibit orientation-dependent mechani-
cal properties, as evidenced by their anisotropic behaviors in tension
[15-17], compression [18,19], and fatigue endurance [20,21]. For in-
stance, Park et al. [19] reported that the stress level of an extruded
AZ31 Mg alloy during monotonic compression tests along normal direc-
tion (ND) was 1.7 times higher than that along rolling direction (RD)
at a strain of 0.04. Suh et al. [22] showed the yield strength of an Mg-
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Zn-Ga alloy during monotonic tensile tests along RD was 35% higher
than that along transverse direction (TD). Xiong and Jiang [23] showed
that an rolled AZ80 Mg alloy exhibited the lowest fatigue life as the
cyclic loading was applied along ND, as compared to tested along RD
and TD.

Tribological performance in terms of friction and wear is of critical
importance to manufacturing and applications of Mg alloys, particularly
for components subjected to sliding motion such as such as bearings, pis-
tons, and valves [24]. Fundamentally speaking, friction and wear behav-
iors are results of materials’ responses to localized deformation [25,26].
Therefore, it is expected that tribological behaviors of Mg alloys have an
inherent relationship with their plastic anisotropy. However, despite ex-
tensive research efforts in understanding tribo-performance of Mg alloys
as affected by microstructure features of grain size [27,28], twins [29],
and precipitates [30], anisotropic tribological properties of Mg alloys
have rarely been investigated.

In this study, the orientation-dependent microstructure evolutions
of an AZ31B Mg alloy subjected to dry sliding were investigated. Rolled
AZ31B Mg alloys were selected as the experimental materials as they
are among the most commonly used wrought Mg alloys for their ease
of processing and adequate mechanical properties [4]. The friction and
wear performance as affected by microstructural evolution during dif-
ferent sliding cases were studied. The coefficient of friction (COF) and
wear rate of worn surfaces were analyzed and compared. The results in-
dicated pronounced orientation-dependent friction and wear behaviors.
The mechanism responsible for the anisotropic tribological behaviors
was proposed and discussed.

2589-1529/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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2. Experiments
2.1. Materials

The Mg alloy used in this study was a hot-rolled AZ31B Mg alloy
block (Al-3.0%, Zn-1.0%, Mg-balance, in wt%) purchased from Metal-
mart.com. Cubic samples with a width of 1in. were cut from the block
with three orthotropic sections perpendicular to RD, TD, and ND. All
samples were homogenized in a vacuum furnace at 200 °C for 1 h to
remove possible artifacts (such as near surface dislocations and residual
stress) induced by machining [31]. Noted that the strong basal texture
and anisotropy of rolled Mg alloys are not changed during static an-
nealing process [32,33]. Sample surfaces perpendicular to the ND and
RD were grinded by silicon carbide papers followed by polishing with
diamond suspensions with particle sizes of 3 and 1 pm.

2.2. Dry sliding testing

Tribological properties of Mg alloy samples were tested using an
Rtec Multi-function tribometer 5000 with a pin-on-plate configuration.
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Fig. 2. (a) and (b) Anisotropic COFs of Mg alloy samples in three sliding cases with a normal load of 20 N and 80N, respectively. (c) Orientation-dependent COFs

as affected by normal loads.
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Aluminum alloy 6061-T6 (AA6061) was chosen to make cylindrical pins
with a hemispherical tip (a radius of 3.2 mm). The hardness of the pin
material was around 110 VHN (Vickers Hardness Number). The pins
were slid on different surfaces of Mg alloy samples along different di-
rections. As shown in Fig. 1, three sliding cases which are marked as
ND-RD, RD-TD, and RD-ND, representing sliding along RD on the sur-
face perpendicular to ND, sliding along TD on the surface perpendicular
to RD, and sliding along ND on the surface perpendicular to RD, respec-
tively, were investigated. Noted that although there are six sliding cases
of ND-RD, ND-TD, RD-ND, RD-TD, TD-ND, and TD-RD, only three of
them need to be investigated due to the crystallographic texture sym-
metry Mg alloy block. Applied normal loads of 10, 20, 50, and 80N
were used in each sliding case whereas the sliding speed was fixed to be
2mmy/s. All testing works were carried out in a dry condition under am-
bient environment. Dry sliding test was conducted since it was the first
and simplest step towards understanding of complicated tribo-systems.
The COFs in three sliding cases, pnp_grp> Hrp—1p> a0d pgp_np in each
test were recorded.

2.3. Characterization

The worn surface morphologies of samples after sliding tests were
characterized using a Leica DM2700 optical microscope (OM), scanning
electron microscope (SEM, JEOL-2100) equipped with energy disper-
sive X-ray spectroscopy (EDS) source, and three-dimensional (3D) opti-
cal profilometer (Rtec Instruments) with a spatial resolution of 0.25 um.
To reveal the microstructure evolution during sliding process, the sur-
face and cross-section of the samples were vibrationally polished with
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a 0.06 um diamond suspension for 1 h and then etched by an acetic
picral solution (10ml acetic acid+4.2g picric acid+10ml distilled
water + 70 ml ethanol) for OM and electron backscattered diffraction
(EBSD) analysis. The EBSD data acquisition was performed with Chan-
nel 5 software on the patterned area with a step size of 0.5 um.

3. Results
3.1. Anisotropic friction behavior

Fig. 2(a) and (b) shows anisotropic COFs of Mg alloy samples in three
sliding cases with a normal load of 20N and 80N, respectively. It can
be seen that the COF becomes stable after a sliding distance shorter
than 2mm for all sliding cases. In addition, the recorded COFs during
sliding tests under a load of 80N exhibit less fluctuation as compared
to those under a load of 20N due to the decrease of stick-slip ampli-
tude [34]. More importantly, the mean values of COFs exhibit an order
as, np-rp > MRD-TD > Hrp—N D> Tegardless of normal load. Fig. 2(c)
shows orientation-dependent COFs as affected by normal loads. It is ob-
served that the COF increases with the increase of normal load for all
three sliding cases. For instance, during the RD-TD sliding test, the COF
increases by 16% from 0.116 to 0.135 as the normal load increases from
10 to 50N, and reaches 0.145 at a normal load of 80 N. Moreover, given
a fixed normal load, the COF of RD-TD case is higher than that of RD-
ND case while lower than that of ND-RD case. For example, given an
applied load of 50N, the average values of COFs are 0.115, 0.135, and
0.155 for RD-ND, RD-TD, and ND-RD cases, respectively.

Fig. 3. SEM and 3D surface profile images of worn surfaces
swo0um  Subjected to a sliding load of 80N, the sliding case of: (a) and
(b) ND-RD; (c¢) and (d) RD-TD; and (e) and (f) RD-ND.
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Fig. 4. Cross-sectional profiles of worm surfaces as affected by sliding load in three sliding cases: (a) ND-RD, (b) RD-TD, and (c) RD-ND.

3.2. Anisotropic wear behavior

Fig. 3 shows SEM and 3D profile images of the worn surfaces in three
sliding cases under an applied load of 80 N. As observed in the SEM im-
ages (Fig. 3(a), (c), and (e)), the widths of wear tracks are orientation-
dependent, which are 431, 502, 549 um for the cases of RD-ND, ND-
RD, and RD-TD, respectively. As observed in the 3D profile images
(Fig. 3(b), (d), and (f)), the material is displaced to the edges of the wear
tracks after sliding tests due to the plastic deformation. Micro-grooves
are identified on the wear tracks due to the plowing effect. As the harder
Al pin plow on the softer Mg alloy substrate, microgrooves are formed
via plastic deformation or fragmentation [35]. The height of the wear
track edge in the RD-TD case is considerably lower than those in the
other two cases. To be specific, the height of displaced material on wear
track edges is around 0.5 um in the RD-TD case, as compared to those
of 5um in the ND-RD and RD-ND cases.

Fig. 4 presents the two-dimensional (2D) cross-sectional profiles of
wear tracks in three sliding cases under various loads. It is found that
the wear track depth increases with an increase in sliding load. For in-
stance, the wear track depth increases from 4.2 um under the load of
10N to 35.4 um under the load of 80N in the ND-RD case. Moreover,
the anisotropic wear behavior becomes significant under a high slid-
ing load. Specifically, the RD-ND case exhibits the highest wear track
depth, while the RD-TD case has the lowest one. For instance, with a

load of 80N, the depths of wear track are 32.2, 35.4, 38.7 um for RD-
TD, ND-RD and RD-ND sliding cases, respectively. However, the wear
tracks are narrowest for the sliding case of RD-ND (Fig. 3). In addi-
tion, the orientation-dependent height of the wear track edges observed
in Fig. 3 is confirmed in Fig. 4. The experimental results in Figs. 3
and 4 demonstrated the anisotropic wear behavior of Mg alloys.

The 3D surface profiles of wear track front of worn surfaces sub-
jected to a sliding load of 80 N were examined as shown in Fig. 5. It can
be seen that the surface pile-up morphologies at the wear track front
are also orientation-dependent. The 2-D profiles along the dash lines
in Fig. 5(a)-(c) are shown in Fig. 5(d). By comparing the heights of
the surface piles-up morphologies at the wear track front, it is found
the RD-TD case exhibits the largest value of 15.2 um, while the RD-ND
case exhibits the lowest value of 5.4 um. Noted that wear tests in this
work were conducted at the macroscale. Based on the scale of interests
(from nano to macro), various wear testing approaches have been devel-
oped [36-39]. The complexity and muti-scale nature of interactions at
contact interfaces can be revealed by these approaches. The anisotropic
tribo-performance of Mg alloys at the micro- and/or nano-scale will be
investigated in another effort.

In order to understand the dominant wear mechanism, EDS analy-
sis was performed on sample surfaces after sliding tests, as shown in
Fig. 6. There is no significant difference in chemical compositions of
worn surface between the three sliding cases. The three worn surfaces
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Fig. 5. 3D surface profiles of the front parts of worn surfaces subjected to a sliding load of 80N, the sliding cases of: (a) ND-RD, (b) RD-TD, and (c) RD-ND. (d) 2D
profiles of the front parts of worn surfaces.

250um

Fig. 6. EDS phase mapping analysis of wear tracks in three sliding cases under the load of 80N: (a) ND-RD, (b) RD-TD, and (c) RD-ND.

are mainly composed of Mg, while Al is barely observed. Some wear de- tively. The orientation-dependent surface hardness is negligible consid-
bris with chemical composition consisting of Mg and O are identified for ering the experimental error. This finding was also reported in previous
three sliding cases. The SEM and EDS analysis of worn surfaces indicate studies [42,43].
that the dominant wear mechanism of Mg alloys in the current experi- Surface hardness has been deemed to have a significant impact on
ments is abrasion wear together with oxidation, which is consistent with the tribological behavior of metallic materials [44-46]. For instance, the
previous studies [40,41]. well-known Archard’s law postulated that the wear volume of a material
during sliding is inversely proportional to its hardness [47], expressed
4. Discussion as: vV = M, 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 contact-
4.1. Surface hardness ing pair, and k is the wear coefficient. However, it can be seen that the
anisotropic friction and wear behaviors of Mg alloys appear to be more
To reveal the mechanism responsible for the anisotropic tribologi- complicated, which can be reflected by the different wear track mor-
cal behaviors of Mg alloys, Vickers hardness tests were carried out the phologies but the same surface hardness on three sliding cases. Similar
surfaces perpendicular to ND and RD of Mg alloy samples. The hard- observations were reported by Hector et al. [38,39]. They ascribed the
ness tests were conducted on a Wilson Hardness tester with a load of discrepancy to the scale effect originated from a number of reasons in-
0.5kg and 10s dwelling tine. The results show that the average VHNs cluding change of dislocation density, material anisotropy, elastic and

are 62.5 and 61.1 on the surfaces perpendicular to ND and RD, respec- inelastic recovery [48].
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Fig. 7. Microstructure of the as-received AZ31B Mg alloy
sample: (a) 3-D IPF map, the {0001} pole are correspond-
ing to the ND, RD, and TD for the surface perpendicular to
ND, RD, and TD. (b) {0002}, (c) {11-20}, and (d) {10-10}
PF map of the surface perpendicular to ND.
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Fig. 8. Microstructure analysis of the worn surface of Mg alloy sample after sliding test (the case of ND-RD under the load of 20 N). Wear track edge: (a) OM image,
(b) IPF map, (c) image quality map, and (e) {0002} PF map. Wear track front: (¢) OM image, (f) IPF map, (g) image quality map, and (h) {0002} PF map. (i) SEM
image of the cross-sectional microstructure beneath the wear track.
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4.2. Anisotropic microstructural evolution

Besides the surface hardness, the microstructure evolution during
sliding plays another key role on determining tribological properties.
To study the microstructure evolution of Mg alloys during sliding, EBSD
characterization was performed on the annealed Mg alloy samples be-
fore the sliding tests. Fig. 7(a) shows the 3D inverse pole figure (IPF)
maps which were constructed from three different surfaces. It can be
seen that the material has an equiaxed, twin-free grain structure with
an average grain size of around 25 pm. The {0002} pole figure (PF) of
the surface perpendicular to ND shows the material has a very strong
basal texture, in which most of the c-axis of the HCP crystals are paral-
lel to ND (Fig. 7(b)). Moreover, the {10-10} and {11-20} PF show that
most of the stereographic projection of {1120} and {1010} axis exhibit
a spherical distribution. However, the majority of {1120} directions are
parallel to the RD (Fig. 7(c)) and {1010} directions are parallel to the
TD (Fig. 7(d)).

The microstructure of Mg alloy samples after sliding tests was char-
acterized using EBSD and OM. The OM images in Fig. 8(a) and (e) show
the wear track and its front part in the sliding case of ND-RD under
the load of 20N, respectively. It can be seen that the surface pile-up

Materialia 8 (2019) 100444

regions, corresponding to the edge and front parts of the wear track as
observed in Figs. 3(a) and 5(a), are distributed along the scratch direc-
tion and around the front of wear track. EBSD analysis of wear track
edges was conducted, as shown in Fig. 8(b)-(d). From the IPF map in
Fig. 8(b), it can be seen that a large amount of twin lamellas are formed
in the parent grains. The crystallographic orientation of one twin variant
and parent grain shows the misorientation between them is almost 90°,
indicating that the twins are formed by {1012}(1011) extension twin-
ning mode [49]. The formation of {1012} twins on the wear track edges
is attributed to the compressive stress field in this area. Moreover, the
twin density decreases with the increase of distance from the wear track
center, indicating a gradient compressive strain field since the strain ac-
commodated by extension twinning is proportionally to twin volume
fraction [50-52]. Different types of grain boundaries are highlighted
with different colors in the image quality map in Fig. 8(c). It can be
seen that {1012} extension twins, which are characterized by the twin
boundaries of 86.3 +5° (1120), profusely exist in this area. In addition,
twin-twin interactions, which are characterized by the yellow bound-
aries and which resulted from the impingement of different {1012} twin
variants, can be identified [53,54]. The PF map in Fig. 8(d) (as compared
to Fig. 7(b)) shows the crystallographic texture of the microstructure on
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Tension Twin LY:;;TZ‘: Contraction Twin Double Twin 0001 1210
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Fig. 9. Microstructure analysis of the worn surface of Mg alloy sample after sliding test (the case of RD-TD under the load of 20 N). Wear track edge: (a) OM image,
(b) IPF map, (c) image quality map, and (e) {0002} PF map. Wear track front: (¢) OM image, (f) IPF map, (g) image quality map, and (h) {0002} PF map. (i) SEM
image of the cross-sectional microstructure beneath the wear track.
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Fig. 10. Microstructure analysis of the worn surface of Mg alloy sample after sliding test (the case of RD-ND under the load of 20 N). Wear track edge: (a) OM image,
(b) IPF map, (c) image quality map, and (e) {0002} PF map. Wear track front: (e) OM image, (f) IPF map, (g) image quality map, and (h) {0002} PF map. (i) SEM

image of the cross-sectional microstructure beneath the wear track.

wear track edges is dramatically changed during sliding to accommo-
date the plastic strain induced by plowing. EBSD analysis of the front
part of the wear track is shown in Fig. 8(f)-(h). The IPF map in Fig. 8(f)
and image quality map in Fig. 8(g) indicate that the grains are almost
fully twined. The crystallographic orientation analysis in Fig. 8(f) and
the PF map in Fig. 8(h) show that the majority of the c-axis of the crys-
tals in the deformed microstructure are rotated to the RD. The crystallo-
graphic texture difference between Fig. 8(d) and (h) is mainly attributed
to the difference in twin variant selection under different stress states
[55]. Such a twin distribution was also observed in our previous study,
in which localized plastic deformation was applied on the surface per-
pendicular to ND [56]. Some refined grains with a grain size of around
5 um can be identified in Fig. 8(b) and (f). SEM image in Fig. 8(i) of the
cross-sectional microstructure indicates that very few twins are gener-
ated beneath the wear track and most of the grains exhibit a twin-free
microstructure.

Microstructural evolution analysis was also performed on the Mg al-
loy sample in the sliding case of RD-TD under the load of 20 N. OM image
in Fig. 9(a) demonstrates the surface morphology on wear track edges
is smoother than that in the case of ND-RD as shown in Fig. 8(a). This is
consistent with 2D surface profiles of wear tracks in Fig. 4. EBSD analysis

was carried out on an area of wear track edges as shown in Fig. 9(b)-(d).
From the IPF map and image quality map, it can be seen that several
{1012} twin lamellas are formed in the parent grains (Fig. 9(b)-(c)).
However the twin density is much lower than that in the case of ND-RD
as shown in Fig. 8(b)-(c). The PF map in Fig. 9(d) shows the crystallo-
graphic texture remains the basal texture, which is due to the limited
amount of {1012} twins. OM image of the front part of wear track in
Fig. 9(e) shows some surface wrinkles are generated, which is consist
with the highest pile-up regions as shown in Fig. 5. EBSD analysis wear
track front is shown in Fig. 9(f)-(h). It is found that several {1012} twin
lamellas are formed. The twin density is higher than that in Fig. 9(b) but
lower than that in Fig. 8(f). SEM image of cross-sectional microstructure
in Fig. 9(i) shows large amount of twins is generated beneath the wear
track.

Microstructural evolution analysis was also performed on the Mg al-
loy sample in the sliding case of RD-ND. OM images of the edge and
front part of wear track are shown in Fig. 10(a) and (e), respectively.
As compared to the case of RD-TD (Fig. 9), the RD-ND case exhibits a
rough wear track edge and a smooth wear track front, as also evidenced
by Figs. 3 and 5. EBSD analysis reveals that the rough wear track edge
in the case of RD-ND corresponds to microstructure with a high twin
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Fig. 11. Schematic illustrations of the cross-
sectional crystallographic texture change of Mg
alloy samples induced by sliding for cases of
(a) ND-RD, (b) RD-TD, and (c) RD-ND.
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density (Fig. 10(b)-(c)), whereas the smooth wear track front corre-
sponds to microstructure with a low twin density (Fig. 10(f)-(g)). SEM
image of cross-sectional microstructure in Fig. 10(i) shows a high den-
sity of twinning microstructure is generated beneath the wear track,
which is similar to Fig. 9(i).

From the microstructure analysis in Figs. 8-10, it can be seen that Mg
alloys experience different microstructure evolution in different sliding
cases. The microstructure evolution is mainly attributed to the occur-
rence of {1012} twinning, which has the lowest CRSS among all the plas-
tic deformation modes of Mg [57]. The anisotropic microstructural re-
sponse of Mg alloys subjected to sliding is responsible for the anisotropic
tribological behavior.

4.3. The origin of tribological anisotropy

As the CRSS for {1012} twinning mode in Mg alloys is low (~0.5 MPa)
[58], it dominates the early plastic deformation stage of Mg alloys dur-
ing the localized plastic deformation process, as in the case of sliding
[59,60]. The lattice rotation associated with the formation of {1012}
twins leads to the change of crystallographic texture of Mg alloys [61],
resulting in the anisotropic plastic deformation behavior. Therefore,
particular focus should be put on the twinning-induced surface texture
change to address the anisotropic tribological behavior of Mg alloys un-
der dry sliding contact.

The stress state as well as twinning modes in three different sliding
cases are presented in Fig. 11(a)—(c). For the ease of our discussion, an
ideal texture model is proposed, in which the c axis of all HCP crystals
are defined to be parallel to ND, {1010} directions are parallel to the
TD, and {1120} directions are parallel to the RD, based on the initial mi-
crostructure in Fig. 7. Such crystallographic texture is also observed in
most of the rolled Mg alloys [62,63]. As the normal load is performed
along the ND, the grains underneath the indented surface experience
compressive stress state which is tension twin unfavorable. Therefore
few twins can be observed in Fig. 8(i). However, for the wear track
edge area, {1012} twinning mode is favorable since compressive stress
are performed perpendicular to the ND (Fig. 11(a)). Since the activa-

tion of a specific twin variant is dependent on the stress state applied
on the parent grain [64], the crystal orientation is rotated in a way in
Fig. 11(a), as evidenced by the microstructure in Fig. 8(b) and (f). More-
over, {1012} twinning has been proved to be responsible for the surface
step formation [65], therefore the surface pile-up morphology on the
edge of the wear tracks as shown in Figs. 3, 4, and 8 can be explained.
For the samples subjected to normal load along RD, the cross-
sectional microstructure evolution model for the sliding cases of RD-TD
and RD-ND are presented in Fig. 11(b) and (c), respectively. The com-
pressive stress along RD promotes {1012} twinning which takes place
underneath the wear track, resulting in the surface sink-in phenomenon
[42]. Therefore, the microstructure in Figs. 9(i) and 10(i) are character-
ized as large amount of twins. On the cross-section of microstructure in
the sliding case of RD-TD, the stress state on wear track edges is unfavor-
able to {1012} twinning. The plastic strain needs to be accommodated by
compression twinning mode or (c + a) slip system, which requires much
higher CRSS [66]. Therefore, no apparent surface pile-up morphology is
observed in Fig. 4(b) and very few twins could be observed in Fig. 9(b)-
(c). For the sliding case of RD-ND as shown in Fig. 11(c), the stress state
on wear track edges favors {1012} twinning (as shown in Fig. 10(b)-(c))
and results in a surface pile-up on the edge of the wear track (Fig. 3(f).
The combination of pile-up and sink-in leads to the result that the sliding
case of RD-ND exhibits deepest wear track, as observed in Fig. 4.
Based on the above characterization and analysis, the mechanism
responsible for the anisotropic tribological behavior of Mg alloys can
be proposed. Fig. 12(a)-(c) schematically illustrate the side view and
3-D model of the contacting condition between tribo-pair of AA6061
pin and Mg alloy sample substrate. The crystallographic orientations
of Mg grains at tribo-interfaces are also presented based on the mi-
crostructure observation and analysis in Figs. 7-10. For the sliding cases
of ND-RD, the local plastic deformation at tribo-interfaces induces the
crystallographic texture change, as presented by the two twin vari-
ants. Continuous movement of pin needs to shear the twin variants
(Fig. 12(a). In fact, since the grain size of the sample are much smaller
than the width of wear track, the basal plane of the twin variants in
front of the pin can be regarded as perpendicular to the sliding direction.
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ND-RD Case

(b)

RD-TD Case

(©)

—

Twin Parent

Parent ND <

RD-ND Case

Fig. 12. Schematic of mechanism responsible for the anisotropic tribological properties of Mg alloys subjected to different sliding cases: (a) ND-RD, (b) RD-TD, and

(c) RD-ND.

The accommodation of such shearing requires the activation of compres-
sion twinning and (c+ a) slip mode, which have a much higher CRSS
than those for basal slip and extension twins [67]. Moreover, the re-
fined grains near the wear track (as shown in Fig. 8(f) also increases the
shear strength due to the dynamic Hall-Petch effect [68-70]. Therefore,
the sliding cases of ND-RD exhibits the highest COF. For the sliding case
of RD-TD, continuous movement of pin also needs to shear the twin vari-
ants with a c axis parallel to the sliding direction (Fig. 10(b)). However,
since the twin density in this case is much lower than that in the case

of ND-RD (Figs. 8(f) and 9(f)), less plowing force is needed to move the
pin, resulting in a lower COF in the case of RD-TD as compared with
the case of ND-RD. For the sliding case of RD-ND, deformation twinning
mainly occurs at the edge of and beneath the wear tracks and the height
of the surface pile-up at wear track front is much lower than those in the
cases of ND-RD and RD-TD (Fig. 5(d)). Therefore, the required sliding
force is lower due to the decrease of contacting area, leading to the low-
est COF among all three sliding cases. Noted that the above analysis is
based on a qualitative comparison rather than a quantitative estimation.
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Therefore, modeling work will be carried out in our future research work
to predict the friction force in different sliding directions.

5. Summary remarks and conclusions

In this study, the anisotropic tribological properties of an AZ31B Mg

alloy were investigated by performing dry sliding tests along different
sliding directions. The friction and wear performance as affected by mi-
crostructure behaviors were studied. The COF and wear rate of worn
surfaces were compared. The following conclusions can be drawn:

(1) Mg alloys exhibit prominent orientation-dependent friction be-

2

3

haviors under dry sliding condition. Among the three sliding
cases in this study, the sliding case of ND-RD shows the high-
est COF (0.14-0.16) whereas the case of RD-ND has the lowest
COF (0.10-0.12).

Mg alloys show prominent orientation-dependent wear behaviors
under dry sliding condition. The RD-ND case has the deepest but
narrowest wear tracks as compared to other two sliding cases.
The anisotropic tribo-performance is strongly associated with
the orientation-related microstructure evolution. {1012} tension
twinning is found to have a significant impact on the friction
and wear behaviors of Mg alloys since it determines the way
of strain accommodation and crystallographic texture evolution
during sliding tests.

(4) A mechanism of orientation-dependent interfacial plastic defor-

mation and crystallographic texture change is proposed to ex-
plain the anisotropic tribo-performance of Mg alloys under dry
sliding condition.
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