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Abstract 

Based on the deforming technique of severe plastic deformation (SPD), the grain refinement of a Mg-9Gd-3Y-2Zn-0.5Zr alloy treated 
with decreasing temperature reciprocating upsetting-extrusion (RUE) and its influence on the mechanical properties and wear behavior of the 
alloy were studied. The RUE process was carried out for 4 passes in total, starting at 0 °C and decreasing by 10 °C for each pass. The results 
showed that as the number of RUE passes increased, the grain refinement effect was obvious, and the second phase in the alloy was evenly 
distributed. Room temperature tensile properties of the alloy and the deepening of the RUE degree showed a positive correlation trend, which 
was due to the grain refinement, uniform distribution of the second phase and texture weakening. And the microhardness of the alloy showed 
that the microhardness of RUE is the largest in 2 passes. The change in microhardness was the result of dynamic competition between the 
softening effect of DRX and the work hardening effect. In addition, the wear resistance of the alloy showed a positive correlation with the 
degree of RUE under low load conditions. When the applied load was higher, the wear resistance of the alloy treated with RUE decreased 
compared to the initial state alloy. This phenomenon was mainly due to the presence of oxidative wear on the surface of the alloy, which 
could balance the positive contribution of severe plastic deformation to wear resistance to a certain extent. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Sustainable development is a timely theme, and mag-
esium (Mg) alloys have received widespread attention as
n ideal material for industrial lightweight components and
nergy savings [1–3] . However, its poor wear resistance and
igh temperature resistance have become serious obstacles to
he application of Mg alloys in the field of tribology [4 , 5] .
ertain Mg alloy parts undergo friction and wear in applica-

ion, which affect the service life of Mg alloy parts. Therefore,
t is essential to improve the wear resistance of Mg alloys to
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ncrease their service life. Therefore, how to simultaneously
mprove the mechanical properties and wear resistance of

g alloys to extend their service life has become a current
esearch hotspot. Mg-Gd-Y-based alloys are widely used in
erospace, automotive, military and other fields due to their
ood mechanical properties and high-temperature strength
6–10] . This is because the addition of rare earth (RE) ele-
ents can produce significant solid solution strengthening of

he Mg matrix and slow down the diffusion rate of Mg atoms,
hereby improving the heat resistance of the Mg alloy. At the
ame time, Mg alloys containing RE elements can precipitate
igh-melting-point nano-second phases during aging, so that
he Mg alloys have significant aging strengthening [11] . Fur-
hermore, the addition of RE elements can weaken the basal
exture of the wrought Mg alloy, make it form a RE texture,
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c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2021.03.021&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2021.03.021
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:minyu889@163.com
https://doi.org/10.1016/j.jma.2021.03.021
http://creativecommons.org/licenses/by-nc-nd/4.0/


W. Xu, J. Yu, L. Jia et al. / Journal of Magnesium and Alloys 10 (2022) 3506–3519 3507 

a  

a  

a  

r  

G  

o  

m  

G  

s  

a  

o  

k  

d  

d  

a  

c  

a  

m  

f
 

n  

s  

t  

s  

r  

i  

i  

i  

t  

p  

C  

a  

[  

u  

l  

w  

h  

a  

s  

t  

s  

b  

o  

fi  

t  

b  

a  

i  

p
 

t  

v  

2  

fl  

a  

t

2

 

b  

a  

j  

4  

e  

f  

A  

M  

a
 

p  

°  

(  

a  

p  

o  

s  

t  

b  

m  

p  

p  

a  

c
 

t  

t  

b  

p  

p  

p  

p
 

o  

f  

w  

a  

t  

a  

a  

m  

D  

d  

J  

E  

N  

e  

r  

a  

s
 

m  

i  
nd significantly improve the forming properties of the Mg
lloy [12] . In addition, the study has shown that Mg-Zn-2Y
lloy has better wear resistance than AZ91 alloy [13] . In
ecent years, researchers have found that adding Zn to Mg-
d-Y-based alloys would produce long-period accumulation
rder (LPSO) phase precipitation. While retaining the good
echanical properties and high-temperature strength of Mg-
d-Y-based alloys, LPSO phases can be used as a hardened

tructure to improve the overall mechanical properties of the
lloy effectively further [14–17] . In addition, a large number
f studies have shown that the LPSO phase would undergo a
ink phenomenon of coordinated deformation during thermal
eformation, which will further improve the strength and
uctility of the alloy [18–20] . Therefore, Mg-RE-Zn series
lloys containing LPSO phases have a wide range of appli-
ation prospects. However, the poor mechanical properties
nd wear resistance of cast Mg-RE-Zn alloys are difficult to
eet a variety of service conditions, which has become the

undamental problem restricting its wider application. 
Existing studies have shown that surface treatment tech-

ologies, such as microarc oxidation (MAO) [21] and laser
urface melting [22] , can markedly further the wear resis-
ance of Mg alloys. However, the results are limited to the
urface treatment layer. Extrusion processing can markedly
efine grains and increase the hardness of alloys, thereby
mproving the wear resistance of the alloy [23] . Therefore,
t is believed that the wear resistance of Mg alloys can be
mproved by grain refinement and a uniform distribution of
he second phase [24] , which can be achieved by a severe
lastic deformation (SPD) method, namely, RUE [25–27] .
ompared with the capabilities of other SPD methods, such
s equal channel angular extrusion [28] , high-pressure torsion
29] , and multidirectional forging [30] , which cannot be
sed for mass production of large-size billets because of its
imitations, but RUE can be used to deform large-size billets,
hich is suitable for industrial production. Existing studies
ave shown [31] that decreasing the RUE temperature is
n effective way for large billets to achieve a cumulative
train, which can produce ultrafine grains that strengthen
he alloy. RUE can effectively break block-shaped LPSO
trengthening phases to achieve an ideal dispersion distri-
ution. At the same time, scholars carried out RUE tests
n 2A66 Al-Li, AZ80 and other materials, and all obtained
ne and uniform microstructures [32–34] . In addition, as

he deformation temperature gradually decreases as num-
er of RUE passes increases, the solid solubility of RE
toms in the alloy gradually decrease, which induces an
ncrease in the precipitated phase and improved the alloy
erformance. 

An improvement in the mechanical and wear proper-
ies of Mg-Gd-Y-Zn-Zr alloys would increase their ser-
ice life. Therefore, in this work, we took a Mg-9Gd-3Y-
Zn-0.5Zr alloy as the research object to explore the in-
uence of grain refinement on the mechanical properties
nd wear behavior of the alloy after decreasing the RUE
emperature. 
. Experimental procedures 

The Mg-9Gd-3Y-2Zn-0.5Zr (wt%) alloy ingot of fabricated
y semicontinuous casting was selected as the experimental
lloy. After being homogenized at 520 °C for 16 h, it was sub-
ected to conventional extrusion with a cumulative strain of
.57. And then, the cylindrical billet of RUE (50 mm in diam-
ter and 230 mm in height) experimental alloy was sampled
rom the edge of the extruded rod ( ϕ330 mm ×2040 mm).
ccording to the universal ASTM naming standard for
g alloys [35] , the Mg-9Gd-3Y-2Zn-0.5Zr (wt%) alloy is

bbreviated as GWZ932K. 
The RUE experiment was carried out for a total of 4

asses. The experimental temperature was reduced from 420
C to 390 °C successively, and each pass dropped by 10 °C
see Fig. 1 (b)). The strain rate was 0.002 s −1 . Fig. 1 (a) shows
 schematic diagram of the working principle of the RUE ex-
eriment. The billet was upset in the mold, and the diameter
f the billet was D = 70 mm after upsetting. After that, the up-
et billet was kept warm, and the ejecting rod was removed
o facilitate the next extrusion operation. After extrusion, the
illet diameter became d = 50 mm again. The above experi-
ent was repeated until the deformation was completed in 4

asses. Through the formula ε= 4n ln D/d (n is the number of
asses through the extrusion die) [36] , the cumulative strain
fter 4 RUE passes during the deformation experiment was
alculated to be approximately 5.38. 

To control the temperature of the mold and ensure that
he billet was uniformly deformed during RUE, the mold and
he billet were lubricated with an oil-based graphite lubricant
efore each pass during the RUE experiment, and they were
reheated at 450 °C for 2 h. A total of 4 RUE deformation
asses were performed in the experiment, and the billet was
laced in cold water to cool immediately after each pass to
revent dynamic recrystallization (DRX) grain growth. 

Samples were taken for microscopic analysis at a distance
f 110 mm from the head of the extruded material and 25 mm
rom the edge. A plane parallel to the extrusion direction (ED)
as selected for analysis. The sample used for microscopic

nalysis was polished step by step with sandpaper, polished
o a mirror finish on a polishing machine, etched with an
cetic acid and picric acid etchant (1 g picric acid, 2 ml acetic
cid, 2 ml distilled water and 14 ml alcohol) and then the
icrostructure was observed with optical microscopy (OM;
M2500M, Leica Microsystems, Wetzlar, Germany). X-ray
iffraction (XRD; Rigaku D/MAX2500PC, Rigaku, Tokyo,
apan) was used to analyze the phase composition in the alloy.
lectron backscatter diffraction (EBSD, EDAX Inc, Mahwah,
J, USA) was used to characterize the grain size refinement

ffect of each RUE pass. To highlight the influence of grain
efinement on the experimental results, the initial alloy state
nd the alloy that was deformed by 1, 2, and 4 passes were
elected for microscopic analysis. 

In addition, to determine the influence of the RUE defor-
ation on the mechanical properties of the alloy, the alloys

n the initial state and after a different number of RUE passes
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Fig. 1. (a) Working principle of RUE: (b) flow diagram of the RUE experiment; and (c) dimensions of the specimens for the tensile test. 
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ere processed into a dog-bone shape along the direction par-
llel to the extrusion direction (the sample size is shown in
ig. 1. c.). At room temperature (RT), the tensile properties of

he alloy were obtained by using an Instron 3382 tensile test-
ng machine (INSTRON, Norwood, MA, USA) at a strain rate
f 0.01 mm/min. To avoid the contingency of the experimen-
al results, three tensile specimens were processed for testing
n the initial state and different numbers of RUE passes of
he alloy. 

Before the reciprocating friction test, we used an analyti-
al balance to test the quality of the polished sample. A mul-
ifunctional material surface performance tester (MFT-4000,
anzhou Huahui Instrument Technology Co., LTD. China)
as used to perform the reciprocating friction tests at RT
ith loads of 10 N, 20 N, and 30 N. The friction speed was
0 mm/min, the reciprocating sliding distance was 5 mm, and
he friction time for each sample was 30 min. After the test
as completed, the sample was placed in absolute ethanol,

leaned by an ultrasonic wave, dried, and then weighed to
alculate the amount of wear (m). Scanning electron mi-
roscopy (SEM; SU5000, Hitachi, Tokyo, Japan) was used to
bserve the wear morphology of the sample, and energy dis-
ersive spectrometry (EDS) was used to analyze the compo-
ition of the wear area of the alloy. As we all know, the wear
ate is an important indicator reflecting the wear resistance
f alloys. Under the same conditions, the greater the wear
ate, the worse the wear resistance of the material. The Ar-
hard formula [37] was used to calculate the wear rate of the
lloy: 

 r = 

m 

ρ × L 

(1)
here W r (mm 

3 /m) is the wear rate, m (mg) is the amount
f wear, ρ (g /cm 

3 ) is the alloy density, and L (mm) is the
liding distance of the friction ball. 

. Results 

.1. Microstructures of the alloys 

Fig. 2 shows the microstructure of the GWZ932K alloy
n the initial state ( Fig. 2 a) and the SEM-BSE (backscattered
lectron) ( Fig. 2 b) results. Fig. 2 c is an enlarged view of the
rea in the blue box in Fig. 2 b. The grains in the GWZ932K
lloy in the initial state were relatively coarse, and numerous
amellar phases can be observed inside the grains (shown in
he green circle in Fig. 2 ). Scholars have reported that these
amellar LPSO phases had been confirmed as 14H structures
27] . In addition, bright precipitates can be seen at the edges
nd grain boundaries of the block-shaped phase (shown by
oint A in Fig. 2 c). According to our previous research, the
right precipitates were RE-rich phases [38] . 

Fig. 3 shows the optical microstructure of the GWZ932K
lloy with different numbers of RUE passes. After 1 RUE
eformation pass, DRX grains appeared at grain boundary
riple points. At this time, the alloy exhibited a typical bi-
odal structure. This was because during RUE deformation,

he dislocation density at the grain boundaries was high, the
egree of deformation was large, and the dislocations near
he grain boundaries rearranged to form low-angle boundaries
LABs), thereby forming subgrains [39] . At the same time, it
an be clearly seen that the grain size in the GWZ932K alloy
radually decreased with RUE processing. 
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Fig. 2. OM and SEM-BSE images of the initial state alloy. 

Fig. 3. OM images of longitudinal sections of the alloys in different states: (a) after 1 pass; (b) 2 passes; and (c) 4 passes. 

Fig. 4. XRD patterns of the alloys in different states. 
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According to the XRD results ( Fig. 4 ) and other research
eports, it can be determined [40] that during the RUE
rocess, the interior of the GWZ932K alloy was mainly
omposed of an α-Mg matrix, Mg 5 (Gd, Y, Zn) particles and
ifferent Mg 12 (Gd, Y, Zn) phases (block-shaped and lamel-
ar). There were no new precipitated phases during the RUE
rocess. After 1 RUE deformation pass, the block-shaped
PSO phase was deformed, broken, and refined (shown in

he blue dashed box in Fig. 3 b), and the number of coarse
rains containing the lamellar LPSO phase was markedly
educed. Some lamellar LPSO phases were kinked (shown in
he green arrows in Fig. 3 ), and DRX grains were generated
round them. With a continuous increase in the number of
UE passes, the grains were further refined ( Fig. 3 b, c).
hen 4 RUE deformation passes were completed ( Fig. 3 c),
any fine Mg 5 (Gd, Y, Zn) particles and DRX grains

recipitated inside the alloy and were difficult to distinguish.
Fig. 5 shows the SEM-BSE images of the GWZ932K al-
oy after RUE deformation along the longitudinal section.
ig. 5 (b, c, e, f, h, i) shows a high-magnification SEM-BSE

mage of the area in the blue box in Fig. 5 (a, c, e). Because
he contrast of different phases was different, the α-Mg matrix
ppeared dark gray, the lamellar LPSO phase was distributed
nside the grains, and the block-shaped LPSO phase was
right. After 1 RUE deformation pass, the block-shaped LPSO
hase was fragmented along the extrusion direction (indicated
y the red arrow in Fig. 5 ), and the lamellar LPSO phase was
inked (indicated by the green arrow in Fig. 5 ). As the accu-
ulated strain gradually increased, the lamellar LPSO phases

eed to be kinked at a large angle to coordinate with the plas-
ic strain (green line marked in Fig. 5 f). During the 4 passes
UE deformation, the lamellar LPSO phases could not further
oordinate the plastic strain through large Angle twisting, and
he lamellar LPSO phase twisted in some areas was broken
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Fig. 5. SEM-BSE micrographs of longitudinal sections of the alloys in different states: (a, b, c) after 1 pass; (d, e, f) 2 passes; and (g, h, i) 4 passes. 
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area 2 in Fig. 5 i). In addition, some fine Mg 5 (Gd, Y, Zn) par-
icles precipitated at grain boundaries (indicated by the yellow
rrow in Fig. 5 ) and some fine plate-like precipitates were ob-
erved inside some specific grains (area 1 Fig. 5 c in) after 1
ass RUE deformation due to the influence of strain-induced
recipitation. It had been reported in our previous studies that
uring the hot deformation process of Mg-Gd-Y-Zn-Zr alloy,
g 5 (Gd, Y, Zn) phases of two shapes would precipitate in

he grain, the platelike Mg 5 (Gd, Y, Zn) phase is mainly dis-
ributed in the inner grain, and the fine granular Mg 5 (Gd, Y,
n) phase is distributed in the grain boundary or the interior
f the grain [41] . Both Mg 5 (Gd, Y, Zn) and Mg 5 (Gd, Y, Zn)
ave significant second-phase strengthening effect on the me-
hanical properties of the alloy. A large number of Mg 5 (Gd,
, Zn) particles was precipitated and uniformly dispersed af-

er 4 passes (shown by yellow arrows in Fig. 5 ), which could
in slip of the grain boundaries and inhibit growth of the
RX grains [42] . Studies have shown that for Mg-RE-Zn al-

oys, the DRX process can be activated through the particle-
timulated nucleation (PSN) mechanism, which has a positive
ffect on grain refinement [43] . Because of the large differ-
nce between the elastic modulus of the LPSO phase and
-Mg [44] , the inconsistent deformation of the α-Mg and
PSO phases led to stress concentration at the α-Mg/LPSO

nterface during the RUE deformation process. The stress con-
entrations promoted the formation of DRX grains and could
urther refine the grains [45] . With continued RUE deforma-
ion, the fragmentation degree of the block-shaped and lamel-
ar LPSO phase gradually increased, and many Mg 5 (Gd, Y,
n) phases became dispersed in the alloy. There were many
efects in these regions, which were conducive to atomic dif-
usion and led to the accelerated precipitation of Mg 5 (Gd, Y,
n) phases. As the accumulated strain reached 4 passes, the
rains in the GWZ932K alloy were obviously refined, and
he second phase was uniformly dispersed in the alloy. An
mproved microstructure morphology was obtained. 

To characterize the grain refinement during the decreasing
emperature RUE process, EBSD was used to analyze each
UE deformation pass. Fig. 6 shows the grain orientation dis-

ribution and average grain size of the GWZ932K alloy in the
nitial state and different RUE passes. Different colors repre-
ent different grain orientations. In the black area in Fig. 6 ,
ecause the confidence index (CI) of this area was very low
CI < 0.1), the Kikuchi pattern map was not obtained, so the
rea was not calibrated. 

The average grain size of the GWZ932K alloy in its initial
tate was approximately 90.81 μm. After 1 RUE deformation
ass, the average grain size was reduced to 15.92 μm, the de-
ree of refinement was obvious, and the average grain size
as reduced by approximately 82.5%. At this time, the inside
f the alloy was mainly composed of coarse original grains
nd fine DRX grains generated at the grain boundary triple
oints. The overall appearance of the alloy showed an obvious
imodal structure. At the same time, DRX grains were ob-
erved inside the original grains. This was because the kinks
f the lamellar LPSO phase promoted DRX in the vicinity of
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Fig. 6. OIM maps and grain size distribution of the alloy of longitudinal sections of the alloys in different states: (a) the initial state and after (b) 1 pass; (c) 
2 passes; and (d) 4 passes. LAGB with misorientation < 15 ° were removed for better observation. 
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he kinks [42] . The fine DRX grains bent into the deformed
atrix, causing the grain boundaries of the original grains to

ppear jagged. However, most of the grain boundaries edges
emain straight. This was because the expansion of fine DRX
rains was hindered by the lamellar LPSO phase in the grains
42] . A color change was found inside the grains, which was
ue to the lattice rotation inside the grains [31] . From the
rain size, it can be seen that the refinement after 1 pass
as the most obvious, and it became increasingly weaker as

he number of passes increased. During the RUE deformation
rocess, both the deformation temperature and the accumu-
ated strain affected the grain size. As the RUE process pro-
ressed, the increase in accumulated strain induced additional
RX. However, due to the thermal deformation process, grain
rowth also occurred at the same time. Therefore, grain refine-
ent mainly occurred in the early stage of RUE deformation.
he influence of grain refinement was weakened in the late
tage of RUE deformation. After 4 RUE deformation passes,
 relatively uniform fine-grained structure was obtained, and
he average grain size was refined to 5.89 μm. At this time,

ost areas in the alloy were replaced by DRX grains, and
islocation multiplication was suppressed. When the disloca-
ion density was lower than that required for subcrystalline
ucleation, it became very difficult to continue to refine the
rains through DRX. The grain refinement during the RUE
rocess showed that SPD methods cause the nucleation of
ew grains, and the elongated grains gradually transform into
ne and uniform equiaxed grains. 
.2. Texture evolution of the alloys with different states 

In the case of Mg alloy, its texture significantly changes
uring the metal forming process and affects greatly the me-
hanical properties of the processed alloys. Fig. 7 shows
0001}, {10–10}, {11–20} pole figures of the GWZ932K al-
oy in different states. It can be noted that the basal texture
f the alloy in the initial state shows a typical bimodal type,
nd the basal texture strength is 5.08. the texture of the initial
xtruded GWZ932K alloy has a strong ED-oriented texture;
amely, the c-axes of most grains are oriented parallel to
he ED. This ED texture is considerably different from the
ypical basal fiber texture of extruded Mg alloys, whose c-
xes are oriented perpendicular to the ED [46] .This is mainly
ue to the initial state alloy extrusion deformation belongs
o large size billet deformation ( ϕ330 mm ×2040 mm), and
he subsequent RUE experiments using small size bar are in
he large size of extrusion bar sample of edge, the edge by
riction and the influence of uneven deformation leading to
nitial extruded alloy base texture angle deflection. After 1
ass RUE, the traditional extrusion texture is not formed in-
ide the alloy, and the texture strength of {0001}, {10–10},
11–20} decreases compared with the initial state alloy. At
he same time, after 1 pass, the direction of the maximum
olar density changes, which is because the loading direc-
ion alternately changes between axial and radial directions
n the process of RUE deformation [31] . The texture strength
f {0001}, {10–10}, {11–20} in the alloy decreases gradually
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Fig. 7. {0001}, {10–10}, {11–20} pole figures of the GWZ932K alloy in 
different states: (a, b, c) initial state; and after (d, e, f) 1 pass; (g, h, i) 2 
passes; and ( j, k, l) 4 passes. 
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Fig. 8. Tensile properties and microhardness of the GWZ932K alloy in dif- 
ferent states. 
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ith the RUE deformation, which is mainly because the al-
oy will produce many DRX grains during the RUE process.
nd the DRX grains show random grain misorientation and
ave a significant weakening of the texture [43] . In addition,
xisting studies have shown that the dynamic precipitate par-
icles during deformation can significantly weaken the texture
trength [40] . On the one hand, the precipitated phase parti-
les located at the grain boundary can pin the boundary and
inder the growth and coalescence of grains. On the other
and, the presence of precipitated particles can also pin dis-
ocations and hinder the directional slip and rotation of grains,
hich ultimately weaken the texture of the material [40] . It

s well known that the weakening of the texture of Mg al-
oy is beneficial to eliminate the anisotropy and improve the
lasticity of the material at RT [47] . At present, RUE process
an significantly weaken the texture and effectively improve
he properties of Mg alloy. 

.3. RT mechanical properties of the alloys with different 
tates 

Fig. 8 shows the influence of the number of RUE passes
n the mechanical properties of the GWZ932K alloy at RT.
bviously, the mechanical properties of the GWZ932K alloy
ere effectively improved after the RUE process due to grain

efinement and second-phase dispersion. The ultimate tensile
trength (UTS), tensile yield strength (TYS) and elongation
f the GWZ932K alloy in the initial state were 245.1 MPa,
89.1 MPa and 4.5%, respectively. After 1 RUE deformation
ass, the UTS, TYS and elongation of the GWZ932K alloy
ncreased to 274.3 MPa, 203.5 MPa and 5.7%, respectively,
hich were markedly higher than those of the alloy in its

nitial state. With a continuous increase in the strain during the
UE process, the UTS, TYS and elongation of the GWZ932K
lloy gradually increased. After 4 RUE deformation passes,
he UTS, TYS and elongation of the alloy reached 331.2 MPa,
63.6 MPa and 7.1%, respectively, which were 1.35 times,
.39 times and 1.57 times higher than those of the alloy in
ts initial state, respectively. 

Table 1 shows the vickers hardness values of the
WZ932K alloy in different states. The average vickers hard-
ess of initial state, 1 pass, 2 passes, and 4 passes alloys
re 93.6( ±1.5) HV, 106.3( ±2.9) HV, 121.2( ±2.1) HV and
12.4( ±3.3) HV, respectively. It should be noted that in the
arly stage of RUE deformation, the hardness of the alloy
ncreases with the gradual increase of the RUE pass, which

ainly due to the grain refinement and the fragmentation of
he LPSO phase as well as the precipitation of a large amount
f dispersed Mg 5 (Gd, Y, Zn) precipitated phases work to-
ether, so the hardness of the alloy increases [48] . However,
ompared with the 2 passes RUE alloy, the microhardness
fter 4 passes RUE deformation showed a slight decrease,
hich is due to during the entire deformation process, the

nternal work hardening and DRX softening of the alloy are
n a dynamic equilibrium competition. As the accumulated
train gradually increases, the DRX content inside the alloy
radually increases, and the DRX softening effect gradually
eplaces the work hardening effect, which leads to a slight
ecrease in the average microhardness of the alloy after 4
asses of RUE treatment [49] . 

.4. Tribological properties of the alloys with different states

RUE can markedly refine the grains and improve the over-
ll performance of alloys. Existing studies show that grain
efinement is a valid way to improve the wear resistance of
lloys [49 , 50] . Fig. 9 shows the fluctuation of the coefficient
f friction (COF) with time for the GWZ932K alloy in
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Table 1 
Vickers hardness values of the GWZ932K alloy in different states. 

Samples Vickers hardness (HV) 

Point1 Point2 Point3 Point4 Point5 Point6 Point7 Point8 Point9 Point10 Average value 

Initial 101 95 89 71 93 107 95 93 104 88 93.6( ±1.5) 
1 pass 110 114 110 109 105 106 102 109 101 97 106.3( ±2.9) 
2 passes 115 104 124 136 129 116 118 130 115 125 121.2( ±2.1) 
4 passes 128 108 113 109 115 105 114 117 110 105 112.4( ±3.3) 

Fig. 9. COF fluctuation with time under different load conditions: (a) 10 N; 
(b) 20 N; and (c) 30 N. 
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ifferent states under different load conditions. COF refers
o the ratio of the friction force between two surfaces to the
ertical force acting on one surface. The COF on the surface
f the material can reflect the wear resistance to a certain
xtent, and a higher COF indicates that the material has poor
ear resistance. In addition, the COF at the initial stage of the

eciprocating friction experiment was low, which was due to
he poor contact between the GWZ932K alloy and the inden-
er during the initial stage of the experiment. When the load
as 30 N, the COF values of all samples gradually decreased
ith the reciprocating friction experiment (see Fig. 9 c). 
Fig. 10 shows the effect of the number of RUE passes and

ifferent load conditions on the average COF ( Fig. 10 (a)) and
ear rate ( Fig. 10 (b)) of the GWZ932K alloy. It was observed

hat the wear rate of the alloy that underwent RUE had a
ower wear rate than the alloy in its initial state when the
oad was 10 N and 20 N. However, when the load was 30 N,
he alloy that underwent RUE had a higher wear rate than the
lloy in its initial state. Kim et al. studied the negative effect
f equal channel angular extrusion (ECAP) treatment on the
ear rate of an AZ61 alloy, which may have been the result
f grain boundary sliding [50] . As shown in Fig. 10 (a), the
verage COF also decreased with increasing cumulative strain
hen the load is 10 N or 20 N, which is mainly due to the
rain refinement. However, when the load is 30 N, the average
OF of the alloy shows the opposite law. Under 10 N and
0 N load conditions, the wear rate of the alloy that underwent
UE was lower than that of the alloy in its initial state. As the
lloy surface load increased, the area of interaction between
he indenter and the alloy surface increased. Therefore, the
riction between the alloy surface and the indenter increased,
hich increased the wear. 
Generally speaking, there is a positive correlation between

he wear resistance of an alloy and its surface hardness [50] .
herefore, the wear resistance of GWZ932K alloy after RUE

reatment should be slightly higher than that of the initial state
lloy. However, when the load is 30 N, the wear resistance of
he alloy treated with RUE is not as good as that of the
nitial state alloy, which shows that the hardness is not the
ain factor determining the wear resistance of the alloy after
UE deformation. When the load is 30 N, the wear resistance
f the RUE-treated alloy is worse than that of the initial alloy.
his phenomenon is attributed to the influence of the alloy
urface wear mechanism, which will be further discussed in
he next section. 

. Discussion 

.1. Grain refinement rules in the Rue process 

Fig. 11 shows the misorientation angular distribution af-
er the different numbers of RUE passes of the GWZ932K
lloy. Fig. 11 (a) shows that after 1 RUE deformation pass,
he misorientation (less than 5 °) of the alloy had an obvi-
us distribution peak. At this time, due to a small cumulative
train, the inside of the alloy was mainly composed of coarse
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Fig. 10. Influence of the number of RUE passes on the (a) average COF and (b) wear rate. 

Fig. 11. Misorientation angle distribution of the alloys in different states: 1 pass; (b) 2 passes; and (c) 4 passes. 
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riginal grains and a small amount of DRX grains. Discon-
inuous dynamic recrystallization (DDRX) was the main re-
rystallization mode [51] . With a continuous increase in the
ccumulated strain during the experiment, the degree of plas-
ic deformation in the alloy was intensified; grains underwent
islocation multiplication, movement and formation of tan-
les, so that the grains were stretched, broken and fibrillated,
nd the subgrains formed by LABs further developed. Af-
er that, the subgrains continued to absorb dislocations and
hanged from LABs to high-angle boundaries (HABs). There
ere many LABs inside the original coarse grains, which in-
icated that the internal dislocation density of these grains
as relatively high, and these grains were transformed into a

hain-like distribution of LAB subgrains [52] . 
With the progress of the RUE process, the misorientation

f the LABs gradually decreased, while the misorientation
f the HABs gradually increased. DRX grains were formed
y the continuous accumulation of dislocations, which gradu-
lly deflected the grains and transformed subgrains into DRX
rains. This process is a typical CDRX process [51] . When
he RUE deformation progressed to 4 passes, the inside of
he alloy was mainly HABs, the microstructure comprised
niform and fine equiaxed grains, and the grain refinement
as obvious. 
With the progress of RUE deformation, CDRX and DDRX

ithin the GWZ932K alloy occurred simultaneously. The
undamental difference between CDRX and DDRX is that
DRX has no obvious nucleation and growth stages, and
ew grains are mainly formed by a gradual increase of the
AGBs misorientation. However, DDRX has obvious nucle-
tion and growth stages, and the DRX core was mainly pro-
uced by the grain boundary arching nucleation method, that
s, strain-induced grain boundary movement [53–55] . In order
o further clarify the internal CDRX and DDRX deformation
rocesses of the alloy during the RUE deformation process,
ypical grains are selected for analysis from Fig. 6 (b). During
he hot deformation of the alloy, due to the rotation of the
rystal lattice inside the crystal grains, misorientation inside
he crystal grains changes, and the cumulative misorientation
rom point c to d reaches 36. A large number of LAGBs
re distributed in the grain interior, which is due to the work
ardening effect that produces a large number of dislocations
n the alloy. Under the action of stress, the dislocations slip
long the basal or non-basal, and generates dislocation plugs
hen they slip to the initial grain boundary. When the dislo-

ation plugs accumulate to a certain extent, they rearrange and
erge, resulting in dislocation cells and subgrain boundaries.
ubgrain boundaries can increase their misorientation by ab-
orbing lattice dislocations, and then transform LAGBs into
AGBs. Then, HAGBs migrate, eliminate part of the sub-
rain boundaries and grain boundaries, and produce equiaxed
ecrystallized grains (see in blue arrow in Fig. 12 (a)) [56 , 57] .
pecifically, the sharp increase in the misorientation curve
 Fig. 12 (b)) indicates the occurrence of CDRX in the RUE
rocess. In Fig. 12 , there are serrated grain boundaries at the
oundary of typical grains, and some grain boundaries are
rched toward adjacent grains, gradually forming subgrains
see in black arrow in Fig. 12 (a)). This process has obvious
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Fig. 12. (a) Typical grain selected from 1 pass RUE alloy (marked with 
white wire frame in Fig. 6 (b) and line graph of misorientation angle along 
the arrows AB (b) and CD (c) in (a). 
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ucleation and growth stages, which are the typical DDRX
haracteristic [58] . 

.2. Mechanism of improving the RT mechanical properties 
f alloys 

The RT mechanical properties of the GWZ932K alloy
arkedly increased after RUE deformation, which was mainly

ttributed to the grain refinement of the RUE process and the
ispersion of the second phases. In crystal defects, disloca-
ions are known to be three-dimensional, and the line seg-

ents in the dislocation networks inside the alloy on the slip
lane could be a dislocation source. Under the action of stress,
he dislocation source could continuously release dislocations,
ausing the crystal to slip. During dislocation movement, the
indrance of the dislocation network must be overcome first.
hen dislocations move to the grain boundaries, the grain

oundary obstacles must be overcome so that the deforma-
ion could be transferred from one grain to another. The TYS
f metals should depend on the minimum stress required to
ctivate the dislocation source, as well as the resistance of
he dislocation network to the mobile dislocations and the re-
istance of the grain boundaries. Therefore, the smaller the
rains in the alloy are, the more grain boundaries there are
nside the alloy, and the greater the force that is required to
perate the dislocation source, leading to an increase in the
trength of the material. This could be explained by the Hall-
etch formula derived based on the in-place dislocation plug
odel [59] : 

s = σ0 + k d 

−1 / 2 (2)

here σ s represents the yield limit of the material, which
s the yield stress when the material is deformed by 0.2%;

0 represents the lattice friction resistance generated when
 single dislocation is moved; K is related to the nature of
he material and the grain size, which is a constant; and d is
he average grain size of the material. Therefore, the strength
f the material is inversely proportional to the grain size,
nd the smaller the grain size is, the higher the strength of
he material. It should be noted that the relationship between
he strength from the Hall-Petch formula and the grain size
oes not extend to nanoscale materials. This is because when
he grain size is at the nanoscale, there may be very few
islocations in the grains, or even only one. Therefore, the
all-Petch formula is no longer applicable. However, after 4
UE deformation passes, the grain size of the alloy was still
t the μm-scale ( Fig. 6 d), so the Hall-Petch formula could be
sed to qualitatively analyze the relationship between strength
nd grain size of alloy [60] . 

Studies have shown that Mg-Gd-Y-Zn-Zr alloys precipitate
 dense β’ phase, which can markedly prevent sliding of dis-
ocations, especially basal dislocations, thereby increasing the
trength of the alloy [61] . After 4 RUE deformation passes
ere completed, the block-shaped and lamellar LPSO phases
ere uniformly broken, and a large amount of Mg 5 (Gd, Y)
hases that precipitated at the grain boundaries were evenly
ispersed in the alloy, which could pin dislocation slip. The
rain boundary deformation was hindered. Therefore, the
ispersion of the second phases inside the alloy could also
lay an important role in the improvement of the mechan-
cal properties of the material. This can be explained by
he second-phase dispersion strengthening mechanism [62] .

hen the alloy undergoes plastic deformation, the dislocation
ine cannot directly cut through the second-phase particles,
ut under the action of external force, the dislocation line
an move around the second-phase, and as the applied stress
ncreases, the dislocations are forced to move forward in a
ontinuously bending manner. Finally, a dislocation ring is left
round the second-phase particles to realize the increment of
he dislocation. Dislocation bending increases the lattice dis-
ortion energy in the dislocation-affected zone and increases
he resistance of the dislocation line movement. It becomes

ore difficult for the subsequent dislocation line to bypass
he particles, thereby increasing the strength of the material. 

In addition, the texture of Mg alloy can affect the mechan-
cal properties of the alloy at RT by changing the schmid fac-
or (SF) of slip system, especially {0 0 0 l} [1 l −2 0] basal
lip system [63] . Fig. 13 shows the SF distribution maps and
istograms of the alloy of longitudinal sections of the alloys
n different states. The alloy exhibits a higher SF (0.36) at
nitial state, which indicates that the basal slip is easily acti-
ated during the deformation process of the initial state, and
he basal slip is the main deformation mechanism at the initial
tage of tensile deformation at RT [64] . The SF value also
ecreases gradually with the RUE process, which indicates
hat the basal slip in the alloy is gradually inhibited. There-
ore, the TYS of the alloy shows an upward trend with the
ncrease of RUE process [63] . In addition, since Mg alloys
ave fewer slip systems, theoretically speaking, when the SF
f the applied stress on the basal slip system is high, the basal
lip is easier to start and the alloy has better plasticity. From
he perspective of texture analysis, the plasticity of the alloy
hould gradually decrease with the increase of RUE passes.
owever, from Fig. 8 RT tensile test results show that the



3516 W. Xu, J. Yu, L. Jia et al. / Journal of Magnesium and Alloys 10 (2022) 3506–3519 

Fig. 13. SF distribution maps and histograms of the alloy of longitudinal sections of the alloys in different states: (a) the initial state and after (b) 1 pass; (c) 
2 passes; and (d) 4 passes. LAGB with misorientation < 15 ° were removed for better observation. 
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lasticity of the alloy gradually increases with the progress of
he RUE process. This may be due to the positive influence
f grain refinement and second phase dispersion on plasticity
o a certain extent to offset the negative influence of texture
eakening to suppress basal slip on plasticity. Therefore, RUE
rocess can change the activity of basal slip by weakening the
exture and thus affect the mechanical properties of Mg alloys.

In short, the remarkable improvement in the mechanical
roperties of the GWZ932K alloy after RUE deformation was
ue to the combined effect of grain refinement, a dispersed
econd phase and texture weakening. 

.3. Worn surface of alloys with different states 

The RUE process could markedly refine the grains, which
mproved the wear resistance. Therefore, in theory, the alloys
hat undergo RUE should have a higher wear resistance than
he alloy in its initial state. However, under higher load condi-
ions (Load > 30 N), the GWZ932K alloy that underwent RUE
ad a higher wear rate than the alloy in its initial state (see
ig. 10 b). To clarify the wear mechanism of the GWZ932K
lloy during the reciprocating friction experiment after the
UE deformation, the wear surface of the alloy in differ-
nt states was observed under SEM-SE. Fig. 14 shows the
icrostructure morphology of the worn samples under 10 N,

0 N, and 30 N loads, and we selected an area (blue box) for
DS element analysis. Additionally, debris and delamination
ere observed on the wear surface of the GWZ932K alloy
nder different conditions. In Fig. 14 (a, b, c), we can see
any debris and groove-like wear marks in the SEM-SE im-

ges of the alloy after reciprocating friction under different
oad conditions. The groove-shaped wear marks were caused
y the abrasive particles that were ground into the contact sur-
ace under the action of a load, followed by shear and micro-
utting of the worn surface during the friction process. Finally,
roove-shaped wear marks were produced on the grinding sur-
ace. Ploughing wear is a kind of abrasive wear mechanism,
here debris is formed in the abrasive wear process, and de-

amination is caused by plastic deformation during reciprocat-
ng friction, which indicates that the alloy surface is severely
orn [65 , 66] . The plow wear and delamination wear of the
WZ932K alloy surface after 1 RUE deformation pass was
ore severe than that of the alloy in its initial state ( Fig. 14 g,

, i). With the progress of the RUE process, additional delam-
nation and debris appeared on the surface of the GWZ932K
lloy. Alloys after 4 RUE passes produced the most debris
nder the same loading conditions. EDS elemental analysis
f all worn surfaces found that there was O, which proved
hat surface oxidation occurred in the sample. Therefore, the
WZ932K alloy had oxidative wear during the wear process.
he oxidative wear was caused by friction and heat genera-

ion during the reciprocating friction experiment on the alloy
urface under high load conditions, and a thin oxide layer
as formed on the alloy surface. The oxide fragments were

emoved during the wear process to produce oxidative wear.
he formation of the oxide layer had a negative impact on
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Fig. 14. SEM-SE image of the wear surface of alloys with different states and the EDS element analysis of the corresponding blue box: (a, b, c, d, e, f) 
initial state; and after (g, h, i, j, k, l) 1 pass; (m, n, o, p, q, r) 2 passes; and (s, t, u, v, w, x) 4 passes. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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he wear resistance of the alloy. Studies have shown that the
xide layer can eliminate the positive impact of SPD on the
lloy wear resistance [67] . When the formation rate of the ox-
de film on the alloy surface was greater than the wear rate,
he wear surface quickly formed an oxide film. This oxide
lm hindered the wear of the material, and the wear rate was
elatively small. When the wear rate was greater than the for-
ation rate of the oxide film, the oxide film was worn away

efore it could be formed, resulting in a higher wear rate of
he material [48] . This also indicated that the oxide layer on
he surface of the GWZ932K alloy after RUE treatment was
nder a low load, such as 10 N and 20 N. At this time, the
egative effect of the oxide layer on the wear resistance of the
lloy was less than the positive effect of the grain refinement.
acroscopically, the wear resistance of the GWZ932K alloy

reated by RUE improved. However, when the load was large,
uch as more than 30 N, the negative impact of the oxidation
ayer on the wear resistance of the alloy was greater than the
ositive impact of the grains that were refined during RUE.
herefore, under 30 N loading conditions, the surface of the
lloy treated by RUE had a higher wear rate than the alloy
n its initial state. 

. Conclusion 

In this study, we investigated the improvement in the me-
hanical and wear properties of a GWZ932K alloy as a result
f grain refinement and LPSO phase dispersion after decreas-
ng temperature RUE. The following conclusions were drawn
rom this study: 

(1) After 4 RUE deformation passes of the GWZ932K
alloy, the grain refinement is obvious, and the aver-
age grain size reaches 5.89 μm. The block-shaped and
lamellar LPSO phases are broken, and a large amount
of Mg 5 (Gd, Y, Zn) phase is precipitated and uniformly
dispersed inside the alloy to obtain an improved mi-
crostructure. 

(2) After 4 RUE deformation passes are completed, the ten-
sile properties of the alloy are markedly improved. The
UTS, TYS and elongation reach 331.2 MPa, 263.6 MPa
and 7.1%, respectively, which are 1.35 times, 1.39 times
and 1.57 times higher than those for the alloy in its
initial state, respectively; this behavior is due to grain
refinement, second-phase dispersion and texture weak-
ening during the RUE deformation process. 

(3) The RUE process can markedly increase the average
COF of the alloy. As the load and contact area increase,
the fluctuation of the COF decreases. Under 10 N and
20 N load conditions, the sample wear rate increases
with increasing number of RUE passes. However, under
higher loads ( > 30 N), the initial state specimens have
better wear resistance than the alloys that underwent
RUE. 
(4) The wear morphology of the alloy under different load-
ing conditions is observed in SEM-BSE images. The al-
loy samples undergo abrasive wear and oxidative wear
during the wear process. It is precisely due to the exis-
tence of oxidative wear that the alloys subjected to RUE
treatment under larger load conditions show a higher
wear rate than the initial state alloys. 

cknowledgments 

This research was financially supported by the Natural Sci-
nce Foundation of Shanxi Province (No. 201901D111176 ),
he Joint Funds of the National Natural Science Founda-
ion of china (Grant No. U20A20230 ), the Bureau of sci-
nce, technology and industry for National Defense of China
No. WDZC2019JJ006 ), the Key R&D program of Shanxi
rovince (International Cooperation) (No. 201903D421036),

he National Natural Science Foundation of China (Grant No.
2075501 ), Scientific and Technological Innovation Programs
f Higher Education Institutions in Shanxi (No. 2018002) 

eferences 

[1] C.Y. Zhao, Z.Y. Li, J.H. Shi, X.H. Chen, F.S. Pan, J. Magnes. A 7
(2019) 672–680 . 

[2] W. Mohamed, S. Gollapudi, I. Charit, K.L. Murty, Mater. Sci. Eng. A
712 (2018) 140–145 . 

[3] J.W. Lu, D.D. Yin, G.H. Huang, G.F. Quan, Y. Zeng, H. Zhou,
Q.D. Wang, Mater. Sci. Eng. A 700 (2017) 598–608 . 

[4] Z. Xie, Z. Luo, Q. Yang, T. Chen, S. Tan, Y. Wang, Y. Luo, Vacuum
101 (2014) 171–176 . 

[5] C. Taltavull, A.J. López, B. Torres, J. Rams Surf. Coat. Tech. 236 (2013)
368–379 . 

[6] K.R. Gopi, H.S. Nayaka, S. Sahu, ARAB J SCI ENG 43 (2018) 4871–
4878. 

[7] J. Yu, Z. Zhang, P. Xu, B. Dong, Q. Wang, M. Meng, H. Hao, X. Li,
X. Yin, Xia, J. Alloys Compd. 787 (2019) 239–253 . 

[8] S.W. Lee, S.H. Kim, W.K. Jo, W.H. Hong, W. Kim, B.G. Moon,
S.H. Park, J. Alloys Compd. 791 (2019) 700–710 . 

[9] T. Chen, Z. Chen, J. Shao, R. Wang, L. Mao, C. Liu, Mater. Design
152 (2018) 1–9 . 

10] A. Jana, M. Das, V.K. Balla, J. Alloys Compd. 821 (2019) 153462 . 
11] N. Su, X. Xue, H. Zhou, Y. Wu, Q. Deng, K. Yang, Q. Chen, B. Chen,

L. Peng, Mater. Charact. 165 (2020) 100396 . 
12] Rare earth texture and improved ductility in a Mg-Zn-Gd alloy after

high-speed extrusion 
13] J. An, R.G. Li, Y. Lu, C.M. Chen, Y. Xu, X. Chen, L.M. Wang, Wear

265 (2008) 97–104 . 
14] Y. Kawamura, K. Hayashi, A. Inoue, T. Masumoto, Mater Trans. 42

(2001) 1172–1176 . 
15] J. Yu, Z. Zhang, Q. Wang, X. Yin, J. Cui, H. Qi, J. Alloys Compd. 704

(2017) 382–389 . 
16] K. Hagihara, N. Yokotani, Y. Umakoshi, Intermetallics 18 (2010)

267–276 . 
17] K. Hagihara, A. Kinoshita, Y. Sugino, M. Yamasaki, Y. Kawamura,

H.Y. Yasuda, Y. Umakoshi, Acta Mater 58 (2010) 6282–6293 . 
18] Z. Tan, Z.Y. Xiao, Z.W. Fang, D.X. Zhang, Q.H. Huo, X.Y. Yang, Mater.

Sci. Eng. A 715 (2018) 389–403 . 
19] X.B. Liu, R.S. Chen, E.H. Han, J. Alloys Compd. 465 (2008) 232–238 .
20] Z. Yu, C. Xu, J. Meng, J. Alloys Compd. 729 (2017) 627–637 . 
21] X.P. Zhang, Z.P. Zhao, F.M. Wu, Y.L. Wang, J. Wu, J. Mater. Sci. 42

(2007) 8523–8528 . 

https://doi.org/10.13039/501100004480
https://doi.org/10.13039/501100001809
https://doi.org/10.13039/501100010878
https://doi.org/10.13039/501100001809
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0001
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0002
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0003
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0004
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0005
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0007
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0008
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0009
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0010
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0011
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0013
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0014
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0015
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0016
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0017
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0018
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0019
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0020
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0021


W. Xu, J. Yu, L. Jia et al. / Journal of Magnesium and Alloys 10 (2022) 3506–3519 3519 

[  

[  

[  

[  

[
[  

[  

[  

[  

[  

[  

[
[  

[  

[  

[  

[  

[  

[  

[
[  

[  

[  

[
[
[  

 

[
[  

[  

[
[  

[  

[  

[  

[  

[  

[  

[  

[
[  

[  

 

[  

[  

[  

[  

[  
22] J.D. Majumdar, R. Galun, B.L. Mordike, I. Manna, Mater. Sci. Eng. A
361 (2003) 119 . 

23] S. Ramesh, G. Anne, H.S. Nayaka, S. Sahu, M.R. Ramesh, J. Magnes.
A 7 (2019) 444–455 . 

24] G. Zhang, Z. Zhang, X. Li, Z. Yan, X. Che, J. Yu, Y. Meng, J. Alloys
Compd. 790 (2019) 48–57 . 

25] Q. Chen, Z.D. Zhao, Z.X. Zhao, C.K. Hu, D.Y. Shu, J. Alloys Compd.
509 (2011) 7303–7315 . 

26] Y. Xu, L.X. Hu, Y. Sun, T. Nonferr, Metal Soc 25 (2015) 381–388 . 
27] Y. Xu, C. Chen, J. Jia, X. Zhang, H. Dai, Y. Yang, J. Alloys Compd.

748 (2018) 694–705 . 
28] S.R. Agnew, P. Mehrotra, T.M. Lillo, G.M. Stoica, P.K. Liaw, Acta

Mater 53 (2005) 3135–3146 . 
29] T. Hebesberger, H.P. Stüwe, A. Vorhauer, F. Wetscher, R. Pippan, Acta

Mater 53 (2005) 393–402 . 
30] Q. Guo, H.G. Yan, Z.H. Chen, H. Zhang, Mater. Charact. 58 (2007)

162–167 . 
31] Y. Du, Z.M. Zhang, G.S. Zhang, Z.M. Yan, J.M. Yu, Rare Metal. Mat.

Eng. 47 (2018) 1422–1428 . 
32] K. Sahithya, I. Balasundar, V. Singh, P. Ghosal, T. Raghu, Prog. Nat.

Sci.-Mater. 26 (2016) 621–629 . 
33] W. Gao, J. Xu, J. Teng, Z. Lu, J Mater Res 31 (2016) 2506–2515 . 
34] L.X. Hu, Y.P. Li, Wang Erde, Y. Yu, Mater. Sci. Eng. A 422 (2006)

327–332 . 
35] G. Zhang, Z. Zhang, Y. Meng, Z. Yan, X. Li, Materials (Basel) 12

(2019) 2437 . 
36] Q. Wang, Y. Chen, M. Liu, J. Lin, H.J. Roven, Mater. Sci. Eng. A 527

(2010) 2265–2273 . 
37] C. Taltavull, P. Rodrigo, B. Torres, A.J. Lopez, J. Rams Mater. Design

56 (2014) 549–556 . 
38] H. Liu, Y. Meng, H. Yu, W. Xu, S. Zhang, L. Jia, G. Wu, Materials

(Basel) (2020) 13 . 
39] K. Liu, L.L. Rokhlin, F.M. Elkin, D. Tang, J. Meng, Mater. Sci. Eng.

A 527 (2010) 828–834 . 
40] G.Z. A, Y.M. B, F.Y. B, Z.G. A, Z.Y. A, Z.Z. A, J. Alloys Compd. 815

(2020) . 
41] B. Dong, X. Che, Z. Zhang, J. Alloys Compd. 853 (2021) 157066 . 
42] Y. Meng, J. Yu, K. Liu, H. Yu, F. Zhang, Y. Wu, Z. Zhang, N. Luo,

H. Wang, J. Alloys Compd. 828 (2020) . 
43] W. Xu, J. Yu, G. Wu, L. Jia, Z. Gao, Z. Miao, Z. Zhang, F. Yan, Metals

(Basel) (2020) 10 . 
44] Y. Chino, M. Mabuchi, S. Hagiwara, H. Iwasaki, A. Yamamoto,

H. Tsubakino, Scripta Mater 51 (2004) 711–714 . 
45] X.H. Shao, Z.Q. Yang, X.L. Ma, Acta Mater 58 (2010) 4760–4771 . 
46] Z. Yu, C. Xu, J. Meng, Mater. Sci. Eng. A 762 (2019) 138080 . 
47] B.Q. Xu, J.P. Sun, Z.Q. Yang, L.R. Xiao, H. Zhou, J. Han, H. Liu,

Y.N. Wu, Y.C. Yuan, X.R. Zhuo, D. Song, J.h. Jiang, A.B. Ma, Mater.
Sci. Eng. A 780 (2020) . 

48] A. Patil, S. Bontha, M.R. Ramesh, Mater. Today 20 (2020) 97–102 . 
49] Y.S. Kim, J.S. Ha, W.J. Kim, Materials Science Forum 449-452 (2004)

597–600 . 
50] B. Zhou, J.Dai H.Zhou, X. Zhang, Heat Treat. Metals 43 (2018)

147–151 . 
51] K. Huang, R.E. Logé, Mater Design 111 (2016) 548–574 . 
52] Y. Yoshida, L. Cisar, S. Kamado, Y. Kojima, Mater Trans 43 (2005)

2419–2423 . 
53] N.V.R. Kumar, J.J. Blandin, C. Desrayaud, F. Montheillet, M. Suéry,

Mater. Sci. Eng. A 359 (2003) 150 . 
54] X. Jin, W. Xu, Z. Yang, C. Yuan, D. Shan, B. Teng, B.C. Jin, J. Mater.

Sci. Technol. 45 (2020) 133–145 . 
55] Yanushkevich Zhanna, Belyakov Andrey, Kaibyshev Rustam, Acta

Mater 82 (2015) 244–254 . 
56] Y.C. Xin, M.Y. Wang, Z. Zeng, G.J. Huang, Q. Liu, Scr. Mater. 64

(2011) 986–989 . 
57] J. Luo, W.W. Hu, Q.Q. Jin, H. Yan, R.S. Chen, Unusual cold rolled

texture in an Mg-2.0Zn-0.8Gd sheet, Scr. Mater. 127 (2017) 146–150 . 
58] K. Hagihara, N. Yokotani, Y. Umakoshi, Intermetallics 18 (2010)

267–276 . 
59] H. Yu, Y. Xin, M. Wang, Q. Liu, J. Mater. Sci. Technol. 34 (2018)

248–256 . 
60] C. Koch, Scripta Mater 49 (2003) 657–662 . 
61] C. Xu, M. Zheng, S. Xu, K. Wu, E. Wang, G. Fan, S. Kamado, Mater.

Sci. Eng. A 643 (2015) 137–141 . 
62] B. Xu, J. Sun, Z. Yang, L. Xiao, H. Zhou, J. Han, H. Liu, Y. Wu,

Y. Yuan, X. Zhuo, D. Song, J. Jiang, A. Ma, Mater. Sci. Eng. A 780
(2020) . 

63] J.P. Sun, Z.Q. Yang, J. Han, T. Yuan, D. Song, Y.N. Wu, Y.C. Yuan,
X.R. Zhuo, H. Liu, A.B. Ma, J. Alloys Compd. 780 (2019) 443–451 . 

64] R.Z. Valiev, R.K. Islamgaliev, I.V. Alexandrov, Prog Mater Sci 45 (2000)
103–189 . 

65] K.R. Gopi, H.S. Nayaka, S. Sahu, J. Mater. Eng. Perform. 26 (2017)
1–11 . 

66] J. Xu, X. Wang, X. Zhu, M. Shirooyeh, T.G. Langdon, J. Mater. Sci.
48 (2013) 4117–4127 . 

67] N. Gao, C.T. Wang, R.J.K. Wood, T.G. Langdon, J. Mater. Sci. 47
(2012) 4779–4797 . 

http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0022
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0023
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0024
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0025
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0026
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0027
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0028
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0029
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0030
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0031
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0032
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0033
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0034
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0035
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0036
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0037
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0038
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0039
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0040
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0041
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0042
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0043
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0044
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0045
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0046
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0047
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0048
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0049
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0050
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0051
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0052
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0053
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0054
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0055
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0056
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0057
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0058
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0059
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0060
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0061
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0062
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0063
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0064
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0065
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0066
http://refhub.elsevier.com/S2213-9567(21)00082-7/sbref0067

	Grain refinement impact on the mechanical properties and wear behavior of Mg-9Gd-3Y-2Zn-0.5Zr alloy after decreasing temperature reciprocating upsetting-extrusion
	1 Introduction
	2 Experimental procedures
	3 Results
	3.1 Microstructures of the alloys
	3.2 Texture evolution of the alloys with different states
	3.3 RT mechanical properties of the alloys with different states
	3.4 Tribological properties of the alloys with different states

	4 Discussion
	4.1 Grain refinement rules in the Rue process
	4.2 Mechanism of improving the RT mechanical properties of alloys
	4.3 Worn surface of alloys with different states

	5 Conclusion
	Acknowledgments
	References


