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Abstract 

Mg-3Gd (wt.%) samples with different initial grain sizes were prepared to evaluate the grain size effect on microstructural evolution 
during cold rolling and subsequent annealing hardening response. The deformation behavior and mechanical response of the as-rolled and 
annealed samples were systematically investigated by a combination of electron microscopy and microhardness characterization. The results 
show that the twinning activities were highly suppressed in the fine-grained samples during rolling. Upon increasing the rolling reduction 
to 40%, ultra-fine grain structures with a volume fraction of ∼28% were formed due to the activation of multiple slip systems. Conversely, 
twinning dominated the early stages of deformation in the coarse-grained samples. After a 10% rolling reduction, numerous twins with a 
volume fraction of ∼23% were formed. Further increasing the rolling reduction to 40%, high-density dislocations were activated and twin 
structures with a volume fraction of ∼36% were formed. The annealing hardening response of deformed samples was effectively enhanced 
compared to that of the non-deformed samples, which was attributed to the enhanced Gd segregation along grain boundaries, twin boundaries 
and dislocation cores. Moreover, the grain size and rolling reduction were found to affect the microstructure evolution during annealing, 
resulting in a notable difference in the annealing hardening response of Mg-3Gd alloy between samples of different grain sizes deformed to 
different strains. These findings highlight the crucial importance of microstructural and processing parameters in the design of high-strength, 
cost-effective Mg alloys. 
© 2023 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/ ) 
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. Introduction 

With the urgency of energy conservation and pollution
mission reduction in recent years, magnesium (Mg) alloys
ave attracted extensive attention due to their high spe-
ific strength [1–3] . However, hexagonal close-packed (HCP)
rystal-structured Mg alloys offer an insufficient number of
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lip systems and inherent high deformation anisotropy [ 4 , 5 ],
esulting in poor formability and low strength at room temper-
ture, which limits their widespread applications [6] . There-
ore, high-strength Mg alloys have been extensively studied
hrough structural refinement [ 7 , 8 ]. It is generally considered
hat Mg alloys exhibit intrinsic weak and slow age hardening
esponse [ 9 , 10 ]. However, it is notable that the ultimate sol-
bility of rare earth (RE) elements in the Mg matrix is very
igh and decreases exponentially with decreasing tempera-
ure. This may indicate a potentially excellent age hardening
esponse for rare earth-containing Mg alloys [11–13] . There-
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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1

ore, RE elements, such as Gd, Y, Nd and Dy, have been
dded to Mg alloys for precipitation strengthening. Previous
esults have shown that either an abundance of RE elements
ddition and/or a long aging time is required to form the dis-
ersion of precipitates [11] . The most encouraging discovery
s that deformation before annealing can effectively accelerate
nd enhance the hardening response due to significant solute
egregation along various boundaries, such as grain bound-
ries (GBs), twin boundaries (TBs) and dislocation bound-
ries, during processing and subsequent annealing [14–16] . 

For HCP Mg alloys, the effect of initial grain size
nd processing methods (deformation mode and processing
arameters) on the deformation mechanisms/microstructures
hould be taken into consideration during plastic deformation
17–21] . Simulation results and experimental observations in
olycrystalline Mg alloys have shown that the activation of
ifferent deformation mechanisms strongly relies on the grain
ize [ 22 , 23 ]. Luo et al. [24] have reported that, in the Mg-
Gd (wt.%) alloy, 〈 a 〉 and 〈 c + a 〉 dislocations dominate the
icrostructure in the fine-grained samples with grain size

maller than 5 μm, while 〈 a 〉 dislocations and { 10 ̄1 2 } ten-
ion twins dominate the microstructure in the coarse-grained
amples with grain size larger than 10 μm at the early stage
f deformation [24] . The changes in the deformation mecha-
isms due to the grain size effect inevitably lead to differences
n microstructural characteristics of deformed Mg alloys. The
icrostructural evolution of Mg alloys may also be affected

y processing parameters [ 19 , 20 , 25 ]. Based on the aforemen-
ioned grain size effect, all twinning systems are hindered
nd basal and non-basal slip modes can be activated to sat-
sfy the von Mises criterion in the fine-grained Mg alloys
 24 , 26 ]. However, the basal 〈 a 〉 slip and { 10 ̄1 2 } tension twin-
ing are easily activated and dominate the microstructure evo-
ution in the coarse-grained Mg alloys after being subjected to
 small deformation [27–29] . Multiple dislocation slips and
arious twinning systems are activated with increasing de-
ormation degree. Hence, high-strain plastic deformation pro-
otes the formation of dislocation cells, twin structures, and

ven nano-grains [ 30 , 31 ]. The structural refinement mecha-
isms and the volume fractions of these structural features
ainly depend on the deformation magnitude and dominant

eformation mechanisms in Mg alloys. That is, both initial
rain size and deformation degree may lead to a significant
ifference in the deformation microstructures of Mg alloys,
ikely affecting the solute segregation and subsequent anneal-
ng hardening response. 

Compared with the precipitation hardening in Mg alloys,
he hardening response caused by solute segregation along
oundaries is rapid and yet weak [ 16 , 32 ]. However, a defor-
ation step before annealing would enhance the hardening

inetics by promoting solute segregation and cluster forma-
ion, resulting in significant enhancement of microhardness
nd strength of Mg alloys after annealing [ 16 , 33 , 34 ], espe-
ially in Mg-RE alloys. The phenomenon mentioned above,
.e., deformed Mg alloys mainly strengthened by solute seg-
egation and clusters during annealing, has been defined as
annealing hardening/strengthening response” [ 14 , 16 , 34-36 ].
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
he enhanced annealing hardening response is mainly caused
y solute segregation at internal defects such as a high den-
ity of dislocation boundaries, GBs, TBs and stacking faults
SFs) [ 33 , 37 , 38 ]. After deformation, therefore, combined with
ubsequent annealing, the matrix of Mg alloys can easily fa-
ilitate and enhance the segregation of solute atoms, the for-
ation of a large number of clusters and GP zones, leading to
 rapid increase of microhardness and strength [ 12 , 35 , 39 ]. We
reviously found an apparent hardening response and clear ev-
dence of Gd segregation towards dislocations, GBs and TBs
n the annealed sample compared with the hot-rolled Mg-3Gd
wt.%) alloy [14] , demonstrating that deformation combined
ith annealing is a feasible approach to strengthen/harden di-

ute Mg-Gd alloys. 
Nevertheless, it remains to be established how the initial

rain size influences the microstructural evolution and the an-
ealing hardening response of Mg alloys with various degrees
f pre-deformation. Hence, in the present work, fully recrys-
allized fine-grained (FG) and coarse-grained (CG) samples
f an Mg-3Gd alloy were prepared by large strain hot rolling
LSHR) and different annealing treatments. The effect of ini-
ial grain size and rolling reduction on the microstructural
volution and their subsequent annealing hardening response
ere thoroughly elucidated and discussed. 

. Experimental 

.1. Sample preparation and annealing process 

A �82 mm Mg-3Gd (wt.%) alloy ingot was held at 450 °C
or 24 h for homogenization treatment. After preheating at
50 °C for 2 h, the ingot was extruded into a 5 mm-
hickness plate (see Fig. 1 ). The plate with dimensions of
5 × 30 × 5 mm 

3 was then subjected to large strain hot
olling (LSHR) with two passes after annealing at 500 °C
or 3 h. It was preheated at 400 °C for 10 min before each
olling pass, and the total rolling reduction was 70%. The
SHR-processed sheets were finally annealed at 320 °C for
 h or at 450 °C for 3 h to obtain initial samples with
wo different recrystallized average grain sizes, 3.5 μm (FG
ample) and 54 μm (CG sample), (see Fig. 2 ). All sam-
les were water quenched after hot rolling and annealing.
he textures of the FG and CG samples ( Figs. 2 b and 2 e)
re similar with their basal poles tilting from the normal re-
uction (ND) towards the rolling direction (RD). Both the
G and CG samples were further cold rolled to five dif-
erent rolling reductions, 5%, 10%, 20%, 40% and 60%, at
oom temperature (denoted as FGcr5%, FGcr10%, FGcr20%,
Gcr40%, FGcr60%, CGcr5%, CGcr10%, CGcr20%, CG40%
nd CGcr60%, correspondingly). The rolling reduction per
ass was within 5 − 8% to avoid any serious edge crack-
ng. The initial sample (without cold rolling) and the samples
old rolled to 0 − 60% were isochronally annealed for 1 h
n a temperature range from 100 °C to 500 °C. Moreover,
he initial and the samples cold rolled to 10% and 40% were
sothermally annealed at 150, 200 and 250 °C, for 20 min to
00 h (see Fig. 1 ). 
and rolling reduction on microstructure evolution and annealing hardening 
0.1016/ j.jma.2023.09.025 

https://doi.org/10.1016/j.jma.2023.09.025


F. Han, X. Luo, Q. Liu et al. / Journal of Magnesium and Alloys xxx (xxxx) xxx 3 

ARTICLE IN PRESS 

JID: JMAA [m5+; October 30, 2023;13:29 ] 

Fig. 1. Schematic of process and annealing treatment of Mg-3Gd samples. LSHR: large strain hot rolling; FG: fine-grained; CG: coarse-grained. 

Fig. 2. EBSD inverse pole figure (IPF) maps (a, d), corresponding (0002) pole figures (b, e) and grain size distributions (c, d) fitted by the Gaussian function 
of FG sample ( a − c ) and CG sample ( d − f ). The high angle grain boundaries (HAGBs) with misorientation angles above 15 ° and low angle grain boundaries 
(LAGBs) with misorientation angles between 3 ° and 15 ° are colored by black and gray lines, respectively. Observation along TD is applied to IPF triangle. 
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.2. Vickers microhardness tests and microstructural 
haracterization 

The microhardness of each sample was averaged from 15
ndentations measured using a Vickers microhardness tester
HMV-G21ST) with a static load of 490 mN (50 g) and a
well time of 10 s. To directly compare the contribution of
nnealing hardening between different cases, the relative mi-
rohardness increment ( �HV ), defined as HV after – HV before ,
as evaluated. HV before and HV after are the microhardness be-

ore and after annealing, respectively. 
The microstructure characterization was performed using

 scanning electron microscope (SEM, JEOL JSM-7800F)
perated at 20 kV, equipped with an electron backscatter
iffraction (EBSD) detector. Before the EBSD characteriza-
ion, samples were ground mechanically and then polished
lectrochemically in an electrolyte of 10 vol.% perchloric acid
HClO 4 ) and 90 vol.% ethanol (C 2 H 5 OH) with a constant
oltage of 20 V at –30 °C. The microhardness and microstruc-
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
ure were examined on the RD-ND plane of the sample. The
BSD data were analyzed using HKL Channel 5 software. 

A transmission electron microscope (TEM, JEOL JEM-
100) operated at 200 kV and a spherical aberration-corrected
canning transmission electron microscope (STEM, FEI Titan
2 60–300) in high angle annual dark field (HAADF)-STEM
ode operated at 300 kV were used to investigate the mi-

rostructural evolution in detail. The cross-sectional thin foils
or TEM observations were prepared by mechanically grind-
ng to a thickness of 50 μm and punching into 3 mm-wide
iscs, subsequently using Ar precision ion polishing (Gatan
IPS 695) at –70 °C. The average grain size of ultra-fined
rains (UFGs) in the TEM microstructures was obtained from
he equivalent circle diameter, and the twin thickness of twin
tructures was measured perpendicular to the twin boundaries
sing Image-Pro-Plus 6.0 software. The total surface area per
olume of boundaries ( S total ) and the equivalent grain size
 D E ) were calculated based on the EBSD and TEM results.
or the equiaxed grain structure, the S total of non-deformed
and rolling reduction on microstructure evolution and annealing hardening 
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G and CG samples can be expressed as [ 40 , 41 ]: 

 total = S GB 

= 2/D R 

(1)

here D R 

is the average grain size of the recrystallized grains.
herefore, the D E can be calculated by the relationship: 

 E = 

2 

S total 
(2)

For the deformed samples, the surface areas of the UFG
tructures ( S UFG 

) and twin structures ( S twin ) can be expressed
s follows: 

 UFG 

= 

π

2D UFG 

Vol. UFG (3)

 twin = 

1 

D twin 
Vol. twin (4)

And the surface area of residual GBs ( S GB 

) due to defor-
ation is: 

 GB 

= 

2 

D R 

(
1 − Vol. UFG − Vol. twin 

)
(5)

Therefore, the total surface area per volume of boundaries
an be calculated as follows: 

 total = S GB 

+ S UFG 

+ S twin (6)

To evaluate the segregation of solutes at grain boundaries,
pecimens for atom probe tomography (APT) were prepared
y following a site specific lift-out protocol described in Ref.
42] . An FEI dual beam Helios G4 UX was used for the APT
ample preparation. The APT specimens were analyzed using
 Cameca LEAP 5000 XS instrument operating at 60 pJ laser
nergy, 250 kHz and 40 K. The commercial package IVAS
.8.10 was used for data reconstruction and analysis. 

X-ray diffraction (XRD, a Rigaku D/MAX-2500 PC) was
erformed using Cu-K α radiation to analyze the difference
n dislocation density between rolled and annealed sam-
les. With the help of the Material Analysis Using Diffrac-
ion (MAUD) software using XRD line broadening analysis
 43 , 44 ], the crystallite size ( D c ) and micro-strain ( <ε2 > 

1/2 )
ere measured. Then, the dislocation density ρ was calcu-

ated by: 

= 

2 

√ 

3 < ε 2 > 

1 / 2 

D c b 

(7) 

here b is the length of Burgers vector for the HCP Mg
lloys, i.e. 0.3197 nm [44] . In addition, the lattice axial ratio
c/a) was also estimated using MAUD software. More detailed
nformation on this XRD analysis was previously described
n Refs. [ 45 , 46 ]. 

. Results 

.1. Microstructures of deformed samples 

.1.1. EBSD microstructures 
Fig. 3 shows KAM (Kernel Average Misorientation) maps

oupled with various TBs of the rolled FG and CG samples.
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
he non-indexed black regions are associated with high lo-
alized stress concentration of rolled samples, and a more
etailed analysis of deformation microstructures in the rolled
amples will be given in Section 3.1.2 . Three types of de-
ormation twins, i.e., { 10 ̄1 2 } 86 °±5 ° < 11 ̄2 0 > tension twins
TTWs), { 10 ̄1 1 } 56 °±5 ° < 11 ̄2 0 > compression twins (CTWs)
nd { 10 ̄1 2 } −{ 10 ̄1 1 } 38 °±5 ° < 11 ̄2 0 > double twins (DTWs),
re identified and represented by red, green and fuchsia lines,
espectively. Obviously, the initial grain size and rolling re-
uction strongly affect the microstructural characteristics of
he rolled FG and CG samples. Microstructural refinement
ecomes more remarkable in the FG and CG samples with
ncreasing rolling reduction. More non-indexed black regions
nd narrow band-like structures appear, especially in the
olled FG samples. Moreover, in both rolled samples, twins of
arious kinds have formed in the deformed grains. However,
he twins in the rolled FG samples are much fewer and shorter
han those in the rolled CG samples, as shown in Figs. 3 a −d .
esides, CTW-ing and DTW-ing are highly inhibited in the

olled FG samples, although the rolling reduction is the same
or the FG and CG samples. Even after 40% rolling reduc-
ion, the FG sample only develops a very low volume fraction
f CTWs and DTWs. While a much larger amount of defor-
ation twins is observed in the deformed grains of the rolled
G samples, which initiate from GBs on the one side and

erminate inside grains or at GBs on the other side. In the
ow strain (5% and 10% rolling reductions) samples, most
f the twins are TTWs due to the lowest critical resolved
hear stress (CRSS) among all deformation twins, while a
ew CTWs and DTWs are also observed, which leads to a
ignificant grain refinement, as shown in Figs. 3 e and 3 f).
s rolling reduction increases to 20% and 40%, the length
f TTW boundaries decreases rapidly and plenty of DTWs
ppear, as shown in Figs. 3 g and h. Therefore, a remarkable
rain size effect on the twinning behavior of Mg alloys is
een, consistent with previous reports [ 26 , 47 ]. 

.1.2. TEM microstructures 
Fig. 4 shows representative TEM images of FGcr10% and

Gcr10% samples. Two different characteristic features are
bserved in the deformation microstructure of FGcr10% and
Gcr10% samples, which are classified as dislocation struc-

ures and twin structures. As shown in Fig. 4 a, typical dislo-
ation structures with a lot of dislocation entanglements are
resent within the deformed fine grains in the FGcr10% sam-
le, while twinning behavior is strongly inhibited. Only a
ew deformation twins are observed. Based on the quantita-
ive structural parameters of rolled FG and CG samples in
able 1 , it can be seen that the volume fraction of twin struc-

ures in the FGcr10% sample is only 5% and the average twin
hickness is 212 ± 140 nm. Most regions of the FGcr10%
ample are dislocation structures, as shown in Figs. 4 a and
 b. Fig. 4 c shows a weak-beam dark-field image of disloca-
ions magnified from the red dashed frame of Fig. 4 b around
he [ 01 ̄1 0 ] matrix zone axis under the diffraction vector of
 = [0002]. According to the “g ·b = 0 

′′ invisibility criterion,
ll 〈 a 〉 dislocations are invisible under the diffraction vector
and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 3. KAM (Kernel Average Misorientation) maps coupled with various TBs of rolled FG and CG samples after being subjected to different rolling reductions: 
(a) FGcr5%, (b) FGcr10%, (c) FGcr20%, (d) FGcr40%, (e) CGcr5%, (f) CGcr10%, (g) CGcr20% and (h) CGcr40%. TTWs, CTWs and DTWs are colored 
in red, green and fuchsia lines, respectively. 

Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 4. TEM images of FGcr10% sample (a −c) and CGcr10% sample (d −f): (a) dislocation structures with high-density of dislocation tangles, (b) the weak- 
beam bright image under diffraction vector of g = [0002] and (c) the dark-field image magnified from the red dashed frame of (b). (d) Typical twin structures 
with lamellar TBs parallel to each other, (e) some separate twins with a high-density of dislocations inside the deformation matrix, and (f) the weak-beam 

bright-field image under diffraction vector of g = [0002]. Selected area electron diffraction (SAED) patterns of the twin/matrix in the insets in (d) and (e) 
are obtained from the red dashed circles A and B, respectively. 

Table 1 
Quantitative structural parameters of FG and CG samples under various conditions based on the TEM microstructural characterization. 

Samples Microstructure 

Dislocation 
structures 

Twin structures UFG structures 

Vol. (%) Twin thickness (nm) Vol. (%) Grain size (nm) Vol. (%) 

FGcr10% 95 212 ± 140 5 / / 
CGcr10% 77 523 ± 257 23 / / 
FGcr40% 65 122 ± 59 7 107 ± 43 28 
FGcr40% 

+ 200 °C/1 h 
61 125 ± 48 9 115 ± 38 30 

CGcr40% 54 157 ± 73 36 116 ± 48 10 
CGcr40% 

+ 200 °C/1 h 
50 160 ± 65 37 124 ± 46 13 

o  

i  

w  

i  

t  

b  

t  

t  

s  

o  

c  

4  

a  

5  

p  

t  
f g = [0002]. Therefore, in Fig. 4 c, the dislocations seen
n the deformed matrix are pyramidal 〈 c + a 〉 dislocations,
hich exhibit high activity. Fig. 4 d shows numerous twins

n the CGcr10% sample, which consist of multiple lamellar
win structures arranged parallel to each other and enclosed
y TBs. The selected area electron diffraction (SAED) pat-
ern of the multiple twins is inserted (see inset A). In addi-
ion, as shown in Fig. 4 e, separate twins are frequently ob-
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
erved in the deformation matrix of CGcr10% sample. The
btained SEAD pattern of inset B from the red dashed cir-
le B shows that the misorientation angle of twin/matrix is
5 °/ [11 ̄2 0] . Moreover, the volume fraction of twin structures
nd average twin thickness in the CGcr10% sample are 23%,
23 ± 257 nm, respectively. Meanwhile, many dislocations
arallel to the basal plane are clearly visible, which were de-
ermined to be basal 〈 a 〉 dislocations. The basal plane trace
and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 5. TEM images of FGcr40% sample (a −c) and CGcr40% sample (d −f): (a, d) dislocation structures consisting of high-density dislocations, (b, e) typical 
twin structures with lamellar TBs approximately parallel to each other, (c, f) UFG structures. SAED patterns of twin/matrix and ultra-fined grains area are 
also provided in the upper right insets. 
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s marked by a solid white line. Fig. 4 f shows a weak-beam
right-field image around the [01 ̄1 0] matrix zone axis, which
as taken with the diffraction vector of g = [0002]. A few
yramidal 〈 c + a 〉 dislocations can also be seen in the de-
ormation twin of CGcr10% sample. Therefore, after 10%
olling reduction, numerous basal and non-basal dislocations
ave been activated in the FGcr10% and CGcr10% samples.
he main difference between the two rolled samples is that

he CGcr10% sample contains much more deformation twins
han the FGcr10% sample, which is consistent with the EBSD
esults. It is noted that the twins of CGcr10% sample are
uch coarser than those in the FGcr10% sample. 
Fig. 5 shows representative TEM images of FGcr40% and

Gcr40% samples. After 40% rolling reduction, dislocation
tructures with a higher dislocation density appear in the
Gcr40% and CGcr40% samples, as shown in Figs. 5 a and
. Meanwhile, plenty of severely plastically deformed areas
ave been refined to the sub-micrometer scale. As shown in
ig. 5 b, some twin structures containing a few lamellar twins
re occasionally observed. These lamellar twins align in the
ame direction, which is similar to those of the CGcr10%
ample. The SAED pattern of inset A in Fig. 5 b shows that
he misorientation angle of twin/matrix in the red circle area
s 35 °/ [11 ̄2 0] , indicating that this TB belongs to DTWs. The
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
winning behavior is strongly inhibited in the FGcr40% sam-
le due to initial fine grains, leading to a volume fraction and
verage twin thickness of only 7% and 122 ± 59 nm, respec-
ively. Fig. 5 c shows a typical TEM image of the UFG struc-
ures, which have a relatively lower dislocation density than
hat of the surrounding deformation matrix, resulting from

ultiple slip systems being activated as a structural refine-
ent mechanism. Plenty of UFGs, together with dislocation

ntanglements, are observed as well. The large orientation
pread is illustrated through the SAED pattern in the inset
f Fig. 5 c, indicating the presence of many of HAGBs. The
verage grain size and volume fraction of UFG structures are
07 ± 43 nm, 28%, respectively. 

However, the deformation microstructure of the CGcr40%
ample is obviously different from that of the FGcr40%
ample. In addition to the dislocation structures shown in
ig. 5 d, numerous adjacent lamellar twin structures with

amellar boundaries approximately parallel to each other are
bserved due to the activation of multiple twinning systems
fter 40% rolling reduction, as shown in Fig. 5 b. The average
win thickness is 157 ± 73 nm, and the volume fraction of
win structures is 36%, see Table 1 . The precise TEM charac-
erization of twin structures is obtained from the [ 11 ̄2 0 ] zone
xis of the twin/matrix. The twin structures contain a few
and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 6. Isochronal annealing curves of FG sample (a) and CG sample (b) after being subjected to different rolling reductions, where the microhardness of 
ARB-processed Mg-3Gd alloy during annealing showed as a dotted gray line in (b). (c) The peak microhardness of FG and CG samples at different rolling 
reductions (annealed at 200 °C for 1 h) and ARB sample (annealed at 190 °C for 1 h), (d) �HV of FG and CG samples before and after annealing at 200 
°C for 1 h as a function of rolling reduction. 
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eformation twins, high-density SFs inside twins and plenty
f dislocations. These SFs are parallel to the basal planes of
eformation twins. Therefore, the CGcr40% sample forms a
igh-volume fraction of twin structures, much more than that
f the FGcr40% sample. Moreover, the twins are much finer,
nd the TBs become more curved than those in the FGcr10%
nd CGcr10% samples. Meanwhile, some UFG structures ex-
st, as shown in Fig. 5 f, similar to that of the FGcr40% sam-
le. The average grain size, 116 ± 48 nm, is slightly larger
han that in the FGcr40% sample, while the volume fraction
10%) is much smaller. 

.2. Annealing hardening response 

.2.1. Isochronal annealing 

Figs. 6 a and b show the isochronal annealing curves of FG
nd CG samples deformed to different rolling reductions. The
icrohardness of annealed Mg-3Gd alloy samples prepared

y accumulative roll-bonding (ARB) reported by Luo et al.
14] is also plotted as a dotted gray line in Fig. 6 b. Clearly,
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
oth non-deformed FG and CG samples show a limited an-
ealing hardening response within the annealing temperature
ange. For all rolled FG and CG samples, an enhanced anneal-
ng hardening response is observed as compared with their
nnealed non-deformed samples. When the annealing temper-
tures are below 250 °C, the microhardness of annealed sam-
les is higher than that of the as-rolled samples, indicating
he annealing hardening response is stronger than the recov-
ry softening response. Additionally, it is worth noting that the
eak microhardness values of all rolled samples are obtained
t a temperature of about 200 °C. In addition, the peak mi-
rohardness of the annealed samples is almost constant when
he rolling reduction is increased from 40% to 60%, which
an be associated with similar deformation microstructures
nd limited Gd content in the present alloy. Recently, Luo
t al. [23] reported that the initial sample of an Mg-3Gd al-
oy with an average grain size of 45 μm showed no anneal-
ng hardening response, whereas ARB-processed (hot rolling,
= 0.5) samples experienced an enhanced annealing harden-

ng response and obtained a peak microhardness of 75 ± 2
and rolling reduction on microstructure evolution and annealing hardening 
0.1016/ j.jma.2023.09.025 
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V after annealing at 190 °C for 1 h. In the present work,
he CGcr40% sample (the solid fuchsia curve in Fig. 6 b with
n initial grain size of 54 μm shows a similar hardening re-
ponse to that of the ARB-processed sample (the dotted gray
urve in Fig. 6 b) during annealing. Moreover, Fig. 6 c shows
he peak microhardness curves of rolled FG and CG samples
fter annealing at 200 °C for 1 h and the peak microhard-
ess value of ARB-processed sample annealed at 190 °C for
 h. Clearly, with increasing rolling reduction, the peak mi-
rohardness curve of annealed FG samples remains above that
f annealed CG samples. Interestingly, the peak microhard-
ess for both annealed FG and CG samples shows the most
apid increase at 10% rolling reduction as compared with their
nitial samples. With further increasing rolling reduction, the
eak microhardness of both annealed FG and CG samples
radually increases with a similar trend and reaches a satu-
ation value at 40% rolling reduction. The achieved highest
eak microhardness values are 86 ± 1 HV and 76 ± 2 HV,
espectively, for annealed FG and CG samples. Note that the
eak microhardness of the annealed ARB-processed sample
s 75 ± 1 HV, which clearly is close to that of the CGcr40%
ample. Fig. 6 d shows �HV of FG and CG samples before
nd after annealing at 200 °C for 1 h as a function of rolling
eduction, showing a clear difference in annealing hardening
ehavior between the deformed FG and CG samples. For the
on-deformed FG and CG samples, the �HV value is lim-
ted, only 3 HV after annealing at 200 °C for 1 h. After
% rolling reduction, the �HV value of the CGcr5% sam-
le is slightly higher than that of the FGcr5% sample. When
ncreasing the rolling reduction to 10% (marked by a yel-
ow ellipse), the peak microhardness increments of annealed
Gcr10% and CGcr10% samples both exceed 7 HV. Further

ncreasing the rolling reduction to 40% (marked by a green
llipse), the �HV values of FGcr40% and CGcr40% sam-
les increase to 13 HV and 11 HV, respectively. Moreover,
hen the rolling reduction is 60%, the �HV values of both
Gcr60% and CGcr60% samples start to decrease. Clearly,

he annealing hardening response of rolled FG and CG sam-
les strongly depends on the rolling reduction, whereas the
attern of grain size effect on the annealing hardening re-
ponse is more complicated (to be discussed later in this pa-
er). 

.2.2. Isothermal annealing 

To further understand the effect of grain size and rolling
eduction on the annealing hardening response of Mg-3Gd
lloy, isothermal annealing at three temperatures 150, 200
nd 250 °C was carried out for the two initial non-deformed
G and CG samples and for 10% and 40% cold rolled FG
nd CG samples, i.e., FGcr10%, FGcr40%, CGcr10% and
Gcr40%. Fig. 7 shows the annealing hardening curves for

he FGcr10% (a), FGcr40% (b), CGcr10% (c) and CGcr40%
d) samples (in solid lines) annealed at 150, 200 and 250 °C.
he annealing hardening curves of the initial non-deformed
G samples and CG samples (in dashed lines) annealed at
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
50 °C and 200 °C are included in Fig. 7 , respectively, for
omparison. As shown in Fig. 7 , minor microhardness incre-
ents are observed in the initial FG and CG samples after

sothermal annealing at 150 °C and 200 °C. However, for
old rolled FG and CG samples, the evolution of microhard-
ess during isothermal annealing shows a strong annealing
emperature dependence. When annealing at 150 °C, the mi-
rohardness of FGcr10% sample increases gradually from the
nitial 64 ± 2 HV to 75 ± 2 HV after annealing for 100 h,
enerating an increment of 11 HV (see Fig. 7 a). The micro-
ardness of FGcr40% sample increases rapidly from 73 ± 1
V to 82 ± 2 HV during the first 20 min, and then steadily

ncreases to 91 ± 2 HV at 100 h, resulting in a total increment
f 18 HV (see Fig. 7 b). It should be noted that FGcr10% and
Gcr40% samples have not reached the peak-microhardness
ondition after annealing at 150 °C for 100 h, and that the
HV value of the FGcr40% sample is much more than that

f the FGcr10% sample. When the annealing temperature is
ncreased to 200 °C, FGcr10% and FGcr40% samples reach
heir peak microhardness values of 71 ± 1 HV and 86 ± 1
V, respectively, within 1 h. Afterwards, the microhardness
alues of FGcr10% and FGcr40% samples decrease slightly
o 69 ± 2 HV after 2 h and 84 ± 1 HV after 5 h, respec-
ively, and then a plateau of the microhardness is obtained up
o 100 h. With further increasing the annealing temperature
o 250 °C, only a limited annealing hardening response is
bserved in the FGcr10% and FGcr40% samples. Their peak
icrohardness, 67 ± 2 HV and 78 ± 2 HV, respectively, are

eached at 20 min, followed by a slow decrease during fur-
her annealing. It can be seen that the trend of the annealing
ardening curves in the CGcr10% and CGcr40% samples is
uite similar to that in the FGcr10% and FGcr40% samples
t different annealing temperatures (see Figs. 7 c and d). The
aximum microhardness is 67 ± 3 HV and 77 ± 2 HV

or the CGcr10% and CGcr40% samples, respectively, after
nnealing at 150 °C for 100 h, which both exceeds 12 HV
f the microhardness of corresponding rolled conditions. The
Gcr10% and CGcr40% samples annealed at 200 °C obtain
 peak microhardness of 62 ± 3 HV and 76 ± 2 HV after
 h of annealing, respectively. Afterwards, both keep stable
alues until 100 h experiencing only a slight decrease. Fur-
hermore, during annealing at 250 °C, the CGcr10% sample
hows a limited annealing hardening response within 20 min,
nd softening in the subsequent annealing until 100 h. The
Gcr40% sample shows a slight decrease, instead of any
ardening response, during annealing at 250 °C. Based on
he aforementioned results, the maximum microhardness and

HV at different annealing temperatures are given in Table 2 .
he most evident difference in the microhardness increment

s seen between the FGcr40% and CGcr40% samples during
sothermal annealing at 150 °C. 

.3. XRD analysis 

Fig. 8 a shows the XRD patterns of FGcr40% and
Gcr40% samples in the cold rolled state and after annealing
t 200 °C for 1 h. All the diffraction peaks correspond to
and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 7. Isothermal annealing curves of (a) FGcr10%, (b) FGcr40%, (c) CGcr10% and (d) CGcr40% samples. Annealing hardening curves of the initial FG 

and CG samples (in dashed lines) annealed at 150 °C and 200 °C are also included. The first data point corresponds to the microhardness of the initial 
non-deformed or cold rolled sample state. 

Table 2 
The maximum microhardness and �HV at different annealing temperatures (unit: HV). 

Samples As-rolled 150 °C 200 °C 250 °C �HV 150 °C �HV 200 °C �HV 250 °C 

FGcr10% 64 ± 2 75 ± 2 71 ± 2 67 ± 2 11 7 3 
CGcr10% 55 ± 3 67 ± 3 62 ± 3 58 ± 2 12 7 3 
FGcr40% 73 ± 2 91 ± 2 86 ± 2 78 ± 2 18 13 5 
CGcr40% 65 ± 2 77 ± 2 76 ± 2 66 ± 2 12 11 1 
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he α-Mg phase. The {002} crystal planes show the high-
st peak intensity due to the strong basal textures of the
amples. Moreover, the peak intensities of typical crystal
lanes of {002}, {101}, {102}, {112} and {104} exhibit only
mall changes after annealing, indicating little change in tex-
ure [ 46 , 48 ]. Fig. 8 b shows that the dislocation densities of
Gcr40% and CGcr40% samples decrease after annealing at
00 °C for 1 h. In addition, the lattice axial ratios (c/a) of
oth annealed samples increase compared to the correspond-
ng rolled samples. This observation indicates that the crystal
attice distortion introduced by deformation is reduced by an-
ealing. 
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
.4. Segregation of solute atoms along boundaries 

.4.1. Solute segregation in deformed samples 
Generally, the chemical composition of all solute atomic

olumns can be traced and distinguished based on the
AADF-STEM images. In this work, for the deformed sam-
les, the FGcr10% sample is used as an example to observe
olute segregation along boundaries. As shown in Figs. 9 a
nd b, a brighter contrast along a boundary inside the grain
s observed, implying that segregation of heavier atoms occurs
t such boundaries after plastic deformation. The correspond-
ng fast Fourier transform (FFT) pattern in Fig. 9 (c) shows
and rolling reduction on microstructure evolution and annealing hardening 
0.1016/ j.jma.2023.09.025 
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Fig. 8. (a) Overview of XRD patterns of FGcr40% and CGcr40% samples before and after annealing at 200 °C for 1 h, (b) the dislocation density and lattice 
axial ratio (c/a) of rolled and annealed samples. 

Fig. 9. HAADF-STEM images of FGcr10% sample: (a) the solute segregation along a LAGB, (b) the high magnification of white frame in (a), (c) the fast 
Fourier transform (FFT) pattern of (b), (d) the solute segregation along a GB; (e, f) corresponding Gd and Mg EDS mappings, respectively. 
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hat this boundary is a LAGB of 3.2 °. Fig. 9 c shows the
tomic-scale HAADF-STEM image of a region that includes
 GB. Weak solute segregation along the GB is observed.
he brighter contrast area in Fig. 9 d (marked by a red ar-

ow) could be a cluster. Figs. 9 e and f show corresponding
d and Mg energy dispersive spectrometer (EDS) mappings,

espectively. The mappings in red and green are used to mark
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
he distribution of Mg and Gd elements, respectively. Appar-
ntly, they provide clear evidence that the Gd atoms have
egregated along this GB. Consequently, the brighter atomic
olumns along boundaries could be Gd-rich columns in the
eformed Mg-3Gd alloy. 

In order to further highlight the solute segregation of de-
ormed samples, Fig. 10 shows an APT reconstruction that
and rolling reduction on microstructure evolution and annealing hardening 
0.1016/ j.jma.2023.09.025 
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Fig. 10. (a) 3D elemental distribution of Gd atoms along a GB in FGcr10% sample using 2 at.% Gd isoconcentration, (b) Gd 1D concentration-depth 
concentration profiles across the GB quantified from 4 ROIs (marked by 4 black arrows) in (a). 
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ontains a GB from the FGcr10% sample. In particular,
ig. 10 a shows the three-dimensional elemental distribution
f Gd atoms along a GB, presented in terms of 2 at.% Gd
soconcentration surface. Clearly, besides Gd segregation at
his GB, there is no remarkable elemental partitioning in the
rain interior. For further determining the concentration gra-
ient across the GB and adjacent matrix, the local concen-
ration fluctuations across the GB are quantified by cylindri-
al regions of interest (ROI) perpendicular to the GB plane.
ig. 10 b shows Gd 1D concentration-depth concentration pro-
les across the GB obtained from 4 ROIs (marked by 4 black
rrows) in (a). A strong segregation behavior of Gd atoms at
he GB occurs, with the local Gd concentration in the bound-
ry region reaching a maximum value of 2.92 at.%. By con-
rast, the Gd concentration in the grain interior is 0.48 at.%. 

.4.2. Solute segregation in annealed samples 
The HAADF-STEM/EDS and APT results of FGcr10%

ample provide strong evidence of rolling-induced Gd segre-
ation along the boundaries of deformed samples. To evaluate
he effect of annealing treatment on Gd segregation of rolled
amples, CGcr40% and CGcr40% + 200 °C/1 h samples are
elected as typical examples for characterization. Figs. 11 a
nd d show the TEM images of CGcr40% and CGcr40% + 200
C/1 h samples, respectively. Similar lamellar twin structures
ith high-density SFs are observed in both samples, indicat-
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
ng that the microstructures are quite stable and no apparent
rain coarsening occurs. The twin thickness remains almost
he same with a marginal increase from 157 nm to 160 nm,
nd the average grain size of UFG structures increases from
07 nm to 115 nm, as given in Table 1 . Figs. 11 b and c show
 weak bright contrast at some boundaries along [ 1 ̄2 10 ] zone
xis, indicating the weak solute segregation in the CGcr40%
ample. By contrast, after annealing at 200 °C for 1 h, a
uch brighter contrast at GBs, LAGBs and TBs is observed

han in the deformation matrix, suggesting a remarkable Gd
egregation at these boundaries, as shown in Figs. 11 e and f.
n addition, a significant periodic distribution of Gd clusters
marked by red arrows) inside grains and twins is frequently
bserved. 

Fig. 12 shows the HAADF-STEM images at atomic res-
lution in CGcr40% + 200 °C/1 h sample. Figs. 12 a and b
how an obvious Gd segregation along LAGBs and GBs. It
an be seen that there is a remarkable difference in solute seg-
egation between LAGBs and GBs. The matrix in Fig. 12 a
onsists of sub-grains misoriented by 6.7 ° by these LAGBs
nd the corresponding FFT pattern is shown in the upper right
nset. Clearly, the distributed Gd atoms along LAGBs are dis-
ontinuous and periodic, indicating the LAGBs are occupied
lternately by Mg and Gd atoms. However, a continuous and
ense Gd distribution along GBs is observed in Fig. 12 b,
hich is further substantiated in Figs. 12 c and d by corre-
and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 11. The bright field TEM and HAADF-STEM images of CGcr40% (a −c) and CGcr40% + 200 °C/1 h (d −f) samples: (a, d) typical twin structures, (b, 
c) the weak solute segregation along boundaries, (e, f) the strong solute segregation along TBs, LAGBs and dislocation boundaries. 
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ponding Gd in green and Mg in red EDS mappings obtained
rom the yellow frame of Fig. 12 b, respectively. A periodic
d distribution along TBs similar to the Gd segregation along
AGBs is observed in Fig. 12 e. According to the FFT pattern

n Fig. 12 e, the misorientation relationship between the twin
nd matrix is determined to be a typical 56.5 ° < 11 ̄2 0 > CTW.
oreover, an insignificant Gd segregation can also be seen

long SFs inside twins. Fig. 12 f shows clear Gd clusters pe-
iodically segregated along a LAGB with 7.5 ° misorientation
see the FFT pattern of the inset). According to the inverse
FT image in Fig. 12 g obtained from the {0001} reflection, it
an be observed that the Gd clusters are strongly segregated
t dislocation cores. Meanwhile, the geometric phase analysis
GPA) method, which is sensitive to minor displacements of
attice fringes, is used to evaluate the micro-strain distribution
round the dislocation cores of Fig. 12 f, as shown in Fig. 12 h.
he blue and red represent compression and tension regions
f dislocation cores, respectively. Generally, the solute atoms
ith a larger radius than that of Mg atoms (1.595 Å) tend to
igrate to the tension regions in Mg alloys [16] . Therefore,

he Gd atoms tend to occupy tension regions (red regions)
f dislocation cores due to the larger radius of Gd atoms
1.822 Å) than Mg atoms. As such, the segregation of Gd
toms is beneficial to improve the stability of boundaries and
mpede dislocation annihilation. 
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
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. Discussion 

The deformed and annealed microstructures and annealing
ardening response of Mg-3Gd alloy with respect to both FG
nd CG samples under various rolling reductions have been
nvestigated in the present study. It is demonstrated that the
nnealing hardening response is strongly enhanced by defor-
ation, which strongly depends on initial grain size, rolling

eduction and annealing temperature. 

.1. Effect of grain size and rolling reduction on 

eformation microstructure 

The dominant deformation mechanisms of Mg alloys and
esultant deformation microstructures rely on many factors,
uch as rolling reduction, alloying elements and grain size
 19 , 24 , 49 ]. As shown in Figs. 3 −5, the recrystallized grains in
he FG and CG samples evolve differently during cold rolling,
hich is ascribed to the significant difference in dislocation

nd twinning activities caused by the initial different grain
izes prior to deformation. In the rolled FG samples, twinning
ehavior is strongly inhibited from 5% to 40% rolling reduc-
ions due to the higher CRSS [47] . With increasing rolling
eduction, the dislocation density gradually increases, result-
ng in the rearrangement of dislocations and microstructural
and rolling reduction on microstructure evolution and annealing hardening 
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Fig. 12. The HAADF-STEM images at atomic resolution in CGcr40% + 200 °C/1 h sample: (a, b) the distinct and periodic solute segregation along LAGBs 
and GBs, respectively. (c, d) Corresponding Gd and Mg EDS mappings in the yellow frame of (b), respectively; (e, f) solute segregation along TBs, SFs 
and dislocation cores, respectively. The corresponding FFT patterns of (a, e, f) are also provided as the upper right insets. (g) The inverse FFT image in the 
yellow frame of (f) obtained from {0001} reflection, in which dislocation cores are marked with yellow symbols “⊥ ”, (h) corresponding GPA distortion map 
of {0001} plane. 
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Fig. 13. The relationship between the equivalent grain size ( D E ) and the total 
surface area per volume ( S total ) in the initial and rolled FG and CG samples. 
efinement. However, in addition to the dislocation accumula-
ion in the rolled CG samples, with increasing rolling reduc-
ion, the multiple twinning modes are activated and interact
ith high-density dislocations, resulting in a microstructural

efinement. Thus, this phenomenon also indicates that the de-
ormation twinning is strongly dependent on the initial grain
ize, whereas the activation of dislocation slip only shows a
eak grain size dependence [ 50 , 51 ]. After 10% rolling reduc-

ion, both FGcr10% and CG10% samples exhibit high activ-
ties of dislocation slip. The most remarkable difference be-
ween FGcr10% and CGcr10% samples is the type and num-
er of deformation twins. Numerous deformation twins with
 volume fraction of 23% lead to significant grain refinement
n the CGcr10% sample. Especially, after 40% rolling reduc-
ion, microstructural refinement is observed in FGcr40% and
Gcr40% samples due to the severe plastic deformation, in-
icating the activation and interaction of multiple slip modes
nd twinning systems. 

All structural parameters of rolled samples with 10% and
0% rolling reduction are given in Table 3 . Based on these
ata sets, the relationship among D E , S total and rolling re-
uction is shown in Fig. 13 . It is worth noting that, for
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size and rolling reduction on microstructure evolution and annealing hardening 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2023.09.025 
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Table 3 
Quantitative structural parameters of initial and rolled FG and CG samples based on EBSD data and TEM microstructures. 

Samples 
D R 

( μm) a 
Vol . GB 

(%) 
D UFG 

( μm) b 
Vol . UFG 

(%) 
D twin 

( μm) c 
Vol . twin 

(%) 
S total 

( μm 

−2 ) d 
D E 

( μm) e 

FG 3.5 100 – – – – 0.57 3.5 
CG 54.0 100 – – – – 0.04 54.0 
FGcr10% 3.8 100 – – 0.212 5 0.76 2.6 
CGcr10% 47.0 100 – – 0.523 23 0.48 4.2 
FGcr40% 3.5 65 0.107 28 0.122 7 5.06 0.4 
CGcr40% 54.0 54 0.116 10 0.157 36 3.67 0.5 

a Average grain size. 
b Average grain size of UFG structures. 
c Twin thickness of twin structures. 
d Total surface area per volume of boundaries. 
e Equivalent grain size. 
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r  
he FGcr10% and CGcr10% samples, the D R 

is the average
rain size without considering TBs obtained from EBSD re-
ults. GBs are hardly destroyed after 10 rolling reduction;
hus, the Vol. GB is regarded as 100%. In addition, for the
Gcr40% and CGcr40% samples, the D R 

is the average grain
ize of initial FG and CG samples. It can be observed that
he S total increases with increasing rolling reduction in both
G and CG samples. After 10% rolling reduction, the dif-
erence in S total between FGcr10% and CGcr10% samples is
nsignificant. However, after 40% rolling reduction, the S total 

f FGcr40% sample is much larger than CGcr40% samples.
herefore, a strong grain size effect on S total probably influ-
nces the solute segregation in the Mg-3Gd alloy and, as a
onsequence the annealing hardening response. 

.2. Annealing hardening response controlled by Gd 

egregation 

.2.1. Effect of deformation on the annealing hardening 

esponse 
According to previous studies [ 14 , 32 , 48 , 52 ], it has been

ound that the Gd content of the Mg-3Gd alloy, in gen-
ral, is too low to form substantial strengthening precipitates.
onsistent with these findings, the initial FG and CG sam-
les show only a slight annealing hardening response dur-
ng both isochronal and isothermal annealing. However, af-
er cold rolling, the annealing hardening response of rolled
amples is effectively enhanced with increasing rolling re-
uction. All rolled samples obtain an increased peak micro-
ardness with increasing rolling reductions after annealing at
00 °C for 1 h. In the present study, a strong segregation
endency of Gd atoms at various boundaries is observed by
he HAADF-STEM/EDS results of annealed samples, which
an effectively enhance the annealing hardening response in
he deformed Mg-3Gd alloy, similar to that observed in ref.
 14 , 16 , 53 ], where dense Gd atoms are segregated periodically
t tension regions along different TBs, SFs, GBs and dislo-
ation cores. In addition, it can be seen from Fig. 6 that
he contribution from the annealing hardening response to
he microhardness of rolled samples is closely related to the
olling reduction. At a small rolling reduction (5%), there is
 low density of boundaries, and the Gd segregation provides
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
nsignificant hardening after annealing. With an increase to
0% rolling reduction, the density of boundaries increases,
roviding increased sites and decreased diffusion distance for
egregation. Consequently, stronger Gd segregation leads to
nhanced hardening after annealing. However, if the rolling
eduction is too large, then the deformed samples may have
xcessive amounts of boundaries but insufficient solute atoms
o segregate at boundaries, causing a dilution of segrega-
ion. Additionally, the boundaries are unstable, and disloca-
ions can readily annihilate during annealing, leading to a
imited hardening response. Thus, the peak microhardness of
nnealed samples increased with increasing rolling reduction,
nd it reached a saturation value at 40% rolling reduction.
his phenomenon is consistent with the relationship between

he annealing hardening response and strain observed in Mg-
n-Ca alloy [35] . Meanwhile, the isothermal annealing mi-
rohardness results of rolled 10% and 40% samples during
50 −250 °C in Fig. 7 further evidence that the rolling reduc-
ion has an essential role in the contribution of the hardening
esponse to the microhardness of annealed samples. The plau-
ible reason for this is the origin of the difference in deforma-
ion microstructure and its evolution during annealing. After
0% rolling reduction, the deformation microstructure only
nvolves the activation and interaction of dislocation slips and
winning systems. However, 40% rolling reduction leads to
he formation of additional substructures, such as UFG struc-
ures and lamellar twin structures. The different dominant de-
ormation microstructures are likely to affect Gd segregation
t various boundaries and further influence the contribution
f annealing hardening on the microhardness. 

.2.2. Grain size effect on the annealing hardening response 
Undeniably, the annealing hardening response of FG and

G samples is simultaneously enhanced with increasing
olling reductions, and the peak microhardness of the rolled
G samples remains higher than that of the rolled CG samples
fter annealing. In addition, the microstructures of the rolled
G and CG samples are significantly different due to their
ifferent initial grain sizes, whereas the annealing hardening
esponse exhibits an insignificant grain size effect at the small
trains ( < 20%) during annealing. With increasing the rolling
eduction to 40%, the grain size effect on the annealing hard-
and rolling reduction on microstructure evolution and annealing hardening 
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ning response becomes relatively obvious, which is closely
elated to deformation microstructures. After being subjected
o the lower strains ( < 20%), the deformation microstructure
f the FG sample is dislocation-dominated, whereas that of
he CG sample is dominated by a high density of twins co-
xisting with dislocations. Moreover, the deformation twins
n the rolled CG samples lead to a remarkable grain refine-
ent compared with that of rolled FG samples, indicating the

ormation of more TBs. However, there is no apparent dif-
erence in S total between FGcr10% and CGcr10%, leading to
 similar annealing hardening response. With further increas-
ng the rolling reduction to 40%, in addition to high-density
islocations, these are UFG structures and lamellar twin struc-
ures formed in the local severely deformed regions of rolled
G and CG samples. Finally, the S total used for solute segre-
ation of the FGcr40% is larger than that of the CGcr40%
ample, leading to a stronger annealing hardening response
n the FGcr40% sample, which is further substantiated by the
sothermal annealing results in Fig. 7 . On the one hand, the
aximum �HV values of rolled samples decreases with the

emperature increasing from 150 °C to 250 °C, which means
hat the annealing temperature has an essential influence on
he microhardness evolution of samples. Generally, the mo-
ility of thermally activated boundaries ( M ) can be expressed
s follows [54] : 

 = M 0 exp 

(− Q 

k B 

T 

)
(8)

here M 0 , T, k B 

and Q is a pre-exponential constant, absolute
emperature, Boltzmann constant and activation energy, re-
pectively. Therefore, it is not beneficial to maintain the grain
oundary stability to increase annealing temperature. Mean-
hile, the accelerated dislocation annihilation further leads

o the softening response. In addition, the higher temperature
an improve the migration of solute atoms and further en-
ance solute segregation along different TBs, SFs, GBs and
islocation cores. Therefore, under the competitive effect of
oftening and segregation hardening response, the rolled sam-
les annealed at 150 °C for 100 h acquire the maximum mi-
rohardness. On the other hand, the maximum �HV values of
Gcr10% and CGcr10% samples are almost the same at the
ifferent annealing temperatures from 150 °C to 250 °C (see
able 2 ). However, for the FGcr40% and CGcr40% samples,

here is a remarkable difference in maximum �HV value, es-
ecially at 150 °C, which means the initial grain size has a
ignificant effect on the annealing hardening response. In ad-
ition, all �HV values are higher than 0, which means the
egregation hardening response is stronger than the soften-
ng response. In short, the grain size effect on the annealing
ardening response is strongly affected by rolling reduction
nd annealing temperature based on the microhardness results
uring annealing, which can be related to the type and density
f boundary defects caused by deformation. 

.2.3. Annealing hardening mechanisms 
After cold rolling and subsequent annealing, the micro-

ardness of Mg-3Gd alloy is strongly increased. Considering
Please cite this article as: F. Han, X. Luo, Q. Liu et al., The effect of grain size 
response of a Mg-3Gd alloy, Journal of Magnesium and Alloys, https:// doi.org/ 1
nnealing treatment and the �HV in more detail, FGcr40%
nd CGcr40% after annealing 200 °C for 1 h are used as
xamples to analyze the hardening mechanisms. The contri-
ution of GBs, dislocations, solid solution and solute segre-
ation to the microhardness of the samples will be discussed.

The contribution of GB hardening ( �HV GB 

) can be as-
essed by the Hall-Petch relationship [45] : 

H V GB 

= C k HP d 

−1 / 2 (9)

here k HP is the Hall-Petch slope for Mg alloys, d is the grain
ize (here, we use the equivalent grain size, D E ). The TEM
icrostructures of FGcr40% and CGcr40% after annealing

00 °C for 1 h are very stable due to the Gd segregation along
oundaries. The grain size of UFG structures and the twin
hickness of twin structures only slightly increase, leading
o a marginal increase of D E . Therefore, after annealing, the
ontribution of GB strengthening is only slightly reduced. 

The contribution of dislocation hardening ( �HV D 

) is
losely related to dislocation density, which is generally ac-
epted to be expressed as [ 44 , 55 ]: 

H V D 

= CMα1 Gb 

√ 

ρ (10)

here M is the Taylor factor, α1 is a constant, G is the shear
odulus, b is the length of the Burgers vector, ρ is the dislo-

ation density. Based on the XRD analysis, it can be seen that
fter annealing 200 °C for 1 h, the corresponding dislocation
ensities of FGcr40% and CGcr40% samples are decreased
rom 1.89 ×10 

14 m 

–2 to 0.81 ×10 

14 m 

–2 , 1.48 ×10 

14 m 

–2 to
.87 ×10 

14 m 

–2 , respectively, leading to the decrease of dis-
ocation hardening. 

For the contribution of solid solution hardening ( �HV ss ),
t can be estimated by the relationship [46] : 

H V SS = C k Gd × �
2/ 3 
Gd (11)

here k Gd is a constant related to the Gd element, and �Gd 

s the equilibrium concentration of Gd atoms for the Mg ma-
rix. After annealing 200 °C for 1 h, the lattice axial ra-
ios (c/a) of FGcr40% and CGcr40% samples are slightly in-
reased from 1.6203 to 1.6218, and from 1.6215 to 1.6219
 Fig. 8 b), respectively, which means that the amount of Gd
toms dissolved in the α-Mg matrix is reduced. Moreover,
his is further demonstrated by the more obvious Gd segrega-
ion at boundaries in the annealed samples than that of rolled
amples (see Figs. 11 and 12 ). Therefore, �Gd is decreased,
eading to a decreased solid solution hardening contribution. 

According to the change mentioned above in hardening
ontribution after annealing 200 °C for 1 h, it can be con-
luded that an annealing treatment will inevitably cause a
oftening response and decrease the microhardness of the
amples. However, after annealing, the microhardness of
Gcr40% and CGcr40% samples still shows an increase of
ore than 10 HV, which indicates a remarkable annealing

ardening effect of Gd segregation. The microhardness in-
rement in annealed FG samples is mainly contributed by
d segregation along dislocation boundaries, while in the an-
ealed CG samples, Gd segregation along dislocation and
win boundaries provides most hardening response. There-
ore, solute segregation-induced and solute clustering-assisted
and rolling reduction on microstructure evolution and annealing hardening 
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ardening can be used as one of the important approaches
o strengthen Mg alloys. Based on the good combination of
olling reduction and annealing treatment, controlling the dif-
usion and precipitation of solute atoms can optimize the
icrostructure and properties of Mg alloys, which provides
 new perspective for the design of high-performance Mg
lloys. 

. Conclusions 

In this work, we have demonstrated that grain size and
olling reduction play a crucial role in the dominant deforma-
ion microstructures, which could further significantly affect
he annealing hardening response of an Mg-3Gd alloy. From
he combined thorough microstructural characterization and
icrohardness analysis, the main conclusions can be drawn

s follows: 

1. Deformation twinning is highly suppressed, and multi-
ple dislocation activities increase with increasing rolling
reduction in the fine-grained (with an average grain size
of 3.5 μm) sample. After undergoing 40% rolling re-
duction, the deformation microstructure is refined and
forms ultra-fine grain structures with a volume fraction
of ∼28%. However, the early deformation of the coarse-
grained (with an average grain size of 54 μm) sample
is dominated by twinning. After 10% rolling reduction,
numerous twins with a volume fraction of ∼23% form.
When the rolling reduction increases to 40%, multiple
twinning systems are activated and form twin structures
with a volume fraction of ∼36%, co-existing with high-
density dislocations. 

2. The annealing hardening response of Mg-3Gd alloy can
be effectively accelerated and enhanced by deforma-
tion compared to non-deformed samples. With increas-
ing rolling reduction, the peak microhardness of rolled
samples increases after annealing and reaches to a sat-
uration value at 40% rolling reduction. The microhard-
ness of annealed samples is the competitive result of the
softening response and segregation hardening response,
which is influenced by rolling reduction, grain size and
annealing temperature and time. Furthermore, the grain
size effect on annealing hardening response is insignif-
icant at lower rolling reductions ( < 20%), whereas the
grain size effect becomes evident as rolling reduction
increases to 40%, which is probably associated with
the difference in the density of boundaries. 

3. Room temperature deformation (cold rolling) induces
Gd segregation along boundaries (such as grain bound-
aries, twin boundaries, stacking faults and dislocations)
of fine-grained and coarse-grained samples, which im-
proves the stability of grain boundaries. Subsequent an-
nealing treatment can further promote the boundary seg-
regation of Gd atoms and provide an outstanding hard-
ening response, which completely resists the inevitable
softening response caused by grain coarsening and dis-
location annihilation. 
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