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Abstract: Three different samples were prepared by tailoring the pre-ageing time to investigate the effect of different 
pre-aged states on the dynamic recrystallization behavior and properties of extruded Mg−9.5Gd−4Y−2.2Zn−0.5Zr 
(wt.%) alloy. The results showed that the volume fraction of fine grains was 17.4% for under-aged extruded (UAE) 
sample, while that of the peak-aged extruded (PAE) and over-aged extruded (OAE) samples reached 89.7% and 50.4%, 
respectively. Dense and fine β particles distributed inside grains and at grain boundaries significantly improved the 
nucleation sites and dislocation density through the particle-stimulated nucleation mechanism. However, the dense 
needle-like γ' phase inhibited dislocation slip and delayed dynamic recrystallization (DRX) nucleation. The difference 
in the fine grains between the PEA and OAE samples was attributed to a difference in the quantity and size of the 
original particles, and the difference in their tensile properties was caused by different microstructural components. The 
higher contributions of grain boundary strengthening and precipitation strengthening mechanisms gave PAE sample 
better tensile properties. 
Key words: Mg−Gd−Y−Zn−Zr alloy; pre-ageing treatment; recrystallization behavior; strengthening mechanism; 
particle-stimulated nucleation 
                                                                                                             
 
 
1 Introduction 
 

With the rapid development of the aerospace 
and automotive industries, Mg−Gd−Y−Zn−Zr 
alloys, which are the most promising materials for 
main load-bearing components, have received 
extensive attention due to their low densities and 
excellent specific strengths [1−3]. However, low 
strength and poor formability caused by the 
insufficient slip system of the hexagonal close- 
packed (HCP) structure limit the wide application 
of magnesium (Mg) alloys [4−7]. Many researchers 
have proposed different methods for improving the 
strength and formability of Mg−Gd−Y−Zn−Zr 

alloys before forging them into complex 
components, and these enable Mg alloys to meet 
various complex requirements [8−10]. 

It is effective to promote grain refinement 
through thermomechanical processes and improve 
the properties of Mg alloys [11−13]. The severe 
plastic deformation (SPD) process can be repeated 
for multiple passes to increase the accumulated strain, 
refine grains and improve mechanical properties. 
Actually, the high equipment requirements and 
low-efficiency operation of the SPD process make 
it difficult to apply in production [14]. On the other 
hand, it is difficult to provide enough energy to 
promote grain refinement by traditional extrusion 
deformation during the preparation of large-size 
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components, which is attributed to the limitations of 
material specifications and deformation degree. 
Therefore, researchers must develop a cost-effective 
and simple-to-operate process to solve these 
problems for industrial production of Mg alloys. 

Researchers have recently reported that the 
particle introduced by pre-ageing treatment can 
significantly promote grain refinement of traditional 
AZ series alloys through the particle-stimulated 
nucleation (PSN) mechanism [15−19], thereby 
improving mechanical properties. In our previous 
research, we adopted the pre-peak-ageing process 
before extrusion of Mg−9.5Gd−4Y−2.2Zn−0.5Zr 
(wt.%) alloy, and found that the pre-existing 
Mg5RE particles at the grain boundaries and within 
the grains aggravated the DRX behavior, which 
significantly improved strength [20]. This implies 
that a simple process involving pre-ageing 
treatment combined with traditional extrusion 
deformation to prepare a high-strength Mg−Gd−Y− 
Zn−Zr alloy may have prospects for industrial 
application. Interestingly, compared with the 
monotonous promotion of grain refinement by   
the precipitate (Mg17Al12) in the AZ series alloys, 
the various precipitates and complex ageing 
precipitation sequences in Mg−RE−Zn alloys may 
make it more difficult to explore the effects      
of pre-ageing treatment on microstructure and 
mechanical properties [9,21]. YU et al [22] proved 
that the pre-ageing treatment (410−470 ℃) 
significantly reduced the average grain size of 
extruded Mg−Gd−Y−Nd−Zn−Zr alloy because the 
resulting plate-like Mg5RE precipitates promoted 
formation of high-angle grain boundaries. In 
contrast, WANG et al [23] reported that the DRX 
behavior of a pre-aged (200 ℃) Mg−Gd−Y− 
Zn−Mn alloy was significantly suppressed during 
the extrusion process, which was attributed to the 
hindering effects of metastable β' and γ' phases. 
These results indicated that different effects of 
pre-ageing treatment on the microstructure and 
mechanical properties of the deformed Mg-RE-Zn 
alloy can be attributed to deviations in ageing 
parameters (temperature or time) or alloy 
composition. Furthermore, it is worth noting that 
morphology and type of the ageing precipitates in 
the Mg−Gd−Y−Zn−Zr alloys gradually transformed 
with the prolonging of ageing time [24]. The whole 
ageing process can be divided into three states 
according to the corresponding ageing precipitation 

sequence and precipitation behavior: under-aged 
state, peak-aged state, and over-aged state [25]. At 
present, relevant research on the combination of 
pre-ageing treatment and deformation of Mg−Gd− 
Y−Zn−Zr alloy is mainly focused on the effects of 
pre-peak-ageing treatment on microstructure and 
properties [20,26]. The influence of different 
pre-ageing states on the microstructure and 
mechanical properties of the extruded Mg−Gd−Y− 
Zn−Zr alloy and the DRX mechanism of 
Mg−Gd−Y−Zn−Zr alloy in different pre-ageing 
states during extrusion are still unclear. Therefore, 
we investigated the effects of different pre-ageing 
states on the deformation behavior and mechanical 
properties of Mg−Gd−Y−Zn−Zr alloy to explore 
the possibility of pre-ageing treatment before 
extrusion to further expand the application 
scenarios for Mg−Gd−Y−Zn−Zr alloy. 

In this work, the effects of three different 
pre-ageing states (under-aged state, peak-aged state, 
and over-aged state) on the microstructural 
evolution and mechanical properties of extruded 
Mg−9.5Gd−4Y−2.2Zn−0.5Zr (wt.%) alloy were 
studied. Moreover, the effects of different 
pre-ageing states on DRX behavior and the 
contribution of the dominant strengthening 
mechanism of extruded samples with different 
microstructures were discussed in detail. 
 
2 Experimental 
 

Mg−9.5Gd−4Y−2.2Zn−0.5Zr (wt.%) (determined 
by inductively coupled plasma-atomic emission 
spectrometry, ICP-AES) alloy ingot with 
dimensions of d420 mm × 660 mm was prepared by 
semi-continuous casting process. The d420 mm × 
660 mm ingot was machined into multiple as-cast 
samples with the same specifications (d60 mm × 
50 mm). Subsequently, all as-cast samples were 
solution-treated at 520 °C for 24 h, and quenched in 
cold water to accelerate the cooling rate. To prepare 
samples with different ageing states, three different 
times were selected for solution-treated samples 
aged at 200 °C based on previous research [9]. 
Solution-treated samples aged at 200 °C for 64 h 
were defined as under-aged samples (UA samples), 
solution-treated samples aged at 200 °C for 112 h 
were defined as peak-aged samples (PA samples), 
and solution-treated samples aged at 200 °C for 
256 h were defined as over-aged samples (OA 
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samples). Solution treatment and ageing treatment 
samples were pre-heated at 450 °C for 40 min 
before extrusion to ensure uniform temperature. 
Moreover, the extrusion die was held at 450 °C for 
5 h. After pre-heating treatment, the samples were 
deformed by hot extrusion with an extrusion ratio 
of 16:1, and finally the extruded samples with     
a diameter of 15 mm were prepared. The 
solution-treated samples after extrusion were 
defined as the SE sample. The UA samples after 
extrusion were defined as UAE samples. The PA 
samples after extrusion deformation were defined 
as PAE samples. The OA samples after extrusion 
were defined as OAE samples. In addition, solution- 
treated samples with diameters of 70 mm were 
subjected to extrusion deformation with an 
extrusion ratio of 22:1 under the same conditions to 
compare the grain refinement effect of the 
pre-ageing treatment, and these were defined as 
SE70 samples. Detailed heat treatment parameters 
are listed in Table 1. 
 
Table 1 Heat treatment parameters of different samples 
and corresponding abbreviations 

Designation Thermal condition 

Solution treatment 520 ℃, 24 h 

UA (520 ℃, 24 h) + (200 ℃, 64 h) 

PA (520 ℃, 24 h) + (200 ℃, 112 h) 

OA (520 ℃, 24 h) + (200 ℃, 256 h) 

SE 
Solution treatment +  

extrusion (16:1, 450 ℃) 

SE70 
Solution treatment +  

extrusion (22:1, 450 ℃) 
UAE UA + extrusion (16:1, 450 ℃) 

PAE PA + extrusion (16:1, 450 ℃) 

OAE OA + extrusion (16:1, 450 ℃) 
 

All samples were mechanically ground and 
polished before microstructure observation with 
scanning electron microscopy (SEM, Hitachi 
SU5000). To understand the grain orientation,  
grain size distribution and texture, the samples  
were electrochemically polished in a perchloric 
acid−alcohol solution (volume ratio 1꞉9) at −30 °C 
before performing electron backscatter diffraction 
(EBSD) characterization. Subsequently, TSL-OIM 
software (version 7.3) was used to further process 
and analyze of the EBSD data (for example, 

misorientation angle and local dislocation 
distribution). The nanoscale microstructures of 
different extruded samples were investigated by 
transmission electron microscopy (TEM, JEOL 
JEM-F200). Thin foil samples were prepared by ion 
beam thinner (Leica Em Res102) for TEM 
observation. The volume fraction and diameter of 
the particle phase of different samples were 
measured from low magnification TEM brightfield 
images using Image-Pro Plus 6.0 software, and each 
sample was measured at least 5 times [27,28]. 

Room temperature (RT, 25 °C) tensile properties 
of all samples were determined with a uniaxial 
tensile testing machine (Instron−3382). Tensile 
specimens with a thickness of 2 mm, a gauge length 
of 25 mm and a gauge length of 6 mm were 
processed by electric discharge cutting. The tensile 
test with an engineering strain rate of 0.001 s−1 was 
repeated three times under the same conditions to 
ensure the accuracy of the results. 
 
3 Results 
 
3.1 SEM and EBSD images of different samples 

before extrusion deformation 
Figure 1 shows SEM images of samples after 

different heat treatments. The microstructures of 
different pre-aged samples were different after 
pre-heating treatment, except that bulk lamellar 
long period stacking ordered (LPSO) phase was 
distributed at the grain boundaries of all samples 
(marked by red arrows in Fig. 1). Interestingly, the 
modifications from the UA samples before and after 
pre-heating treatment were indistinguishable from 
the SEM images. Therefore, it is necessary to 
observe its higher magnification images by TEM. 
Obviously, needle γ' phase (marked by blue arrows 
in Figs. 1(b) and (c)) and β'' phase (marked by 
green arrows in Figs. 1(b) and (c)) were distributed 
in the UA sample, as indicated by the corresponding 
TEM image and SAED pattern. After pre-heating 
treatment, the β'' phase in the UA sample 
disappeared, and the γ' phase remained (Figs. 1(d−f)). 
Compared with the UA sample, the lamellar LPSO 
phase (marked by purple arrows in Fig. 1) and 
many particles were distributed at the grain 
boundaries or inside the grains (marked by yellow 
ellipses and arrows in Figs. 1(g−j)) of the PA and 
OA samples, and these particles have been proven 
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Fig. 1 SEM images (a, d, g−j), TEM bright field images (b, e) and SAED patterns (c, f) of different samples after heat 
treatment at 450 °C for 40 min: (a−c) UA sample; (d−f) UA sample; (g, h) PA sample; (i, j) OA sample  
 
to be Mg5RE phase that transformed from β'  
phase [20]. In addition, it can be seen that the PA 
sample has denser and finer particles by comparing 
the microstructures of the OA sample (Figs. 1(i) and 
(j)) and the PA sample (Figs. 1(g) and (h)) after 
pre-heating treatment. The difference in the type 
and quantity of the second phase of the pre-aged 
samples after pre-heating may be related to ageing 
precipitation behavior of the Mg−Gd−Y−Zn−Zr 
alloy. 
 
3.2 SEM and EBSD images of different samples 

after extrusion deformation 
To facilitate understanding, a schematic 

illustration of the microstructure observation 
positions of the extruded samples is shown in 
Fig. 2(a). Figures 2(b−f) show the microstructures 
of different samples after extrusion (−10 mm). The 
grains with grain orientation spread (GOS) < 2 are 
defined as fine recrystallized grains [29]. The bulk 
LPSO phase appears black in the IPF maps because 
it cannot be indexed. The low-angle grain 
boundaries (LAGBs, with misorientation angles 
between 2° and 15°) are marked with white lines 
and the high-angle grain boundaries (HAGBs, with 
misorientation angles greater than 15°) are marked 
with black lines. Most samples have typical 

bimodal microstructures with coarse deformed 
grains surrounded by fine recrystallized grains, 
which indicates insufficient recrystallization. The 
average grain size and volume fraction of fine 
grains in the SE sample were 2.7 μm and 36.1%, 
respectively. As the cumulative strain increased 
(extrusion ratio: 16꞉1→22꞉1), the volume fraction of 
fine grains of the SE70 sample also increased 
(47.6%). This indicates that increasing the extrusion 
ratio provides more energy for the formation of  
fine grains, thereby promoting activation of the 
recrystallization mechanism [30]. In contrast, the 
average grain size and volume fraction of fine 
grains in pre-aged samples showed different 
evolution laws. The average grain size and volume 
fraction of fine grains in the UAE sample were 
significantly reduced, and were 1.9 μm and 17.4%, 
respectively. Interestingly, the volume fraction of 
fine grains in the PAE sample and the OAE sample 
increased significantly, even exceeding that of the 
SE70 sample. The average grain size and volume 
fraction of fine grains in the OAE sample were 
2.3 μm and 50.4%, respectively. The volume 
fraction of fine grains in the PAE sample was 
89.7%, which is the highest among all samples. 

In general, the above results indicated     
that compared with traditional solution extrusion,  
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Fig. 2 Microstructure observation locations for extruded sample (a) and EBSD IPF maps (b−f) of different samples after 
extrusion (−10 mm): (b) SE sample; (c) SE70 sample; (d) UAE sample; (e) PAE sample; (f) OAE sample  
 
pre-ageing treatment before extrusion can be used 
to tailor the microstructure with different pre-ageing 
time: UA treatment inhibits grain refinement, while 
PA or OA treatment has the opposite effect. The 
significant difference in the volume fractions of fine 
grains among the pre-aged samples was attributed 
to their initial microstructures. Therefore, to deeply 
understand the deformation behavior of the 
pre-aged samples during extrusion, we selected two 
samples with typical characteristics: the UAE 
sample (the lowest volume fraction of fine grains) 
and the PAE sample (the highest volume fraction of 
fine grains). The recrystallization behavior of these 
two samples at different extrusion stages will be 

discussed below. 
The microstructure of the UAE sample at the 

initial extrusion stage (20 mm above the mold exit) 
is shown in Fig. 3. Obviously, the IPF map 
(Fig. 3(a)) and the corresponding boundary mis- 
orientation map (Fig. 3(e)) indicate that many 
{10 12} tensile twins were activated. On the other 
hand, the misorientation angles were less than     
4° in the non-twinned original grains from the 
corresponding line profiles of the misorientation 
angle along the black arrows AB (Fig. 3(f)) and CD 
(Fig. 3(g)), which reveals the low dislocation 
density in the non-twinned original grains. These 
results indicate that {10 12}  tensile twinning is 
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Fig. 3 EBSD results of UAE sample at 20 mm above mold exit: (a) EBSD IPF map; (b) (0001) pole figure; (c) Inverse 
pole figure; (d) Corresponding KAM map; (e) Corresponding boundary misorientation map; (f) Line profiles of 
misorientation angle along black arrow AB in (a); (g) Line profiles of misorientation angle along black arrow CD in (a) 
 
the dominant deformation mechanism for UAE 
samples at the initial extrusion stage (20 mm). In 
addition, the (0001) basal planes of the UAE 
sample have relatively random orientations 
(Fig. 3(b)), while the corresponding inverse pole 
figure illustrates the appearance of the [10 10]−
[ 2 1 10]  component (marked by the red dashed 
ellipses in Fig. 3(c)). Furthermore, several typical 
regions were selected to further observe the 
orientation relationship between {10 12}  twins 
and parent grains and the effect of {10 12} twins 
on the texture. Figure 4 shows EBSD results of 
different regions of interest selected from Fig. 3(a) 
(R1, R2 and R3). Activation of various {10 12} 
twin variants not only consumed the parent grains 
but also changed the orientation: from the 
c-axis//ED (orientation of the parent grains) to   
the c-axis⊥ED (orientation of the {10 12}  twin) 
(Figs. 4(a, e, i)). This is consistent with the observed 
for the (0001) pole figures: the (0001) basal texture 
of the parent grains was deflected from the     
ED polar zone to the equatorial zone (86°±5°). 
Moreover, the corresponding inverse pole figures 
showed that the formation of the [10 10] [10 12]−  
component was mainly attributed to the 
reorientation of various twin variants (Figs. 4(d, h, l)). 
These observations indicate that the deformation 
behavior and grain reorientation of the UAE 
samples were closely related to the {10 12} 

tensile twins at the initial extrusion stage (20 mm). 
Figure 5 shows the EBSD results of PAE 

samples at the initial extrusion stage (20 mm). The 
kernel average misorientation (KAM) can reflect 
local strain or dislocation density distribution 
within the grains. Many LAGBs were located inside 
the original grains, except for a few {10 12} 
tensile twins that were activated. According to the 
corresponding KAM maps and SEM images, 
regions with higher KAM values almost 
corresponded to regions where the particles were 
distributed, not only along the grain boundaries but 
also inside the grains (marked by the red arrows in 
Figs. 5(d, e). Similarly, the PEA sample also had a 
[10 10] [ 2 1 10]−  component, but the pole intensity 
of the (0001) basal texture (8.7) was slightly 
reduced compared with that of the UAE     
sample (9.1). Therefore, to further understand the 
deformation behavior of the PEA sample at the 
initial extrusion stage (20 mm), regions of interest 
in Fig. 5(a) were selected for further analysis. 

Figure 6 shows the EBSD results of the R1 and 
R2 regions selected from Fig. 5(a). The EBSD 
observation results of the R1 region showed that 
three different lenticular {10 12}  twin variants 
were activated, which led to consumption and 
reorientation of the parent grains, thereby forming a  
typical [10 10] [1120]−  composition (Figs. 6(a−d)). 
This confirmed that the effects of {10 12} twins 
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Fig. 4 EBSD results of different regions selected from Fig. 3(a): (a−d) R1; (e−h) R2; (i−l) R3; (a, e, i) EBSD IPF maps; 
(b, f, j) Corresponding boundary misorientation maps; (c, g, k) (0001) pole figures; (d, h, l) Inverse pole figures 
 

 

Fig. 5 EBSD results of PAE sample at 20 mm above mold exit: (a) EBSD IPF map; (b) (0001) pole figure; (c) Inverse 
pole figure; (d) Corresponding KAM map; (e) Corresponding SEM image 
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Fig. 6 EBSD results of different regions selected from Fig. 5(a): (a−d) R1; (e−j) R2; (a, e) EBSD IPF maps;         
(b) Boundary misorientation map corresponding to (a); (c, f) (0001) pole figures; (d, g) Inverse pole figures; (h) KAM 
map corresponding to (e); (i) SEM image corresponding to (e); (j) Line profiles of misorientation angle along black 
arrow AB in (e) 
 
in PAE samples and UAE samples were consistent, 
although the number of twins in the former was 
much lower than that in the latter. In contrast, in the 
R2 region, many fine grains were distributed around 
the particles inside the original grains, as well as 
sub-grain clusters and LAGBs (marked by the   
red dashed ellipses in Figs. 6(e, h, i), which differs 
significantly different from the UAE sample 
(Fig. 3). PENG et al [31] and KANG et al [32] also 
reported that the original particles can aggravate  
the DRX nucleation process through the PSN 
mechanism. These results indicate that the     
PSN mechanism as the dominant deformation 
mechanism, accelerated the accumulation of strain 
through the interaction of particles and dislocations, 
thereby promoting the formation of high-density 
dislocations and fine grains of the PAE sample at 
the initial extrusion stage (20 mm). Furthermore, 
Figs. 6(f) and (g) show that the fine grains have 
random orientations, which may cause the pole 
intensity of the (0001) basal texture of the PAE 

sample to decrease. The line profile of the 
point-to-origin along arrow AB (Fig. 6(e)) shows 
that the misorientation angle exceeded 20°,     
and the jagged grain boundaries (marked by the  
red arrows in Figs. 6(e) and (h)) indicated that the 
continuous dynamic recrystallization (CDRX) and 
discontinuous dynamic recrystallization (DDRX) 
mechanisms were activated in the PAE sample    
at the initial extrusion stage (20 mm). The 
abovementioned EBSD observation results for UAE 
and PAE samples at the initial extrusion stage 
(20 mm) revealed that the original microstructures 
significantly affected subsequent deformation 
behavior and microstructure evolution. 

Figure 7 shows the EBSD results of the UAE 
sample after further deformation (15 mm). The 
results showed that the grain boundaries of the 
original grains gradually bulged toward the adjacent 
grains and finally formed the isolated fine grains 
(marked by the black arrows in Fig. 7(a)), which is 
a typical DDRX mechanism. On the other hand, the 
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Fig. 7 EBSD results of UAE sample at 15 mm above mold exit: (a) EBSD IPF map; (b) (0001) pole figure; (c) Inverse 
pole figure; (d) Corresponding boundary misorientation map; (e) Corresponding KAM map; (f) Line profiles of 
misorientation angle along black arrow AB in (a); (g) Line profiles of misorientation angle along black arrow CD in (a) 
 
line profiles along arrows AB and CD show that  
the misorientation angle gradually rose to 13° 
(Figs. 7(f) and (g)), indicating that the orientation of 
the original grains underwent a continuous change 
due to accumulated dislocations, that is, the CDRX 
mechanism. These results prove that the movement 
dislocations in the original grains of the UAE 
samples increased with further deformation, which 
gradually activated the CDRX and DDRX 
mechanisms. Interestingly, the higher density of 
dislocations segregated in the {10 12}  twin 
regions (marked by red ellipses in Fig. 7(e)) 
compared with the non-twinned original grains 
(marked by the red arrows in Fig. 7(e)) according to 
the corresponding boundary misorientation map and 
KAM map. 

Therefore, the EBSD results for the region R1 
selected from Fig. 7(a) are illustrated in Fig. 8, to 
explore the deformation behavior of {10 12} 
twins at this extrusion stage (15 mm). It was clear 
that the parent grain area was mainly composed of 
blue and purple colors, while the twin area was  
red (Fig. 8(a)). Compared with the extrusion 
deformation of the UAE sample at the 20 mm stage 
(Figs. 3 and 4), the twin boundaries expanded and 

gradually depleted the parent grains with further 
deformation. The observation results of the line 
profiles along arrows AB and CD located in the 
twins and the parent grains are consistent with the 
corresponding KAM map (Fig. 7(e)), and the 
point-to-origin misorientation angles (~30°) were 
significantly higher than those of the non-twinned 
original grains (~14°), which should be attributed to 
the fact that reorientation is more prone to 
dislocation activation. CUI et al [33] confirmed that 
twin boundaries can also serve as nucleation sites to 
promote the formation of fine grains. Therefore, the 
high-density dislocations that are prone to segregate 
in the twin regions contribute to the formation    
of fine grains with random orientation, which is    
a typical TDRX mechanism. The above micro- 
structure results clearly revealed that the 
deformation behavior of {10 12}  twins (TDRX) 
was still dominant with gradual activation of the 
CDRX and DDRX mechanisms in the UAE sample 
upon further extrusion deformation (15 mm). 

The EBSD results for the PAE sample at 
15 mm above the mold exit are presented in Fig. 9. 
Denser fine grains were distributed inside the 
original grains and along the grain boundaries of the 
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Fig. 8 EBSD results of R1 region selected from Fig. 7(a): (a) EBSD IPF map; (b) Line profiles of misorientation angle 
along black arrow AB in (a); (c) Line profiles of misorientation angle along black arrow CD in (a); (d) (0001) pole 
figure; (e) Inverse pole figure 
 

 
Fig. 9 EBSD results of PAE sample at 15 mm above mold exit: (a) EBSD IPF map; (b) Corresponding KAM map;    
(c) (0001) pole figure; (d) Inverse pole figure 
 
PAE sample (Fig. 9(a)), which indicated that more 
driving energy was provided from further 
deformation to promote the activation of the 
recrystallization mechanisms (PSN, CDRX and 
DDRX mechanisms). High-density dislocations 
(regardless of grain boundaries or intragranular) 
were still mostly distributed around the particle 

regions according to the corresponding IPF and 
KAM maps (marked by the red arrows and ellipses 
in Fig. 9(b)), which indicated that the PSN 
mechanism still made the dominant contribution  
to the grain refinement at the further extrusion  
stage (15 mm). Unexpectedly, many dislocations 
accumulated inside the particle-free original grains 
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(marked by the white ellipses in Fig. 9(b)). 
Therefore, two different regions were selected to 
observe the deformation characteristics of these 
grains. The EBSD results and SEM images of 
different regions selected from Fig. 9(a) are shown 
in Fig. 10. 

Obviously, the chain structure (marked by the 
yellow arrows in Fig. 10(a)) was formed at the 
original grain boundaries and gradually extended 
along the LAGBs into the parent grain in the R1 
region (marked by the red arrows in Fig. 10(a)). 
The SEM image corresponding to the chain 
structure indicated that the kink bands of the 
lamellar LPSO phase were broken and fine particles 
were precipitated (marked by the blue ellipses    
in Fig. 10(b)). Moreover, the LAGB clusters 
surrounding the chain structure (Fig. 10(a)) 
indicated that high-density dislocations were 
distributed around the kink bands and extended 
along the kink bands into the parent grains (marked 
by the red arrows in Fig. 10(a)). MENG et al [34] 
proved that high-density dislocations gathered at 
the kink bands of the lamellar LPSO phase tended 
to form HAGBs, thereby promoting grain 

refinement. 
The EBSD results and SEM images of the R2 

region further proved that the grain boundaries of 
the new grains gradually penetrated the parent 
grains along the kink bands, which were isolated 
from the parent grains. The corresponding (0001) 
pole figures (Figs. 10(c) and (g)) show that the new 
grains formed in the kinked region were reoriented 
compared to the parent grains, and the deflection 
angle of the c-axis is consistent with the kinking 
angle [35]. In addition, the newly formed grains 
have a typical abnormal texture (c-axis//ED) 
according to the inverse pole figures (Figs. 10(d) 
and (h)) of the two regions (R1 and R2), which may 
provide a new way to explain the mechanism for 
the formation of abnormal texture [30,36,37]. 
Therefore, the significant decrease in texture 
strength of the PEA sample (0001) from 8.9 
(Fig. 5(b)) to 6.4 (Fig. 9(c)) can be attributed to the 
formation of more fine grains with random 
orientation and new grains induced by kink bands 
with abnormal texture. 

In general, with further deformation, grain 
refinement of the PEA sample was promoted by 

 

 
Fig. 10 EBSD results and SEM images of different regions selected from Fig. 9(a): (a−d) R1; (e−h) R2; (a, e) EBSD IPF 
maps; (b, f) Corresponding SEM images; (c, g) (0001) pole figures; (d, h) Inverse pole figures 
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aggravating the PSN, CDRX and DDRX 
mechanisms, and also by the formation of new 
grains induced by high-density dislocations at the 
kink bands, which also contributed to subdivision 
of the original grains. The above results indicate 
that there are significant differences in the 
activation of the recrystallization mechanism for 
different samples with various initial micro- 
structures. Apart from that, the hard-brittle bulk 
LPSO strengthening phase present in all samples 
played a similar role during deformation. In UAE 
and PAE samples, the high localized dislocations 
accumulated around the bulk LPSO phase induce 
the formation of fine recrystallized grains as the 
deformation degree increases (marked by the pink 
ellipses in Figs. 3−9). RAMEZANI et al [38] 
investigated the grain refinement mechanism of 
multi-directional forged (MDFed) GWZ Mg alloys 
and confirmed that the high-density dislocations 
near the bulk LPSO phase can provide the energy 
required for new grain formation. The main focus 
of this work is the effect of different initial 
microstructures on the subsequent recrystallization 
behavior, so the bulk LPSO phase common to all 
samples will be further discussed in depth in other 
studies. 

Figure 11 shows microstructures of UAE and 

PAE samples at 10 mm above the mold exit. Fine 
grains of the UAE sample were basically distributed 
along the grain boundaries of the deformed grains, 
and the volume fraction of fine grains was only 
6.1%. In contrast, the grain refinement of the PAE 
sample was significantly increased due to the higher 
dislocation density and abundant recrystallization 
behavior, and the volume fraction of fine grains 
reached 25.9%, which was more than four times 
that of the UAE sample. On the other hand, the 
distributions and quantities of the second phase 
between different samples were also inconsistent 
according to the corresponding SEM images. 
Compared with the particles of the UAE sample, 
which were mainly distributed along the grain 
boundaries of the deformed grains (marked by the 
yellow ellipses in Fig. 11(d)), the denser particles in 
the PEA sample were distributed along the grain 
boundaries and also in the deformed grains (marked 
by the yellow ellipses in Fig. 11(f)). 

The grain refinement degree was significantly 
increased for all samples at the final extrusion stage. 
Figure 12 shows microstructures of UAE and PAE 
samples at 2.5 mm above the mold exit. The 
deformed grains in all samples were elongated 
along the ED. The microstructural compositions  
of UAE samples were still dominated by deformed 

 

 
Fig. 11 Microstructures of different samples at 10 mm above mold exit: (a, c, d) UAE sample; (b, e f) PAE sample;   
(a, b) EBSD IPF maps; (c−f) Corresponding SEM images 
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Fig. 12 Microstructures of different samples at 2.5 mm above mold exit: (a, c, d) UAE sample; (b, e f) PAE sample;   
(g, h) SE sample; (i, j) OAE sample; (a, b) EBSD IPF maps; (c−j) SEM images 
 
grains, and the volume fraction of fine grains was 
only 12.7%. However, the volume fraction of the 
deformed grains in the PAE sample was 
significantly reduced, and most of its microstructure 
components were occupied by fine grains. The 
volume fraction of fine grains in the PAE sample 
was almost six times that of the UAE sample. 

In addition, the SEM images of all samples are 
shown in Figs. 12(c−j). As indicated by high 
magnification SEM images of all samples, the fine 
particles of all samples were mainly distributed   
in the fine grain region, and the distribution      
of the particles of the PAE sample was the     
densest (marked by the yellow arrows in Fig. 12(f)). 
In contrast, the SE sample had the smallest 
proportion of Mg5RE phase, which was limited by 
dynamic precipitation during the deformation 

process [20,39]. 
The above results indicate that UAE and PAE 

samples with different initial microstructures 
utilized different DRX mechanisms during 
extrusion. The recrystallization behaviors of UAE 
sample were dominated by the TDRX mechanism 
at the initial extrusion stage (20 mm), while the 
DDRX and CDRX mechanisms were activated as 
the degree of deformation increased (15 mm). 
However, the PSN, CDRX and DDRX mechanisms 
were the main recrystallization paths for PAE 
sample at the initial extrusion stage (20 mm),  
which significantly promoted the grain refinement.  
Moreover, with further extrusion (15 mm), 
interactions between dislocations and kinked bands 
of the lamellar LPSO phase also contributed to the 
grain refinement in the PEA sample. 
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3.3 TEM images of different samples after 
extrusion deformation  

To further explore the distribution and quantity 
of particles, the microstructures of different samples 
were observed after extrusion by TEM. Figure 13 
shows TEM bright-field images for different 
samples after extrusion. The fine grain regions of 
all samples were distributed with nanoparticles 
(marked by the yellow arrows in Fig. 13(d)),  
which was consistent with the SEM images in 
Figs. 12(c−j). However, there were significant 
differences in the quantities of nanoparticles in 
different samples. Obviously, the volume fraction  
of nanoparticles in the SE sample was the lowest, 
only 1.51%. The nanoparticles of pre-aged extruded 
samples (UAE, PAE and OAE) were denser than 
those of SE samples. The volume fraction of the 
nanoparticles in the UAE sample was 3.91%. By 
comparison, the extruded samples with longer 
pre-ageing times had more nanoparticles. The 
volume fraction of the nanoparticles in the OAE 

sample was 2.1 times that of the UAE sample, 
which reached 8.22%. However, the volume 
fraction of the nanoparticles did not monotonically 
increase with the pre-ageing time. The PAE sample 
had the highest volume fraction of nanoparticles 
among all samples (10.5%). On the other hand, the 
nanoparticles (marked by the yellow arrows in 
Fig. 13(d)) were distributed at the grain boundaries 
of the fine grain region (marked by the blue dotted 
line in Fig. 13(d)), which improved the strength of 
the grain boundaries with the pinning effect [40,41]. 
As a strengthening phase, the nanoparticle phase 
can improve the strength of the alloy by hindering 
the movement of dislocations (the mechanism of 
bypassing or cutting between the dislocation and 
the particles); moreover, particles located at the 
grain boundaries can also inhibit the migration of 
the grain boundaries through pinning effect and 
improve the ability of the grain boundaries to resist 
deformation (Fig. 13), which makes crack initiation 
and propagation difficult. 

 

 
Fig. 13 TEM bright-field images of different samples after extrusion: (a) SE sample; (b) UAE sample; (c, d) PAE 
sample; (e) OAE sample 
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3.4 Mechanical properties of different samples 
during extrusion deformation 

Figure 14 shows the RT tensile properties of 
different extruded samples. The comprehensive 
mechanical properties of the SE samples were the 
worst among all samples, and the yield strength 
(YS), UTS and EL were 336 MPa, 389 MPa and  
7.4% respectively. Compared with the SE sample, 
the EL of the UAE sample was reduced by 0.9%, 
although its YS and UTS were increased by 43 MPa 
and 57 MPa, respectively. The PAE sample has the 
best tensile properties, and its YS, UTS and EL 
were 412 MPa, 482 MPa and 8.8% respectively. 
These results show that the strengths of samples 
prepared by a combination of pre-ageing treatment 
and extrusion deformation were significantly 
improved, but the elongation evolution law shows a 
fluctuating trend. The difference between tensile 
properties may be caused by various micro- 
structures. 
 

 
Fig. 14 RT tensile properties of different samples 
 
4 Discussion 
 
4.1 Effect of pre-heating treatment on precipitates 

Pre-ageing treatment has attracted widespread 
attention from researchers, and preliminary studies 
have been conducted on Mg alloys such as    
AZ80, AZ91, Mg–8.32Sn–1.85Zn–0.17Mn, ZM61 
and Mg−6Zn−1Gd−1Er. However, the effect of 
pre-heating treatment before deformation on    
the microstructure of pre-aged samples requires 
attention. PENG et al [31] explored the deformation 
behavior of ZK60 alloy with different states and 
found that the original microstructure (located in 
the grains and at the grain boundaries) of the 
pre-aged sample was transformed during the 
pre-heating process, which significantly affected 

subsequent recrystallization behavior. This indicates 
that it is more rigorous and scientific to investigate 
whether the original microstructure is transformed 
or stabilized in the thermal insulation treatment 
before deformation for subsequent research. In 
addition, studies on the ageing precipitation 
behavior of Mg−Gd−Y−Zn−Zr alloy showed that 
the ageing precipitation of the γ' phase or β''     
(β') phase exhibited high thermal sensitivity, and 
these metastable phases underwent further 
transformations as the heating time or heating 
temperature was increased [9,25,42]. Therefore, it is 
necessary to explore the microstructure evolution of 
different pre-aged samples during the pre-heating 
process. 

After pre-heating treatment, the types and sizes 
of the second phase of the three aged samples 
showed obvious differences. On the one hand, the 
metastable γ' and β'' phases of the UA sample 
underwent different transformations during the 
pre-heating process (Figs. 1(a−e)). The metastable 
β'' phase disappeared (without being coarsened and 
transformed into β phase) and the denser γ' phase 
was distributed in the original grains. The 
metastable precipitates were not monotonously 
coarsened and transformed during the pre-heating 
process according to the isothermal ageing 
precipitation sequence. 

Previous studies on the effect of tensile 
temperature on the microstructure of Mg−9.5Gd− 
4Y−2.2Zn−0.5Zr (wt.%) alloy proved that the content 
of the newly formed γ' phase increased significantly 
as the tensile temperature was increased, while the 
β' phase gradually disappeared [9]. WANG et al [43] 
indicated that the β' phase was rapidly coarsened 
and transformed into β1 phase, while the γ' phase 
had not yet undergone transformation during 
isothermal ageing at 225 °C. These results proved 
that the γ' phase has higher thermal stability than 
the β'' (β') phase, which may be attributed to the 
fact that more RE atoms improved the thermal 
stability of the γ' phase or transformation of the γ' 
phase requires more energy and RE atoms to form 
the new second phase. The tiny RE atom clusters 
(β'' phase) formed by segregation of RE atoms at 
the initial ageing stage were extremely unstable and 
easily annihilated during pre-heating due to the 
excessively high pre-heating temperature used  
(2.25 times the ageing temperature). Furthermore, 
our previous studies showed that the β particle 
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(distributed at grain boundaries or within grains) 
formed in PA samples can be attributed to 
coarsening transformation (rather than annihilation) 
of the β' phase after the pre-heating [20]. It is 
known that with extended ageing time (112 h), the 
coarser β' phase formed by further segregation of 
RE atoms had higher thermal stability than the β'' 
phase formed in the initial ageing stage (64 h). This 
showed that various metastable ageing precipitates 
(β'', β' and γ') evolved via different mechanisms 
during the pre-heating process. On the other hand, 
both PA and OA samples had β particles distributed 
at the grain boundaries and inside the grains after 
pre-heating treatment, but their quantity and size 
were slightly different. Obviously, compared with 
the OA sample, the PA sample had denser and finer 
β particles after the pre-heating treatment 
(Figs. 1(g, h)), which can be attributed to severe 
local segregation and aggregation of solute atoms 
due to the excessively long ageing time; this 
resulted in fewer nucleation sites and coarser 
precipitates in the OA sample [43,44]. Therefore, 
differences in the morphologies and quantities of 
particles in different extruded samples can be 
attributed to the original second phase of different 
samples after pre-heating treatment. 

In summary, pre-heating treatment can 
significantly affect the original microstructures   
of pre-aged samples, which makes the research 
more scientific and rigorous by confirming the 
transformation law for the ageing metastable  
phase after pre-heating treatment. The precipitation 
behavior and strengthening effects of the    
ageing precipitates in the Mg−Gd−Y−Zn−Zr alloy 
during the isothermal post-ageing process (after 
deformation) become a current research focus, but 
the mechanism for evolution of metastable ageing 
precipitates during high temperature preheating is 
still unclear. 

 
4.2 Effect of pre-ageing state on recrystallization 

behavior 
4.2.1 Recrystallization nucleation of different 

samples 
Many studies have proven that the original 

microstructure dominates the deformation behavior 
and mechanical properties of the alloy. PENG    
et al [45] studied the influence of second phase on 
the microstructure and mechanical properties of 

Mg−2.0Zn−1.5Mn (wt.%) alloy, which indicated 
that the dynamic synergistic effect of the PSN effect 
and pinning effect can be controlled by adjusting 
the types of initial second phase. KANG et al [32] 
confirmed that the second phase affected twinning 
behavior and texture evolution through dynamic 
precipitation and dissolution mechanisms. The 
EBSD results for different samples, shown in 
Figs. 2−12, indicated that the original micro- 
structure significantly affected DRX behavior 
during the extrusion process. Research by WANG  
et al [23] showed that γ' phase can retard the 
recrystallization kinetics of Mg−Gd−Y−Zn−Mn 
alloy, which resulted in finer and sparse fine grains. 
Therefore, the densely distributed γ' phase inside 
the original grains of UA samples after pre-heating 
inhibited basal dislocation slips during the early 
extrusion stage, thereby inducing activation of 
many {10 12}  tensile twins (lower critical 
resolved shear stress (CRSS) compared with 
non-basal slip systems). With further extrusion 
deformation, the twins gradually swallowed the 
parent grains to form new reoriented grains, which 
favored the initiation of dislocation slip. Therefore, 
numerous moving dislocations caused the twins to 
accumulate and entangle to form sub-grains; with 
further deformation, the sub-grains gradually 
transformed from LAGBs to HAGBs by absorbing 
more dislocations; finally, fine grains with random 
orientations were formed (Figs. 8(d) and (e)), such 
as in a typical CDRX mechanism. ZHAO et al [46] 
proved that twin boundaries effectively hindered the 
movement of dislocations, and their interaction was 
conducive to formation of isolated fine grains, 
which is a typical DDRX mechanism. These results 
indicated that the original grains with twins 
promoted grain refinement through the TDRX 
mechanism. In addition, a comparison between 
Fig. 3 and Fig. 7 shows that the misorientation 
angle increased from 4° to 14° and the grain 
boundaries changed from smooth to jagged in the 
non-twinned original grains with further 
deformation, indicating that dislocation slips were 
gradually activated to initiate the CDRX and 
DDRX mechanisms. The {10 12}  twin-induced 
recrystallization behavior made limited contribution 
to grain refinement due to the high activation of its 
grain boundaries [47,48]. Therefore, with further 
accumulation of strain, the quantity of fine grains in 
the UAE sample gradually increased but the extent 
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of improvement was limited. Finally, the volume 
fraction of fine grains was 17.4%, which was the 
lowest among all samples. 

In contrast, it is obvious that the PAE and OAE 
samples had different original microstructures, 
resulting in significant differences in their 
recrystallization behavior during the extrusion 
deformation. ZHONG et al [49] proved that 
particles promoted the formation of fine grains  
via the PSN mechanism. The interactions of 
numerous particles (distributed inside the original 
grain and at the grain boundary) with dislocations 
significantly promoted the accumulation of 
dislocations around the particles and the formation 
of LAGBs (marked by the red arrows in Figs. 5(d) 
and (e)). The misorientation angle inside the 
original grains exceeded 25° (Fig. 6(j)), and the 
serrated grain boundaries with many LAGBs 
(marked by the red arrows in Figs. 6(e) and (h)) 
indicated the CDRX and DDRX mechanisms were 
activated. Therefore, compared with the UAE 
sample containing almost no fine grains (Fig. 3), 
many fine grains with random orientations 
(Figs. 6(f) and (g)) were distributed at the grain 
boundaries and within the grains of the PAE sample 
at the initial extrusion stage (20 mm) (Fig. 5 and 
Fig. 6). These results indicated that the activated 
DRX mechanisms operating at the initial extrusion 
stage of the PAE sample included PSN, CDRX and 
DDRX mechanisms. Surprisingly, the formation of 
HAGBs along the kink bands of the lamellar  
LPSO phase split the original grains into several 
isolated new grains with further deformation, which 
is defined as a kink band-induced dynamic 
recrystallization (KDRX) mechanism. ZHOU     
et al [50] proved that the lamellar LPSO phase 
formed new grain boundaries at the kink bands to 
promote grain refinement through the CDRX 
mechanism as the strain was increased. MENG    
et al [34] revealed the evolution mechanism of the 
LPSO phase during deformation, and showed that 
the orientation deflection angle of the newly formed 
grains (located between the kinked bands) was 
closely related to the kink angle, which was 
consistent with the EBSD and SEM results of R1 
and R2 regions in Fig. 10. Obviously, the above 
discussion showed that the interactions of kink 
bands in the lamellar LPSO phase and dislocations 
caused concentrated stress during the extrusion 
deformation process; after further deformation, 

LAGBs formed by dislocation rearrangement and 
climbing gradually were transformed into HAGBs 
through further capture of dislocations; finally, new 
grains were formed (KDRX). The sizes and 
orientations of the newly formed grains were 
determined by the width of the kink bands and the 
kink angle. In the end, the volume fraction of fine 
grains in the PEA sample reached 89.7%, which 
was much higher than that of the UAE sample. To 
enhance the understanding of various second phases 
and their effects on recrystallization behavior, a 
schematic diagram of the DRX behavior in different 
samples is shown in Fig. 15. 

In summary, there are significant differences in 
the interactions between dislocations and the 
original second phases with various morphologies 
and quantities; this can transform DRX behavior 
during the extrusion process, thereby tailoring the 
microstructure of the extruded sample. 
4.2.2 Recrystallization growth behavior of different 

samples 
The recrystallization process includes two 

stages of grain nucleation and grain growth. EBSD 
observations showed that different pre-ageing states 
affected the volume fraction of fine grains by 
modifying the DRX behavior during extrusion 
deformation and also caused slight differences in 
the average grain sizes of the fine grains in different 
samples after extrusion. YU et al [51] also proved 
that the precipitates promoted grain refinement 
through the PSN mechanism and also inhibited 
grain boundary migration through the pinning effect. 
According to the interaction between the particle 
phase and the grain boundaries [52]:  
v=M0

Rex
D z cexp[ /( )]( )Q RT P P P− − −         (1) 

 
where v is the boundary migration rate, M0 is the 
boundary migration constant, Q is the apparent 
activation energy, R is the molar gas constant,     
T is the deformation temperature, Rex

DP  is the 
recrystallization driving force, Pz is the Zener 
pressure, and Pc is the boundary curvature. This 
indicates that the migration rate of the grain 
boundaries will be delayed as the Zener pressure 
(provided by the particles) increases. According to 
the Zener pressure formula [52]:  

z v3 ( 2 )P f γ r=
                          

(2) 
 
where fv is the volume fraction of the particle phase, 
γ is the shear strain, and r is the average radius of 
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Fig. 15 Schematic diagram of DRX behavior in different samples during extrusion process 
 
the particle phase. This formula shows that denser 
and finer particles hinder grain boundary migration 
more effectively. Compared with the pre-aged 
samples, the average grain size of the fine grains in 
the SE sample with the lowest volume fraction of 
particle phase (1.51%) was the largest (~2.7 μm), 
which indicated that the SE sample lacked enough 
particles to hinder further growth by fine grains. 
The increase in the volume fraction of the particle 
phase (increase in Zener pressure Pz) inhibited grain 
boundary migration of the fine grains, and the 
average grain size was significantly reduced. 
Compared with the SE samples, the average grain 
size of the fine grains in the pre-aged samples was 
reduced from ~2.7 to ~2.3 μm. Unexpectedly, the 
UAE sample had the finest recrystallized grains, 
which may be related to the distribution area of the 
fine grains. ZHANG et al [47,53] showed that finer 
recrystallized grains distributed along the grain 
boundaries of coarsely deformed grains were 
attributable to the stress concentration generated by 
the high-density dislocations at the grain boundaries 
of deformed grains, which inhibited the coarsening 
for fine grains. Therefore, the cumulative contribution 
of the pinning effect for fine particles and the 
hindering effect for deformed grains made the 
average grain size of fine grains in the UAE sample 
(mainly distributed around the deformed grains) be 
approximately1.9 μm. 
 
4.3 Effect of microstructure on mechanical 

properties 
The mechanical properties of alloy materials 

are closely related to the microstructure. Previous 

studies have shown that improvements in the 
mechanical properties of pre-aged samples 
compared with solution samples are attributable to 
contributions form precipitation strengthening and 
grain boundary strengthening mechanisms [39]. 
DRX behavior and microstructural evolution of 
different pre-aged samples were discussed in detail 
above. However, the reasons for differences in   
the mechanical properties of different pre-aged 
samples considered in this work were still   
unclear: the strength was significantly improved, 
but the ductility fluctuated. The differences in 
strengthening mechanisms for different pre-aged 
samples mainly included: dislocation strengthening 
(σd), texture strengthening (σt), grain boundary 
strengthening (σg) and precipitation strengthening 
(σp), which excluded solution strengthening with 
the same contribution in different samples (alloy 
composition and deformation process were 
consistent). 

The interactions between dislocations can 
hinder movement to improve strength. Formation  
of the fine grain region consumed numerous 
dislocations, so the contribution of the dislocation 
strengthening mechanism mainly affected the 
deformed grain region. Therefore, the contribution 
value of the dislocation strengthening mechanism 
(σd) can be calculated with the following    
formula [54]: 
 

d un-DRXed un-DRXedσ f MαGb ρ=             (3) 
 
where fun-DRXed is the volume fraction of un-DRXed 
(deformed grain) region, M(=2.5) is the Taylor factor, 
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α is a constant (0.2 for Mg alloys), G is the shear 
modulus (16.6 GPa for Mg alloys), b is amplitude 
of Burger vector (0.321 nm for Mg alloys), and 
ρun-DRXed is the dislocation density of the un-DRXed 
region (1×1014 m−2 for Mg alloys). Therefore, the 
dislocation strengthening contributions of UAE, 
PAE and OAE samples were calculated according 
to the above formula to be 30.8, 3.84 and 18.5 MPa, 
respectively. 

The critical resolved shear stress (CRSS) for 
dislocation slip in Mg alloys is determined by the 
Schmid factor (SF), which is closely related to the 
grain orientation (texture). The HCP structure of the 
Mg alloys leads to (0001) 1120〈 〉  basal slips with 
the lowest CRSS as the dominant deformation 
mechanism under RT tension. Therefore, the 
formula for calculating the contribution of the 
texture strengthening mechanism (σt) is as   
follows [55]:  
σt=0.3σ0/m                              (4)  
where m is the average SF value, and σ0 is a 
constant (approximately 46.5 MPa for Mg alloys). 
The (0001) 1120〈 〉  SFave values of different 
samples are provided in Table 2. Therefore, the 
texture strengthening contributions for UAE, PAE 
and OAE samples were calculated to be 139.5, 58.1 
and 73.4 MPa, respectively (Table 3). 

The grain boundary strengthening mechanism 
operates when grain boundaries hinder the movement 
of dislocations, leading to the improvement of the 
performance. Therefore, the Hall−Petch relationship 
only considers the contribution of the grain boundary 
 
Table 2 (0001) 1120〈 〉  SFave, dp and fp of particle phase 
of UAE, PAE and OAE samples 

Sample (0001) 1120〈 〉  SFave fp/% dp/nm 

UAE 0.1 3.91 161.91 

PAE 0.24 10.5 136.34 

OAE 0.19 8.22 152.7 

 
Table 3 Contribution values of various strengthening 
mechanisms of UAE, PAE and OAE samples 

Sample σd/MPa σt/MPa σg/MPa σp/MPa 

UAE 30.8 139.5 20.7 75.5 

PAE 3.8 58.1 99.2 176.8 

OAE 18.5 73.4 53.6 128.6 

strengthening mechanism (σg) of the fine grain 
region, and its formula was as follows [8]: 
 

1/2
g DRX DRXσ f kd −=                          (5) 

 
where fDRX is the volume fraction of the 
recrystallized grain region, k is a constant (164 MPa 
for Mg alloys), and dDRX is the average grain size    
of the recrystallized grains. The grain boundary 
strengthening contribution for the UAE, PAE and 
OAE samples were calculated as 20.7, 99.2 and 
53.6 MPa, respectively (Table 3). 

Many studies have confirmed that strength 
improvement in an alloy occurs through particles 
hindering the dislocation slips along with the 
cut-through mechanism or the bypass mechanism, 
the Orowan mechanism, which requires additional 
energy. The accumulated dislocations surrounding 
particles further hinder subsequent movement of 
dislocations, which also leads to an increase in 
strength. The contribution of the particle phase (σp) 
was calculated according to the following formula 
for the Orowan strengthening mechanism [56]: 
 

p
p 1/3

p
p

ln
12 π 1 1

2

dMGbσ
b

d ν
f

 
=       

 − −             

(6) 

 
where dp is the particle phase diameter (dp= LW , 
L and W are the length and width of particle phase, 
respectively), fp is the volume fraction of particle 
phase, and ν is Posisson ratio (ν=0.35). The dp and 
fp of the particle phase for different samples are 
summarized in Table 2. Therefore, the calculated 
contributions of precipitation strengthening for the 
UAE, PAE and OAE samples were 75.5, 176.8 and 
128.6 MPa, respectively (Table 3). 

The contribution values of various strengthening 
mechanisms for different pre-aged samples are 
summarized in Table 3. The effect of the strengthening 
mechanism for all samples can be expressed as 
follows: σ = σd + σt + σg + σp, and the results were 
266.5 MPa (UAE sample), 337.9 MPa (PAE sample) 
and 274.1 MPa (OAE sample). These four 
strengthening mechanisms made the lowest 
contribution in the UAE sample, and the highest 
contribution in the PAE sample, which is consistent 
with the strength evolution law in Fig. 14. It is 
Obvious that the contributions of various 
strengthening mechanisms in the three samples 
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were different due to differences in their 
microstructures. The UAE sample with the highest 
volume fraction of deformed grains had the 
strongest texture strengthening effect and 
dislocation strengthening effect; they reached 139.5 
and 30.8 MPa, respectively, which indicated that 
deformed grains significantly increased the strength 
of the Mg alloy. However, inconsistent deformation 
between different deformation regions usually 
causes the initiation and propagation of cracks, 
especially for deformed grains with high local stress 
concentrations [57]. In tensile fracture of the UAE 
sample (Fig. 16), the cracks formed inside the 
deformed grains were rougher (marked by the blue 
arrows in Fig. 16) than those in other regions 
(marked by the yellow and green arrows in Fig. 16). 
Premature initiation and propagation of cracks 
limited further improvements in ductility [58], 
which was why the UAE sample exhibited the 
worst ductility. Interestingly, compared with the 
UAE sample, the PEA and OAE samples with higher 
strengths had lower contributions from dislocation 
strengthening and texture strengthening, which 
indicated that grain boundary strengthening     
and precipitation strengthening, their dominant 
strengthening mechanisms, made stronger 
contributions. The contributions of grain boundary 
strengthening and precipitation strengthening 
mechanisms in the PEA sample, which exhibited 
the densest and finest particles and the highest 
volume fraction of recrystallized grains, were 99.2 
and 176.8 MPa, respectively, which were the 
highest of all samples. Incredibly, the UAE sample 
with the finest recrystallized grains had the   

worst grain boundary strengthening effect (only 
20.7 MPa), which showed that the synergistic 
effects of size and volume fraction of recrystallized 
grains improved the strength more effectively.    
In addition, previous studies showed that a 
homogeneous microstructure with densely 
distributed particles could accommodate more 
dislocations during the tensile process, which 
inhibited premature initiation and propagation of 
cracks [59]. This is consistent with the higher 
ductility of the PAE and OAE samples seen in   
this study. The fracture morphologies of different 
samples, shown in Fig. 17, also supported this 
conclusion: PAE samples had the best ductility. 
Figure 17 shows that the fracture morphology of the 
UAE sample consists of cleavage planes (marked 
by the yellow arrows in Fig. 17), tear ridges 
(marked by the green arrows in Fig. 17) and few 
dimples (marked by the blue arrows in Fig. 17), 
which is a typical quasi-brittle fracture mode. In 
contrast, the fracture morphologies of the PAE and 
OAE samples were mostly composed of dimples, 
indicating that the cleavage mode was gradually 
converted to ductile fracture. In addition, the 
particle phase distributions around the dimples can 
be seen from the higher magnification images of  
the fracture morphologies for the three samples 
(Figs. 17(b, d, f); these distributions may cause the 
samples to absorb more energy before fracture to 
improve ductility during the tensile process. In 
summary, differences in the tensile properties of the 
three pre-aged extruded samples are attributed to 
different contributions of strengthening mechanisms 
caused by different microstructures. 

 

 
Fig. 16 SEM images showing tensile fracture characteristics of UAE sample 
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Fig. 17 SEM images showing fracture morphologies of 
different samples: (a, b) UAE sample; (c, d) PAE sample; 
(e, f) OAE sample 
 
5 Conclusions 
 

(1) Needle γ' phase was distributed inside the 
grains of the UA samples, while lamellar LPSO 
phase was distributed in PA and OA samples. In 
particular, numerous Mg5RE particles were 
distributed inside the grains and at the grain 
boundaries of the PA and OA samples, which were 
denser and finer in the PA sample. 

(2) The ingot condition before extrusion 
significantly affects the microstructure and 
mechanical properties of the as-extruded Mg−Gd− 
Y−Zn−Zr alloy. The extruded PAE samples with 
denser particle phase distribution exhibit finer   
and homogeneous microstructures, thus exhibiting 

better mechanical properties.  
(3) The original second phase particles have a 

significant PSN effect during extrusion deformation, 
which effectively improves the grain refinement 
effect. The inhibition of dislocation slips by dense 
needle-like γ' induces twinning to be easily 
activated at the early stage deformation, delaying 
DRX nucleation and weakening the grain 
refinement effect. 

(4) Texture strengthening and dislocation 
strengthening mechanisms dominated in UAE 
samples with typical bimodal microstructures. 
However, the contributions of grain boundary 
strengthening and precipitation strengthening 
mechanisms for PAE and OAE samples 
significantly exceeded those of UAE sample, which 
gave the PAE and OAE samples excellent 
mechanical properties. 
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摘  要：通过控制预时效时间制备 3 种不同状态的试样，研究不同预时效状态对挤压态 Mg−9.5Gd−4Y−2.2Zn− 

0.5Zr (质量分数，%)合金的动态再结晶行为(DRX)和性能的影响。结果表明，欠时效挤压(UAE)样品的细晶体积

分数为 17.4%，而峰时效挤压(PAE)和过时效挤压(OAE)样品的细晶体积分数分别达到 89.7%和 50.4%。在晶粒内

部和晶界处分布的致密、细小的 β颗粒相通过粒子激发形核机制显著提高了形核位点和位错密度。然而，致密针

状 γ'相抑制位错滑移，延迟 DRX 形核。PEA 和 OAE 样品中细小晶粒的差异归因于原始颗粒相的数量和尺寸的不

同，而其拉伸性能的差异归因于不同的显微组织。由于晶界强化和析出强化机制的贡献更大，PAE 样品具有更   

优异的拉伸性能。 

关键词：Mg−Gd−Y−Zn−Zr 合金；预时效处理；再结晶行为；强化机制；粒子刺激形核 
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