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Abstract: Dislocation mechanism operating in dynamic recrystallization (DRX) during hot compression of Mg−5.51Zn−0.49Zr alloy 
was investigated by X-ray diffraction, optical microscopy and transmission electron microscopy. The results showed that the 
continuous DRX occurred at a low strain rate of 1×10−3 s−1, which was associated with the operation of the single gliding dislocation 
climbing. At the intermediate strain rate of 1×10−2 s−1, the continuous DRX was associated with the climbing of the gliding 
dislocation array as deformed at an elevated temperature of 350 °C, and in contrast, the discontinuous DRX was observed and 
associated with the bulging of subgrain boundaries as the deformation temperature was raised to 400 °C. The continuous DRX was 
associated with the climbing of the leading dislocation ahead of pile-ups, and resultant rearrangement of misorientated flat 
dislocation pile-ups as the strain rate was increased to 1×100 s−1. It is suggested that the mechanism predominating the dislocation 
climbing was changed from the vacancy migration to the stress acting on the leading dislocation ahead of the pile-up as the strain rate 
was gradually increased. 
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1 Introduction 
 

Magnesium alloys are one of the lightest structural 
metal materials. However, most of them have poor 
formability at room temperature due to their hexagonal 
crystal structure lack of sufficient independent slip 
system. Fortunately, pyramidal plane slip 〈c+a〉 can be 
activated at elevated temperatures, which together with 
twinning provides plastic deformation along c axis 
besides basal plane slip, and prismatic plane slip allows a 
plastic contribution along 〈a〉 direction. Accordingly, 
investigations on microstructural evolution and 
deformation mechanism at elevated temperatures have 
received more and more attention in recent years [1−18]. 
Recrystallization is an important microstructural 
phenomenon and has a significant effect on flow 
behavior during hot deformation of magnesium alloys. 
Since ION et al [19] proposed a rotational dynamic 
recrystallization (RDRX), a kind of continuous dynamic 

recrystallization (CDRX), from pioneer’s work on 
recrystallization in magnesium alloy in 1982, a great 
effort has been made to investigate the recrystallization 
mechanism [20−29]. Most of them were focused on the 
effect of deformation temperature during hot 
deformation. KAIBYSHEV et al [30], for instance, 
conducted an investigation on low-temperature DRX at 
ambient temperature for producing nanoscale structure in 
magnesium alloy in 1995. In their work, the formation of 
small recrystallized grains was attributed to the 
rearrangement of misorientated flat dislocation pile-ups. 
GALIYEV et al [22], after investigating the mechanisms 
of DRX in different ranges of deformation temperature 
in 2001, summarized the results as follows: 1) Low 
temperature DRX (LTDRX below 473 K) was associated 
with the operation of twinning, basal slip and (a+c) 
dislocation glide; 2) In the intermediate temperature 
range (473−523 K), CDRX was observed and associated 
with extensive dislocation cross-slipping due to the 
Friedel–Escaig mechanism; 3) At temperatures ranging 
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from 573 to 723 K, both bulging of original grain 
boundaries and subgrain growth were the operating DRX 
mechanisms and controlled by dislocation climb. From 
the conclusions drawn by GALIYEV et al [22] and 
KAIBYSHEV et al [30], it can be seen that the operating 
DRX mechanism is associated with the dislocation 
gliding mode. YANG et al [13] have recently suggested 
that the formation of newly recrystallized grains is 
dependent on a deformation-induced continuous reaction, 
which is controlled by straining, and in agreement with 
Ref. [22,30]. 

All the previous researches stated above were 
focused on the effect of deformation temperature and 
straining on DRX mechanism during hot deformation. 
Generally, like the deformation temperature and  
straining, the strain rate, as another deformation 
parameter, also has a significant effect on dislocation 
slipping mode and subsequent operating DRX 
mechanism. Our previous work [31] demonstrated that 
the low-temperature DRX, which was only observed at 
ambient temperature [30], occurred at elevated 
deformation temperatures up to 350 and 400 °C when a 
high strain rate up to 1×100 s−1 was employed. This 
suggested that the operating DRX mechanism during hot 
deformation was greatly influenced by the strain rate 
externally applied. So far, however, no systematic 
investigation on the strain rate effect on the dislocation 
slipping mode and operating DRX mechanism in 
magnesium alloys has been reported. The present work, 
therefore, taking twin-roll casting ZK60 alloy as 
experimental material, aimed at investigating the strain 
rate effect on dislocation mechanism for DRX during hot 
deformation by employing the strain rate ranging from 
1×10−3 s−1 to 1×100 s−1. 
 
2 Experimental 
 

The material employed in present study was 
commercial magnesium alloy ZK60, with chemical 
composition of Mg−5.51Zn−0.49Zr (mass fraction, %). 
The alloy was obtained in the form of as-twin-rolled 
casting strip with a thickness of 3.0 mm. Plate-form 
specimens with a length of 50 mm, a width of 20 mm 
and a thickness of 3 mm were machined from the strip 
for uniaxial compression tests. Uniaxial compression 
tests were performed at temperatures of 350 and 400 °C 
and strain rates ranging from 1.0×10−3 to 1.0×100 s−1 with 
final true strain of 0.511. The stress was employed in the 
direction of thickness during hot compression for 
simulating the subsequent rolling process of the twin-roll 
casting strip. The specimens were immediately quenched 
by nitrogen gas after hot compression in order to prevent 
the microstructure from changing. Texture measurements 
were carried out by the Schulz reflection method using 

nickel-filtered Cu Kα radiation. The measurements were 
conducted on the mid-plane sections. (0002) pole figure 
for the twin-roll casting strip was constructed using 
diffracted X-ray intensities measured on (0002) 
reflection. Specimens for microstructural observation 
were cut from the strip along the plane formed by the 
rolling and normal direction, and mechanically ground 
using emery papers up to 1200 grit followed by final 
polishing on a Struers OP-Chem polishing cloth using 
polishing suspension OP-S. The grain structure was 
revealed by etching for optical microscopy, using a 
solution of ethanol (50 mL), picric acid (3 g), acetic acid 
(20 mL) and water (20 mL). The optical microstructures 
in the center of the samples deformed at different strain 
rates, as well as the as-received sample, were examined. 
The TEM microstructure examination of the deformed 
samples was performed on a JEM−2000FXⅡ instrument. 
Two-beam technique was employed to distinguish basal 
slipping and non-basal slipping during hot compression. 
TEM samples were prepared by cutting from the 
deformed sample along the plane perpendicular to 
applied stress direction. Foils were mechanically ground 
to about 0.1 mm, and electrolytically polished to a 
thickness suitable for analysis by the window method 
with a solution of 5% HClO4, 35% butanol and 60% 
methanol at 10 V while keeping the electrolyte at 20 °C. 
 
3 Results and discussion 
 
3.1 (0002) pole figure and optical microstructure of 

as-twin-rolled casting ZK60 strip 
(0002) pole figure of as-twin-rolled casting ZK60 

strip is shown in Fig. 1(a), which illustrated the main 
component of (0001) crystal plane deviating 35° from 
the normal direction. Furthermore, the normal direction 
of the (0001) plane inclines towards the rolling direction. 
The optical microstructure along the plane formed by 
rolling and normal direction of the strip is shown in   
Fig. 1(b), illustrating fine dentrite of 10−15 μm in size 
and a small amount of twins arrowed in Fig. 1(b). 
 
3.2 Stress−strain curves 

The stress−strain curves at elevated deformation 
temperatures of 350 and 400 °C and constant strain rates 
of 1×10−3−1×100 s−1 are plotted in Fig. 2. All the 
stress−strain curves, except that deformed at the high 
strain rate of 1×100 s−1, show a softening flow behavior, 
which was followed by a steady state flow, as shown in 
Figs. 2(a)−(c). This suggested that the dislocation density 
in samples reduced with increasing strain during 
softening flow, and kept a constant dislocation density 
during subsequent steady flow. Figures 2(a)−(c) show 
that the stress drops in the stress−strain curves reduced 
with increasing strain rate. Moreover, the largest stress 
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Fig. 1 (0002) pole figure (a) and micrograph (b) of as-twin-rolled casting strip of ZK60 alloy 
 

 
Fig. 2 Stress−strain curves compressed at deformation temperatures of 350, 400 °C and different strain rates of 1×10−3 s−1 (a),   
1×10−2 s−1 (b), 1×10−1 s−1 (c) and 1×100 s−1 (d) 
 
drop occurred as compressed at a strain rate of 1×10−2 s−1 
and an elevated temperature of 400 °C (Fig. 2(b)). The 
stress drop before the steady flow appeared, which 
generally suggested a degradation of dislocation density 
during hot compression. The larger the stress drop is, the 
greater the degradation of dislocation density is. The 
increasing dislocation number caused by hot deformation 
must be in a dynamic balance with the decreasing one 
due to dynamic recrystallization during steady flow, 
leading to a constant dislocation density. In contrast, a 
flow-hardening behavior appeared when samples were 
compressed at a strain rate of 1×100 s−1, as shown in  

Fig. 2(d). The hardening flow implied that the 
dislocation density increased with increasing strain 
during hot compression. Figure 2, thus, suggested that 
different kinds of DRX predominated the hot 
deformation when different strain rates were employed. 
 
3.3 Optical microstructure 

Figure 3(a) shows the optical microstructure of the 
sample compressed at a constant strain rate of 1×10−3 s−1 
and an elevated temperature of 350 °C, showing that 
almost undeformed dendrite grains, marked as P, and 
recrystallized grains formed at grain boundaries. The 
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recrystallized grains were distributed around dendrite 
grains, resulting in the formation of a successive necklace 
of recrystallized grains. Dendrite grains were apparently 
elongated as compared with Fig. 3(a) while small size 
recrystallized grains formed at the grain boundary when 
compressed at a strain rate of 1×10−2 s−1, as shown in  
Fig. 3(b). Dynamically recrystallized grains formed in 
slip band, as well as in the twinning-grains pointed by 

arrows, besides the dendrite grains were severely 
elongated when the strain rate was raised to 1×10−1 s−1 
and 1×100 s−1, respectively, as shown in Figs. 3(c) and 
(d). Less boundary migration accompanied the formation 
of new recrystallized grains when hot compressed at 
higher strain rates of 1×10−1 s−1 and 1×100 s−1, 
respectively, as compared with Figs. 3(a) and (b). 

Figure 4 shows the optical microstructure 
 

 
Fig. 3 Optical microstructures of specimens compressed at 350 °C and different constant strain rates of 1×10−3 s−1 (a), 1×10−2 s−1 (b), 
1×10−1 s−1 (c) and 1×100 s−1 (d) (Compression stress was applied along horizontal direction) 
 

 
Fig. 4 Optical microstructures of specimens compressed at 400 °C and different constant strain rates of 1×10−3 s−1 (a), 1×10−2 s−1 (b), 
1×10−1 s−1 (c) and 1×100 s−1 (d) (Compression stress was applied along horizontal direction) 
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compressed at 400 °C and strain rate range of 1×10−3− 
1×100 s−1. In Fig. 4(a), the recrystallized grains were 
observed to form around parent grains marked as P, 
when compressed at a strain rate of 1×10−3 s−1. This led 
to the formation of the necklace of recrystallized grains 
similar to Fig. 3(a). Compared with Fig. 3(a), Fig. 4(a) 
showed that more evident boundary migration occurred 
when deformed at 400 °C, resulting in more equiaxed 
recrystallized grains at grain boundary. This was 
attributed to the greater thermal activation caused by the 
deformation temperature as high as 400 °C. Similarly, 
dendrite grains were elongated, and numerous smaller 
recrystallized grains formed when the strain rate was 
raised to 1×10−2 s−1 (Figs. 4(a) and (b)), as compared  
with Figs. 3(a) and (b). The formation of smaller 
recrystallized grains was attributed to the little boundary 
migration, which was caused by the time-dependent 
atom diffusion as the strain rate was increased. Like the 
deformation at 350 °C, dynamically recrystallized grains 
also formed in slip band, as well as in twinning-grains 
pointed by white arrows in Fig. 4(d), when hot 
compressed at an elevated temperature of 400 °C and 
strain rates of 1×10−1s−1 and 1×100 s−1 (see Figs. 4(c) and 
(d)). 

As can be seen in Fig. 1(a), the main component of 
(0001) crystal plane of as-received strip deviates 35° 
from the rolling plane. The compressive stress externally 
applied in present work, is normal to the strip plane,  
i.e., horizontal direction as shown in Figs. 3 and 4. In this 
case, the (0001) crystal plane is close to the maximum 
shear stress direction (45°). Basal-slipping 
accommodated by non-basal slipping, therefore, readily 
occurred, which contributed to the formation of slip  
band and resultant recrystallized grains in slip band, as 
shown in Figs. 3(c), (d) and Figs. 4(c), (d). This was 
confirmed by our previous work [31]. It was worthy to 
note that Figs. 3(c) and 4(c) corresponded to the 
flow-softening behavior in Fig. 2(c), whereas, Figs. 3(d) 
and 4(d) to the flow-hardening behavior shown in    
Fig. 2(d), although all of them showed the dynamic 
recrystallization occurring in slip band. Evidently, the 
dislocation multiplication rate was smaller than the 
dislocation annihilation rate when compressed at a strain 
rate of 1×10−1 s−1, resulting in the degradation of 
dislocation density and resultant flow-softening behavior 
in the former case. In contrast, the dislocation 
multiplication rate became greater than its annihilation 
rate as the externally applied strain rate was raised to 
1×100 s−1. This, therefore, led to the flow-hardening 
behavior in the later case. From Figs. 3 and 4, it was 
suggested that different kinds of dynamic 
recrystallization occurred when hot compressed at 
different strain rates. Nevertheless, the mechanism for 
dynamic recrystallization, in fact, depended on operating 

dislocation mechanism. It is necessary, therefore, to 
identify the operating dislocation mechanism during 
dynamic recrystallization. 
 
3.4 TEM microstructure 

Figures 5(a), (c), (e) and Figs. 6(a), (c), (e) show 
TEM images when two-beam diffraction parameters of 

]0112[B  and ]0110[g  were employed, by which 
only basal segment of dislocations was visible in those 
figures. Correspondingly, Figs. 5(b), (d), (f) and     
Figs. 6(b), (d), (f) show TEM images under two beam 
diffraction patterns of ]0112[B  and ],0002[g  
therefore, only showing non-basal segment of 
dislocations. Figures 5(a) and (b) respectively show basal 
and non-basal dislocations forming subgrain boundaries 
during hot compression at a strain rate of 1×10−3 s−1 and 
an elevated temperature of 350 °C. The subgrain 
boundary was poorly developed, consisting of the 
recrystallized grains with non-equilibrium boundary 
around dendrite grains P(Fig. 3(a)). No bulging of grain 
boundaries was found in Figs. 5(a) and (b), suggesting a 
continuous dynamic recrystallization (CDRX) occurring 
under this deformation condition. The formation of the 
successive necklace of new recrystallized grains around 
the parent grains shown in Figs. 3(a) and 4(a), thus, was 
attributed to the CDRX occurring in twin-roll casting 
Mg−5.51%Zn−0.49%Zr alloy, although WANG et al [29] 
claimed that the necklace of recrystallized grains could 
form as a result of the discontinuous DRX in Cu, Ni and 
γ-Fe. Figures 5(c) and (d) show the recrystallized grains, 
as marked by B and C, formed during hot deformation at 
a strain rate of 1×10−2 s−1 and an elevated temperature of 
350 °C. Basal and non-basal dislocation glided in grains 
A and D in Fig. 5(c) and grain A in Fig. 5(d), respectively. 
Gliding direction of dislocations was pointed by white 
arrows in Figs. 5(c) and (d). It is worthy to note that a 
non-basal dislocation was climbing into the boundary of 
the recrystallized grain B in Fig. 5(d), as pointed by 
black arrow. This is a solid evidence for both gliding 
basal dislocation and non-basal dislocation climbing into 
the boundary of the recrystallized grains marked as B 
and C in Figs. 5(c) and (d). This resulted in grain 
boundary tilting and progressive grain rotation during hot 
compression at 350 °C with a strain rate of 1×10−2 s−1. In 
addition, no bulging of the recrystallized grain 
boundaries was found in Figs. 5(c) and (d). There is no 
doubt that the dynamic recrystallization occurring in  
Figs. 5(c) and (d), is a kind of continuous DRX, although 
it is difficult to be identified as a rotational dynamic 
recrystallization(RDRX) proposed by ION et al [19]. 
Figure 5(e) revealed that misorientated flat dislocation 
pile-ups, which were composed of basal segments of 
dislocations, formed when hot compressed at a strain rate 
of 1×100 s−1 and an elevated temperature of 350 °C. At  
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Fig. 5 TEM images under two-beam diffraction patterns of samples compressed at 350 °C and different strain rates: (a) 1×10−3 s−1,  

]0112[B , ]0110[g ; (b) 1×10−3 s−1, ]0112[B , g[0002]; (c) 1×10−2 s−1,  ]0112[B , ]0110[g ; (d) 1×10−2 s−1, ]0112[B , 
g[0002]; (e) 1×100 s−1,  ]0112[B , ]0110[g ; (f) 1×100 s−1, ]0112[B , g[0002] 
 
the junction of misorientated flat dislocation pile-ups, a 
small subgrain, marked as A, was formed. Also, 
non-basal dislocations were found to construct 
dislocation pile-ups when diffraction parameters of 

]0112[B  and ]0002[g  were employed. Under this 
diffraction condition, a new subgrain marked as A′, was 
observed at the end of dislocation pile-ups, as shown in 
Fig. 5(f). The formation of new recrystallized grains at 
both junction and end of misorientated flat dislocation 
pile-ups, as shown in Figs. 5(e) and (f), consisted with 
the results as shown in Figs. 3(d) and 4(d), where 
recrystallized grains formed in slip band. Researchers in 

Refs. [1−3,9] have already demonstrated that this kind of 
dynamic recrystallization was caused by dislocation 
pile-up rearrangement, although their work was 
conducted below 200 °C. In fact, the deformation 
temperature as high as 350 °C and 400 °C employed in 
present work, could greatly facilitate the dislocation 
pile-up rearrangement. In addition, the formation of the 
dislocation pile-up produced a long-range stress field, 
and resulted in strain-hardening effect shown in Fig. 2(d), 
during hot compression. All these are in agreement with 
the characteristics described in Refs. [1−3,9]. 

Figure 6(a) and (b) respectively show basal 
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Fig. 6 TEM images under two-beam diffraction patterns of samples compressed at 400 °C and different strain rates: (a) 1×10−3 s−1,  

]0112[B , ]0110[g ; (b) 1×10−3 s−1, ]0112[B , g[0002]; (c) 1×10−2 s−1,  ]0112[B , ]0110[g ; (d) 1×10−2 s−1, ]0112[B , 
g[0002]; (e) 1×100 s−1,  ]0112[B , ]0110[g ; (f) 1×100 s−1, ]0112[B , g[0002] 
 
dislocation and non-basal dislocation constructed 
subgrain boundaries when compressed at a strain rate of 
1×10−3 s−1 and an elevated temperature of 400 °C. 
Compared with Figs. 5(a) and (b), the subgrain boundary 
shown in Figs. 6(a) and (b), was well developed during 
hot compression at 400 °C, which was in agreement with 
the straight recrystallized grain boundaries shown in  
Fig. 4(a). This was attributed to the high thermal 
activation externally provided. Few dislocations were 
accumulated in front of the subgrain boundary. This 
suggested that the subgrain boundary readily formed by 
dislocation gliding and climbing. In addition, no bulging 

of grain boundary was found in Figs. 6(a) and (b), 
suggesting that continuous DRX occurred during hot 
compression. Nevertheless, Figs. 6(c) and (d) show an 
evident bulging of subgrain boundaries when hot 
compressed at a strain rate of 1×10−2 s−1 and an elevated 
temperature of 400 °C. This suggested discontinuous 
DRX occurring under this deformation condition. From 
Figs. 6(c) and (d), it can be seen that both basal and 
non-basal dislocations, as pointed by white arrows 
respectively in Figs. 6(c) and (d), were accumulated in 
front of migrating subgrain boundaries when an 
increasing strain rate (1×10−2 s−1) was employed. The 
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migrating direction of the subgrain boundary was pointed 
by black arrows in Figs. 6(c) and (d). This undoubtedly 
enhanced the driving force for migration of subgrain 
boundaries. The bulging of subgrain boundaries    
(Figs. 6(c) and (d)), thus, was induced, leading to the 
degradation of dislocation density and the resultant 
greatest stress drop shown in Fig. 2. By comparing  
Figs. 5(c) with (d), high deformation temperature up to 
400 °C facilitated the migration of the recrystallized 
grain boundary in Figs. 6(c) and (d). This contributed to 
the bulging of subgrain boundaries. Correspondingly, no 
bulging of recrystallized grain boundaries occurred in 
Figs. 5(c) and (d) due to a lower deformation 
temperature employed and less thermal activation. 
Figures 6(e) and (f) show dislocation pile-ups formed as 
hot compressed at a strain rate of 1×100 s−1 and an 
elevated deformation temperature of 400 °C. This 
corresponded to the slip band shown in Fig. 4(d). 
Nevertheless, the dislocation pile-up was mainly 
constructed by non-basal dislocations as shown in    
Fig. 6(f) , which was different from the hot deformation 
at 350 °C (Figs. 5(e) and (f)). This was probably related 
to the reduction in critical resolved shear stress (CRSS) 
for non-basal slipping when the deformation temperature 
was raised [30−33]. Dislocation pile-ups constructed by 
either basal dislocation or non-basal dislocation 
produced long-range stress field, resulting in strain- 
hardening effect, as shown in Fig. 2(d). Also, the 
formation of new recrystallized grains depended on the 
rearrangement of dislocation pile-ups, as described by 
KAIBYSHEV et al [30]. This was in agreement with the 
result hot-deformed at 350 °C (Figs. 5(e) and (f)). As 
claimed by researchers in Refs. [30,34−38], this is a kind 
of continuous DRX. 

In fact, the free energy change during the 
rearrangement of the dislocation pile-ups and climbing 
force of the leading dislocation ahead of the pile-up were 
calculated in our previous work [31], demonstrating that 
the rearrangement of the dislocation pile-ups was 
attributed to the climbing of the leading dislocation 
ahead of the pile-up. This was caused by the externally 
applied stress and thermal activation, rather than 
cross-slipping of the leading dislocation ahead of the 
pile-up by the externally applied stress alone during the 
low-temperature DRX, suggested by GALIYEV      
et al [22], even though the same characteristics such as 
the low-temperature DRX described in Refs. [1−3,9], 
were presented with the strain rate raising to 1×100 s−1. 

The dislocation behavior during hot compression at 
different strain rates, therefore, could be summarized as 
follows. 1) At a low strain rate of 1×10−3 s−1, single 
gliding dislocations climb into subgrain boundaries when 
deformed at both 350 °C and 400 °C, resulting in a 
progressive increasing misorientation of the subgrain 

boundary and resultant continuous DRX. This 
corresponded to the successive necklace of new 
recrystallized grains around parent grains. 2) At a 
intermediate strain rate of 1×10−2 s−1, the leading 
dislocations of the gliding dislocation array climbed into 
subgrain boundaries in sequence when deformed at   
350 °C, resulting in the occurrence of the continuous 
DRX. Nevertheless, gliding dislocations were 
accumulated in front of the subgrain boundaries, which 
induced the bulging of subgrain boundaries due to an 
enhanced thermal activation when the deformation 
temperature was raised to 400 °C, showing a 
discontinuous DRX. 3) At a high strain rate of 1×100 s−1, 
the misorientated flat dislocation pile-ups formed, and 
subsequent new recrystallized grains formed at both 
junction and end of misorientated dislocation pile-ups as 
a result of the rearrangement of the pile-up. This 
corresponded to the dynamic recrystallization occurring 
in slip band as shown in Figs. 3(d) and 4(d). Also, it has 
already been recognized as a kind of continuous DRX. 
 
4 Discussion 
 

From the results presented above, the continuous 
DRX was the dominant microstructural evolution during 
hot compression of twin-roll-cast ZK60 strip except 
as-hot-compressed at an elevated deformation 
temperature of 400 °C and a strain rate of 1×10−2 s−1. The 
formation of the subgrain boundaries during the 
continuous DRX was due to the climbing of gliding 
dislocations as compressed at a lower strain rate of 
1×10−3 s−1, as-well as an intermediate strain rate of 
1×10−2 s−1 and a lower deformation temperature of   
350 °C. This was confirmed by the well-developed 
subgrain boundaries formed at relatively high 
deformation temperature of 400 °C, by comparing with 
the result at 350 °C, as shown in Figs. 3(a)−(d) and  
Figs. 4(a), (b), respectively. WEERTMAN and   
MECH [39] and WONG and JONAS [40] already 
confirmed that subgrains formed in creep by the 
climbing of dislocations were consistent with activation 
energy as for vacancy migration. This consisted with the 
results in present work. Gliding dislocations continued 
climbing at the subgrain boundaries after subgrains 
formed, leading to the increase of the misorientation of 
the subgrain boundaries. The climbing of gliding 
dislocations, therefore, was the operating mechanism for 
the continuous DRX occurring in Figs. 3(a)−(d) and 
Figs.4(a), (b). The increase of the misorientation of the 
recrystallized grain boundary was certainly accompanied 
by grain boundary migration, as shown in Figs. 3 and 4. 
The grain boundary migration, however, became difficult 
due to its time-dependence as the strain rate employed 
was raised, as shown in Figs. 3(a), (b) and Figs. 4(a), (b). 
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The misorientated flat dislocation pile-ups formed 
as the strain rate was raised to 1×100 s−1, as shown in 
Figs. 3(e), (f) and Figs. 4(e), (f). In this case, the 
formation of new recrystallized grains depended on the 
climbing of the leading dislocation ahead of the pile-ups 
and the resultant rearrangement of the dislocation 
pile-ups, which was confirmed by Ref. [31]. The 
characteristics of this kind of continuous DRX occurring 
at a strain rate as high as 1×100 s−1 were the same as that 
of the low-temperature DRX described in Ref. [3]. 
However, the rearrangement of the dislocation pile-ups 
was predominated by the climbing of the leading 
dislocations in present work, rather than the leading 
dislocation cross-slipping as deformed at ambient 
temperature [3]. This was attributed to the difference of 
the deformation temperature between the present work 
and work in Ref. [30]. Evidently, the deformation 
temperatures as high as 350 and 400 °C employed in 
present work, facilitated the climbing of the leading 
dislocations and resultant rearrangement of the 
dislocation pile-ups. 

As analyzed above, the formation of recrystallized 
grains depended on the accumulation of gliding 
dislocations during the continuous DRX occurring in the 
twin-roll casting Mg−5.51%Zn−0.49%Zr alloy, whether 
deformed at high strain rate or low strain rate. The 
recrystallized grain boundary formed by the dislocation 
accumulation has already been demonstrated in copper 
alloy by McQUEEN and BERGERSON [41] in 1972, as 
well as in the Al−Li−Cu−Mg−Zr alloy by LIU et al [42] 
in 1992, and in AZ31 alloy by YANG et al [13] in 2009. 
All of them were in agreement with the results in present 
work. In fact, the operating dislocation mechanism for 
the continuous DRX occurring at elevated deformation 
temperatures in present work, yet is different from the 
dynamic recovery (DRV) proposed by McQUEEN [32] 
or the low-temperature DRX described in Ref. [3], even 
as-deformed at high strain rates up to 1×100 s−1 . In 
present work, the operating dislocation mechanism for 
the continuous DRX, was the operation of the gliding 
dislocation climbing after subgrains formed. Both 
externally applied stress and thermal activation 
contributed to the gliding dislocation climbing. However, 
either the DRV or the low-temperature DRX respectively 
was associated with the dislocation cross-slipping and 
the dislocation rearrangement into a low-energy array. 
Only the externally applied stress contributed to the 
dislocation cross-slipping and subsequent rearrangement. 
Consequently, the microstructural evolution during hot 
compression of twin-roll casting ZK60 strip, except 
as-hot-compressed at an elevated deformation 
temperature of 400 °C and a strain rate of 1×10−2 s−1, 
therefore, is still defined as a continuous DRX, which is 
associated with the operation of the climbing of the 

single gliding dislocation or the leading dislocation 
ahead of the pile-up. 

Commonly, the climbing of dislocations necessary 
for continuous DRX, is a rate-controlling process due to 
the slowest rate, as compared with the dislocation gliding 
or the dislocation cross-slipping during the formation of 
new recrystallized grains [32,43]. At a lower strain rate 
of 1×10−3 s−1, dislocations interact with dislocation wall 
in a single form, correspondingly in a pile-up form when 
a higher strain rate is employed. Moreover, the 
dislocation number of the pile-ups increases with 
increasing strain rate employed, as shown in Figs. 5(c), 
(d) and Figs. 5(e), (f). In this case, the subgrain boundary 
can be taken as a single array of dislocation wall, and 
correspondingly, the dislocation pile-up as a 
superdislocation for simplicity. The stress field created 
by the dislocation wall, therefore, is introduced for the 
lower strain rate deformation, while both the stress field 
created by the dislocation pile-up and the dislocation 
wall are introduced for the higher strain rate deformation. 
The shear component in the stress field of a single array 
of the dislocation wall can be expressed as [44] 
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where D is the dislocation spacing; ν is the Poisson ratio; 
μ is the shear modulus; b is the Burgers vector. Let y=0, 
Eq. (1) becomes 
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From Eq. (3), it can be seen that σxy decreases 

exponentially to zero with increasing x, thus expressing a 
short-range stress field. Taking first approximation of 

πsinh x
D

⎛ ⎞
⎜ ⎟
⎝ ⎠

 when x is very small, Eq. (3) becomes 
 

2π(1 )xy
b

x
=

−
μσ
ν

                            (4) 

 
Equation (4) suggests that σxy will be negative in 

case of x<0, providing an attractive force on moving 
dislocations with a positive Burgers vector; on the 
contrary, σxy will be positive when x>0, a repulsive force 
acting on the moving dislocation with the same Burgers 
vector. In the former case, the moving dislocations will 
be attracted into the dislocation wall, i.e., subgrain 
boundary, facilitating the occurrence of dynamic 
recrystallization. In the latter case, σxy greatly increases 
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with reducing x. A great backward stress same as the σxy, 
therefore, will be correspondingly created to balance the 
external stress acting on the climbing dislocations as 
dislocations move close to the dislocation wall. 

Consider a dislocation pile-up that is composed of N 
edge dislocations in the presence of a resolved external 
shear stress σ. This pile-up is taken as a superdislocation. 
Supposing the leading dislocation is fixed, the force 
acting on the leading dislocation can be expressed as [44] 
 
τ=σN                                       (5) 
 

In the presence of both external normal stress σxy 
and vacancy concentration c (which is different from the 
standard-state concentration c0), the total climbing force 
(F) per unit length (L) acting on the climbing dislocation 
is [44] 
 

a 0
lnxx

F kTb cb
L V c
= −σ                          (6) 

 
where k is the Boltzmann constant; T is the 
thermodynamic temperature and Va is vacancy volume. 
Commonly, the shear stress is approximately taken as a 
half of normal one (σxy). Thus, σxy can be replaced by 2σ 
because the single gliding dislocation interacts with the 
dislocation wall when deformed at a low strain rate of 
1×10−3 s−1, and correspondingly by 2τ due to the 
formation of the dislocation pile-up at a high strain rate 
of 1×100 s−1 was employed. Equation (6), therefore, can 
be respectively rewritten as Eqs. (7) and (8) for both 
cases 
 

a 0
2 lnF kTb cb

L V c
= −σ , for lower strain rate       (7) 

a 0
2 lnF kTb cN b

L V c
= −σ , for higher strain rate      (8) 

 
Equation (7) suggests that vacancy migration 

predominates the dislocation climbing due to a small 
stress effect during hot deformation at low strain rates. 
This confirms a relatively evident boundary migration 
occurring during dynamic recrystallization when 
deformed at low strain rates, as shown in Figs. 3(a) and 
4(a). Comparing Eq. (7) with Eq.(8) suggests a great 
stress which is N times the stress term in Eq. (7), 
attributing to the formation of the dislocation pile-ups, 
predominates the climbing of the leading dislocation 
ahead of the pile-up because the vacancy migration 
reduces with increasing strain rate due to its 
time-dependence. This theoretically confirms little 
boundary migration occurring during the formation of 
new recrystallized grains in slip band when a high strain 
rate is employed, as shown in Figs. 3(d) and 4(d). 
Moreover, it is suggested that the mechanism or the 
driving force dominating the dislocation climbing is 
changed from the vacancy migration to the stress acting 

on the leading dislocation ahead of the pile-up as the 
strain rate is raised by comparing Eq. (7) with Eq. (8) . 

Additionally, the deformation parameters 
corresponding to different kinds of DRX in present work 
were different from those presented by GALIYEV     
et al [22]. In present work, the deformation temperature 
where the continuous DRX occurred was 350 °C in the 
strain rate range of 1×10−3−1×100 s−1, and even 400 °C as 
the lowest strain rate of 1×10−3 s−1 and the highest one of 
1×100 s−1 were respectively employed, much higher than 
that (<300 °C) reported in Ref. [22]. This is probably 
attributed to the difference in the initial grain size 
between the present work and work in Ref. [22]. In 
present work, the grain size was 10−15 μm, much 
smaller than that (~85 μm) in Ref. [22]. Both basal and 
non-basal dislocation gliding in neighbouring grains can 
readily occur when the grain size is small, especially at 
elevated deformation temperatures up to 350 °C and  
400 °C. This can be confirmed by the subgrain 
boundaries and dislocation pile-ups constructed by both 
basal and non-basal dislocations shown in Figs. 3 and 4 
during hot compression. SONG et al [45] has 
demonstrated that the dislocation gliding is the 
controlling deformation mechanism for the fine-grained 
twin-roll casting ZK60 alloy modified by a small content 
of Cu. Furthermore, Fig. 1 shows that the basal 
dislocation gliding of most grains, including neighboring 
grains, can readily occur due to their slip plane close to 
the maximum stress direction externally applied. The 
difference of the stored energy (i.e., dislocation density) 
between the neighbouring grains, thus, is reduced, which 
leads to a degradation of the driving force for the bulging 
of subgrain boundaries. In addition, smaller grain size 
implies more grain boundaries and more active thermal 
activation, facilitating the gliding dislocation climbing at 
the subgrain boundary. This reduces the gliding 
dislocation accumulation in front of the subgrain 
boundaries, resulting in the degradation of the driving 
force for the bulging of the subgrain boundary. The 
operating mechanism for the DRX, therefore, is changed 
from the bulging of subgrain boundaries to the gliding 
dislocation climbing at subgrain boundary, leading to the 
increase of the deformation temperature for the 
occurrence of the continuous DRX. PENG et al [46] 
demonstrated the deformation temperature that 
discontinuous DRX occurred was raised up to 400 °C in 
a fine-grained twin-roll casting magnesium alloy sheet, 
which is in agreement with the present work. 
 
5 Conclusions 
 

1) At a low strain rate of 1×10−3 s−1, the continuous 
DRX of the twin-roll casting Mg−5.51Zn−0.49Zr alloy 
was associated with the operation of single gliding 
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dislocation climbing predominated by vacancy  
migration, by which, the new recrystallized grains 
accompanied by apparent boundary migration formed 
around parent grains, resulting in the formation of a 
successive necklace of recrystallized grains. 

2) At an intermediate strain rate of 1×10−2 s−1, the 
continuous DRX was associated with the operation of 
dislocation climbing, both the vacancy migration and the 
stress acting on the leading dislocation of the dislocation 
array contributed to, and subsequently recrystallized 
grains accompanied by little boundary migration formed 
at grain boundaries as-deformed at an elevated 
temperature of 350 °C. In contrast, the discontinuous 
DRX was associated with the bulging of grain 
boundaries induced by both gliding dislocation 
accumulation in front of subgrain boundaries and 
enhanced grain boundary mobility attributing to the 
elevated deformation temperature as high as 400 °C. 

3) At a high strain rate of 1×100 s−1, continuous 
DRX was associated with the operation of dislocation 
climbing predominated by the stress acting on the 
leading dislocation ahead of pile-ups and resultant 
rearrangement of misorientated flat dislocation pile-ups, 
leading to the formation of recrystallized grains in slip 
band whether as-deformed at 350 °C or 400 °C. 
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不同应变率下热压缩双辊轧制 
Mg−5.51Zn−0.49Zr 合金动态再结晶的位错机制 
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摘  要：通过 X 射线衍射仪、光学显微镜和透射电镜研究 Mg−5.51Zn−0.49Zr 镁合金在热压缩实验中动态再结晶

的位错机制。结果表明，当应变速率为 1×10−3 s−1时，由于位错攀移沿单一方向滑动，合金出现连续动态再结晶；

当热压缩温度达到 350 °C、应变速率为 1×10−2 s−1时，由于位错发生滑移和攀移，合金出现连续动态再结晶；当

热压缩温度达到 400 °C 时，由于亚晶界弓出，合金出现不连续动态再结晶；当应变速率为 1×100 s−1时，合金出

现连续动态再结晶是由于先导位错在堆积前发生攀移，导致位错在堆积过程中重新排列，形成位错差。一般来说，

当应变速率增加时，位错攀移的主要影响机制由空位迁移转变为堆积前先导位错的压应力作用。 

关键词：镁合金；位错；机制；动态再结晶 

 (Edited by Wei-ping CHEN) 
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