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Abstract
Experiments were conducted to investigate the microstructural evolution of AZ31 alloy when deformed by multi-pass dif-
ferential speed rolling (DSR) using the simplest modification of route A passing sequence. Microstructural observations were 
taken on all three planes of the sample to obtain a three-dimensional view. Based on quantitative microstructural analysis, 
the counts of the fine DRX grains increased with increasing number of DSR passes, while the fine DRX grains’ size was 
consistent in each pass. These results signified that the refinery process was attributed to dynamic recrystallization. Thermal 
stability was perceived by examining the evolution in microstructure and microhardness value of the 4-pass DSR sample 
during isochronal annealing over a range of temperature from 423 to 723 K. The increase in distortion energy with multi-pass 
DSR resulted in the decrease in critical temperature for the initiation of recrystallization upon annealing at 423 K, which 
induced an immediate drop in microhardness.
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Introduction

Severe plastic deformation (SPD) techniques have been 
flourishing for the past three decades in producing ultra-fine 
grain size and in enhancing the strength of bulk polycrystal-
line metals. Well-established methods of SPD for imposing 
intense plastic strains include equal-channel angular press-
ing (ECAP), high-pressure torsion (HPT), and accumulative 
roll bonding (ARB). Despite producing interesting proper-
ties, the small dimension of the specimen becomes a prin-
cipal disadvantage for the broader use of these traditional 
SPD techniques. Because of this limitation, the processed 
materials are mostly utilized in modern micro-size special-
ized industrial branches [1].

Currently, several procedures of SPD techniques are 
available beside the aforementioned primary techniques. 
Differential speed rolling (DSR) procedure is one of the 
powerful non-traditional SPD techniques effective in obtain-
ing an excellent grain refinement practical for manufacturing 
large bulk sheets. DSR utilizing different rotational speeds 

amidst its two working rolls is an extent of asymmetric roll-
ing (ASR) that earns more deformation stability than the 
other asymmetrical procedures like DSR with differently 
sized rolls or single roller drive rolling (SRDR) [2, 3]. Fric-
tion between the sheet and the upper and lower rolls rotating 
at different angular velocities substantially strengthens the 
shear deformation effect that promotes extreme grain refine-
ment. Due to this, as the SPD method by ECAP deforms by 
shearing [4], shear deformation is also the primary defor-
mation mode in DSR [5, 6] aside from the deformation in 
plane-strain compression, since a reasonable shear compo-
nent is introduced throughout the thickness [6]. In DSR, the 
volume that is affected by shear is firmly material-depend-
ent [7]. Among the considerable investigations attempted 
to utilize DSR, extensive efforts have been devoted to the 
microstructural design of light metal structural materials of 
magnesium alloys. Justification for this interest lies in the 
fact that grain refinement contributes significantly to the 
strength of hexagonal close-packed (h.c.p.) structure, as per 
the Hall–Petch equation. Because of this, changing defor-
mation routes is a candidate for grain refinement [8] and 
is therefore an essential experimental factor in diversifying 
the microstructure and mechanical properties [9]. This is 
because small variations in the parameters of the deforma-
tion route may lead to a wide variation of grain boundary 
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distributions and grain size, thus conferring the microstruc-
ture significantly different properties.

Numerous works were performed in search of an optimal 
deformation route using the SPD technique. Recently, Lee 
discovered in single-roll angular-rolling (SRAR) that grain 
refinement was preferentially activated in route A rather 
than in route C [10]. The absence of redundant strain and 
the accumulated shear deformation by increased number of 
passes in route A was found to be more effective in inten-
sifying strain partitioning and microstructural heterogenei-
ties than route C, leading to a superior tensile strength after 
6-pass processing. In fact, route A has been demonstrated 
to be the most effective path in equal-channel angular extru-
sion (ECAE) to form a submicrometer grain structure [11]. 
Remarkable improvement in refinement and homogeneity of 
microstructure was also accomplished by varying processing 
routes using DSR [12]. In the previous work, an ultrafine 
AZ31 alloy grain size of ~2 µm was achieved after 70% 
reduction in one rolling pass of DSR [13]. A single-pass 
rolling deformation to a large thickness reduction requires a 
high-capacity rolling machine [14]. To reduce the consump-
tion energy level needed for a large rolling force and for 
torque to reach a high thickness reduction, therefore, multi-
pass DSR deformation was applied in this study. Route A 
passing sequence was chosen since it provides the simplest 
modification of continuous forming and large-scale process-
ing compared with other techniques and it can be used effi-
ciently in many feasible applications [15].

The parameter settings for the present DSR were made 
similar to that of DSR in one rolling pass to compare the 
results of the two. However, unlike in that previous work, the 
sample was fully lubricated before DSR in the current exper-
iment to minimize friction and adhesion to the roll surface 
[16]. Development of the corresponding microstructures on 

the three orthogonal planes was examined, and the influence 
of thermal exposure on the grain size and microhardness of 
the final DSR-deformed sample were discussed.

Experimental Procedures

The material used in this study was AZ31 alloy sheet of 4 
mm in thickness. The chemical composition in weight% of 
this alloy is listed in Table 1.

Before DSR deformation, the as-received material was 
machined into sheets with dimensions of (90 × 40 × 4) mm. 
The sheets were then homogenized and treated at 673 K 
(400 °C) for 24 h, followed by air cooling to obtain the ini-
tial (0-pass) material. The microstructure of the initial AZ31 
alloy shown in Fig. 3a consists of a large fraction of coarse 
grains and a small fraction of smaller grains with a mean 
grain size of ~35 µm, as measured in a larger domain image 
from the preliminary study [17].

DSR deformation was conducted using the identical rolls 
configuration, and the roll radii were measured to be 110 
mm. The roll speed ratio was set to 1:3 (Rv = 3) for the lower 
and upper rolls, respectively, and the lower roll maintained a 
velocity of 5 rpm. A schematic drawing of DSR method for 
performing the SPD experiment with the defined x, y, and 
z orthogonal coordinates of the working space is illustrated 
in Fig. 1.

AZ31 alloy samples were preheated at 473 K (200 °C) for 
15 min prior to DSR deformation. Warm rollers were kept 
under the same pre-heating temperature during the deforma-
tion process because the grain size was found smaller after 
every additional DSR pass at the deformation temperature 
of 473 K (200 °C) [12]. Multi-pass DSR was performed in 
a moderate thickness reduction of 30% per pass, for up to 

Table 1   Chemical composition 
of the AZ31 alloy

Material Element Al Zn Mn Si Fe Mg

AZ31 wt% 2.89 0.96 0.31 0.12 0.15 Bal.

Fig. 1.   a Schematic drawing of 
the DSR method and b geom-
etry of the working piece
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4-pass to a total reduction of 76%. In this way, a comparable 
deformation degree to that of the high reduction rolling can 
be obtained through extending the DSR effect by increas-
ing the process pass. To be fair, the sample orientation was 
maintained between the repetitive processing after 1-pass, 
2-pass, and 3-pass, as illustrated in Fig. 2, following the 
route A passing sequence as referred in the literature.

To evaluate thermal stability, i.e., the ability to retain 
plastic characteristics under the influence of high tempera-
ture and high deformations [18] of the DSR-deformed AZ31 
alloy, the 4-pass DSR sample was investigated. Pieces were 
cut from the 4-pass DSR sample for 1 h annealing treat-
ment at temperatures ranging from 423 K (150 °C) to 723 K 
(450 °C) with 50 K increments. Microstructures of initial, 
deformed, and annealed AZ31 alloy samples were analyzed 
using optical microscopy (OM). An image analysis pro-
gram of MIPAR was utilized based on optical images to 
determine grain size distribution and the average grain size 
were calculated via linear intercept method. Microstructure 
examination was conducted on all three planes (x-, y-, and 
z-plane) for the deformed samples (1-pass to 4-pass DSR) 
and on the y-plane for the annealed samples (4-pass DSR). 
Samples were prepared based on the standard metallography 
procedure. Etching was carried out with 10 ml acetic acid, 5 
g picric acid, 10 ml H20, and 100 ml ethanol.

To elucidate the effect of thermal exposure after the 
annealing treatments on the microhardness, Vickers micro-
hardness tests were performed in fifteen separate measure-
ments on the y-plane of each annealed sample under a load 
of 50 g and under 10 s dwell time.

Results and Discussion

Deformation Microstructures

Optical images taken from the three orthogonal planes of 
the (a) 1-pass, (b) 2-pass, (c) 3-pass, and (d) 4-pass DSR-
deformed AZ31 alloy samples are shown in Fig. 3.

Figure 3b shows that microstructural improvement can 
be attained by DSR. The general overview of the micro-
structures among the three investigated planes (x, y, and z) 
exhibited a similar degree of refinement, suggesting that 
large equivalent strain resulting from compressive strain and 

additional shear deformation in DSR was fairly distributed 
along the planes.

After severe deformation of 1-pass DSR at 473 K, the ini-
tial AZ31 alloy was changed to a typical heavily cold-rolled 
structure. No apparent occurrence of dynamic recrystalliza-
tion (DRX) can be confirmed because determining DRX 
grains via optical microscopic observation is difficult. Such 
characteristic was quite different compared to that of AZ31 
alloy deformed by symmetric rolling, in which recrystallized 
grains appeared more visibly after 1-pass deformation [17]. 
According to the obtained microstructure shown in Fig. 3b, 
twinning dominant flow intersected with each other and 
crossed the original grains leading to the segmentation of 
the initial microstructure into large crossed bands and pro-
fuse strips with a large density of needle-like shear bands. 
This observation without distinct shear banding direction 
was also reported in other studies [19, 20]. Results from 
previous studies using lower rotation speed ratios between 
DSR rolls (Rv = 1.167 and Rv = 1.5) discovered that the 
microstructures of Mg alloys exhibited unidirectional shear 
bands at some inclination angle (20°–30°) with respect to 
the rolling direction. Meanwhile, the comparison symmet-
ric rolling, i.e., two rolls with similar rotation speed under 
the same process conditions, exhibited crossed shear bands 
[19, 20].

Despite implementing a similar DSR configuration 
and parameters, microstructural characteristic obtained 
through 1-pass DSR in the present study differs to the 
obtained micrograph by Jeong et al. [13]. However, opti-
cal micrograph reported by Kim et al. [21] revealed flow 
localization without the occurrence of DRX. Kim et al. 
implemented different upper and lower DSR rolls diameter 
configurations and maintained the same rotational speed 
between the two rolls. Optimum roll diameter ratio was 
of 1.5 was used to induce shear deformation [21]. Fur-
thermore, high thickness reduction associated with a large 
amount of deformation was applied. Kim et al. suggested 
that the formation of such microstructural feature can be 
related to the rate and amount of deformation during roll-
ing. Meanwhile, new grain structures started to develop 
in relatively low strain during hot and warm deformation 
of Mg alloys [22]. Result from Kaseem et al. also sup-
ported this theory [23]. Globular grains were shown in 
the DSR-deformed AZ31 alloy sample after single pass 
at 473 K when the speed of the lower roll was set to a 

Fig. 2.   Schematic illustration 
of the passing sequence of the 
DSR deformation
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slower rate (3 rpm) than that utilized in the present study 
(5 rpm). Therefore, agreeable to the dynamic recrystal-
lization characters during rolling process, the absence of 
nucleation of new grains and the dominant flow localiza-
tion in the present microstructure developed because the 

material underwent a large deformation with a high strain 
rate [14, 19].

The velocity difference at different positions of DSR-
deformed sample was the main factor affecting the distribu-
tion of shear band [24]. In order to accommodate the plastic 
strain arising from shear deformation, twinning as a key 

Fig. 3.   Microstructures of the AZ31 alloy for: a the initial material/0-pass and after DSR deformation through b 1-pass, c 2-pass, d 3-pass, and e 
4-pass
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deformation mode for hexagonal closed packed (h.c.p.) Mg 
systems was generated [20]. The generation of such twinning 
feature was necessary due to an insufficient number of active 
slip systems in magnesium. Apart from that, earlier investi-
gations suggested that most of the strain of large grains were 
accommodated by twinning [25], and that same processing 
parameters may lead to different structures depending on the 
nature of the initial material [26]. Thus, a relatively large 
initial AZ31 alloy grain should be taken into account to the 
enhanced twinning activity, considering a higher propensity 
for twinning is expected more with coarse grain size than 
with the finer initial grains [27]. The distribution formation 
of the grains within the x-, y-, and z-plane microstructures 
during 1-pass DSR is provided in Fig. 4.

The 1-pass DSR sample exhibits a broad distribution of 
grain sizes ranging from 0.75 to ~22 µm, with an average 
grain size of 2.66 µm.

As described in earlier research [28], when the cumula-
tive strain increased in the deformation process where the 
boundaries were extended in one direction, such as in the 
current DSR that implementing route A passing sequence, 
the original high angle boundaries and the new deformation-
induced boundaries rotated and developed a fibrous struc-
ture primarily containing aligned lamellar grains oriented 
with the longer axes of the grain. The resulting convergence 
of the transverse spacing of these lamellar involved some 
break-up of the grains producing shorter lengths and lower 
aspect ratio grains that slowly spheroidized. Nonetheless, 
if the accumulated strain was not enough, the incomplete 
fragmentation of coarse grain occurred, leading to some a 
few remaining poorly refined areas. Consequently, signifi-
cant variation in grain size followed. Observation to this 
explanation can be well seen in the microstructure after 
the 2-pass DSR in Fig. 3. The acquired microstructure in 
Fig. 3c shows a mixture of rounded twin-free grains with 
sizes of 1–2 µm lying within arrays of elongated grains of 

6.5 µm in the average size. The figure also shows the dra-
matic reduction of the volume fraction of deformation twins 
compared to that in the 1-pass DSR, with only a small pro-
portion observed within the grain boundaries of the rem-
nant coarse grains. The decreasing number of twins can be 
responsible for a good ductility even after a large improve-
ment in the tensile properties as reported from the study of 
multi-pass warm-rolled AZ31 alloy [29]. Another particular 
interest was that within the small grain population, very fine 
grains of 0.25 µm were detected by means of MIPAR grain 
analysis software. Accordingly, the grain size distribution 
changed after the 2-pass due to the emergence of these very 
fine grains in the microstructure. The corresponding grain 
size distribution as confirmed by the quantitative analysis on 
microstructural examination is plotted in Fig. 5.

2-pass DSR still exhibited a broad grain size distribu-
tion. However, counts number of small grains of 0.25 µm 
increased, while counts number of coarser grains reduced. 
Measured average gave an average grain size in this con-
dition was 2.38 µm. The increasing number of only a few 
microns of grains resulted in the evolution of the grain 
size distribution from a bi-modal to a tri-modal type. This 
improvement of grain refinement could be attributed to the 
dynamic recrystallization (DRX), which occurred in the area 
of defect-free grains when the free energy for nucleation was 
high enough due to the additional pass after the 2-pass DSR. 
This was consistent to the known fact that the activity of 
dynamic recrystallization (DRX) and grain-boundary mobil-
ity increases with increasing rate of dislocation storage in 
various metals subjected to severe plastic deformation [30]. 
It was supposed that the refinery process occurred in the area 
with twins, and that the development of stress concentra-
tions at the former twins facilitated the grain subdivision by 
triggering new grain formation along the twin boundaries 
[31]. Twins disappeared as the new grains emerged. The 
occurrence of the dynamic recrystallization (DRX) showed 

Fig. 4.   Distribution of grain size for AZ31 alloy after 1-pass DSR Fig. 5.   Distribution of grain size for AZ31 alloy after 2-pass DSR
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good correspondence to the grain refinement model of a pre-
viously developed magnesium alloy [26].

From Fig. 3d, the microstructure of the 3-pass DSR was 
more refined compared to the 2-pass DSR. Simultaneous 
refinement process by successive breaking-up of large grains 
and progression of DRX prompted a decrease in the overall 
measured grain size (2.17 µm) albeit the existence of the 
coarse grains. The grain size distribution after 3-pass DSR 
is given in Fig. 6.

Numerous new and fine recrystallized grains surrounded 
the large grains as band. On the other hand, the old large 
grains were continuously refined to a reasonably more equi-
axed shape at the cost of the decrease in elongated grains. 
Increased number of fine grains (0.25 µm) subsequent DSR 
pass indicated the effect of an additional shear strain in 
enhancing the formation of more dynamic recrystallized 
grains. It is noted that the grain development under DRX 
making up a necklace structure emerged in narrow regions 
of shear bands, as can be seen from the microstructure of 
the x-plane. However, the presence of shear band was hardly 
observed in the y- and z-plane microstructure. The necklace-
like grains probably occupied areas along the traces of the 
pre-existing boundaries affected by the shear component. 
Therefore, the inner cores of the coarse grains in the y- and 
z-plane were not thoroughly refined. Outstanding grain 
refinement in certain regions indicated that more intense 
plastic flow concentrated on certain areas during DSR defor-
mation. Fine DRX grain size was also found to be in the 
same size to that of preceding DSR pass. The reason behind 
this might be related to the consequent monotonic shearing 
from DSR with non-alternating strain path. On each separate 
DSR pass, cumulative additional strains from the exact same 
thickness reduction per pass were expected to yield the same 
size of DRX grains.

DRX process still occurred during the 4-pass DSR. At the 
same time, recrystallized grains from the previous 3-pass 

DSR slightly grew. It is apparent from the microstructure 
in Fig. 3e that the repetitive deformation increased the 
total grain boundary area. Comparison of the microstruc-
tures in x-, y-, and z-plane, however, revealed that a similar 
grain shape from the preceding structure was maintained 
in the z-plane, while the grain shapes in the x- and y-plane 
appeared skewed and became more pancake-shaped, indicat-
ing an aspect ratio of more than one order of magnitude. In 
addition to the prominent role of the processing route, the 
alteration in this grain shape was also connected to the tem-
perature rise phenomenon during DSR deformation. With 
more DSR passes, increased strain accumulation should lead 
to a larger distortion of the crystal lattice and an increase 
the driving force for recrystallization. Concurrently, the 
temperature rise in the DSR-deformed sample increases as 
the sample thickness decrease per pass [32], resulting in the 
grain coarsening. Thus, by imposing more DSR passes, there 
was a counteracting effect to the grain refinement process 
and causing the shape of the grains to broaden in that way to 
fit the equilibrium structural unit. The evolution of the grain 
size distribution after the 4-pass DSR is depicted in Fig. 7.

Distribution of grain size was observed in a narrower 
area, which indicated a more homogeneous grain size. DRX 
grains with the size of 0.25 µm according to the analysis 
software were shown to have the highest count occurrence 
in all the three planes after the 4-pass DSR. This result con-
firmed that a gradual refinement through several passes up 
to 4-pass DSR via route A passing sequence attributed partly 
to the increasing count of smallest grains due to dynamic 
recrystallization instance during the deformation process. It 
should be noted that although many grains were refined after 
the 4-pass DSR, an elongated coarse grain fragment can be 
observed in the x-plane microstructure. A number of studies 
suggested that this grain survived from the serial deforma-
tion by DSR and was found to be resistant to recrystalliza-
tion [33]. Average grain size (2.06 µm) decreased slightly 

Fig. 6.   Distribution of grain size for AZ31 alloy after 3-pass DSR Fig. 7.   Distribution of grain size for AZ31 alloy after 4-pass DSR
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from the previous DSR pass, which agrees with literature 
reports that the grain size does not reduce significantly if 
the process is conducted at a constant deformation tempera-
ture as compared to a process of decreasing deformation 
temperatures [34].

Evolution of the Deformation Microstructure 
after Annealing

An earlier report described the influence of static annealing 
on grain growth in samples of the AZ31 alloy fabricated 
by constrained groove pressing [35]. In the present investi-
gation, similar observations were obtained on the samples 
fabricated by DSR deformation. Optical images of a typical 
4-pass DSR structure produced without any sample rotation 
show the corresponding microstructure for each annealing 
temperature as presented in Fig. 8.

Appreciable recrystallization had occurred just after 
annealing at 423 K. A significant portion of recrystallized 
grains was detected and found to coexist with the refined 
grains that remained from DSR. This was a typical sign that 
static recrystallization (SRX) took place in a discontinuous 
mode. Recrystallization temperature of the processed alloy 
in this study was approximately 423 K. Even lower recrys-
tallization temperature of AZ31 alloy has been reported 
at 373 K after deformation to 86% total rolling reduction 
[36]. This behavior can be explained by considering the 
variations in dislocation density. During deformation pro-
cess, particularly in severe deformation, a large number of 
dislocations was generated. In the case of route A passing 
sequence, where the sample was continuously strained in 
one principal direction, the location-dependent shear was 
expected to accumulate monotonically in the same plane 

and in the same direction. During annealing treatment, rear-
rangement of grains was attempted to minimize the internal 
energy stored by recrystallization and grain growth [37]. As 
a consequence, the severely distorted structure which was 
formed in some preferred areas resulted in the uneven rate 
of recrystallization during annealing treatment. In addition, 
driven by high grain boundary energies of the fine-grained 
recrystallized structure [35], only a limited grain growth pro-
ceeding at a slow pace was observed on the deformed grains.

Annealing to recrystallization, i.e., 423 K, the recrys-
tallizing grains contacted each other, indicating the local 
completion of recrystallization process. Subsequently, grains 
started to grow to minimize interfacial energy [38]. Differ-
ent growth conditions existed for grain growth both in the 
completely recrystallized area and in the region composed of 
recrystallized and unrecrystallized grains (recrystallization 
front). Microstructure was characterized with normal grain 
growth in the completely recrystallized area. However, at 
the interface of recrystallized and unrecrystallized grains, a 
high amount of grain boundary energy was consumed and 
grain growth spread towards a zone where stored energy is 
still present [39]. Concurrently, upon annealing at 473 K, 
grain growth started to take place and the area fraction of 
smaller grains decreased in favor of larger ones. However, 
the smaller grains were still distinguishable from the sur-
rounding coarser ones. The relative frequency of small 
grains was continuously disappearing, and the uniformity of 
the structure increased substantially as the grains coarsened 
homogeneously after annealing at 523 K. Figure 8c shows 
that individual grains are relatively uniform in size.

It has been shown that the significant amount of stored 
energy also gave rise to decreased annealing temperature 
for subsequent abnormal grain growth [40]. The incipient 

Fig. 8.   Optical microstructures of the 4-pass DSR-deformed sample after annealing at: a 423 K, b 473 K, c 523 K, d 573 K, e 623 K, f 673 K, 
and g 723 K
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of secondary or abnormal grain growth was evident in the 
microstructure after 573 K annealing temperature. The pres-
ence of a few grains that grew faster than the others resulted 
in inhomogeneous grain growth.

At higher annealing temperature of 623 K, the abnormal 
grain growth was completed and further coarsening of the 
grains was developed with a normal growing size. Increas-
ing the temperature further to 673 K, rapid grain coarsening 
became more pronounced since a higher temperature often 
provides higher boundary mobility [41]. Ultimately, large 
growing grains were seen throughout the entire sample, and 
increasing the homogeneity of the structure.

The largely coarse grains seemed to immerge into their 
neighboring small grains, leading to the formation of much 
larger grains after a more severe annealing temperature at 
723 K. This can be attributed to the significant enhancement 
of the average atom energy level enabling more atoms to 
overcome the activation energy barrier for grain growth [42].

Microhardness Evolution During Annealing 
Experiments

Figure 9 shows the Vickers microhardness (Hv) variation as 
a function of the annealing temperatures and the correspond-
ing plot of the average grain size measured using the linear 
intercept method.

Average microhardness value of the 4-pass DSR sample 
in the first data point was 83.09 Hv. Hv value decreased 
continuously at elevated temperatures, which conformed to 
the microstructural observations shown in Fig. 8. The cor-
responding microhardness values and average grain size of 
the samples are summarized in Table 2.

The abrupt decrease in microhardness after annealing at 
423 K caused by recrystallization phenomena is consistent 
with the previous report [43]. This result indicated that the 
produced microstructure by the current DSR method exhib-
ited low thermal stability. Gradual decrease at 473 K anneal-
ing temperature coincided with the microstructure observed 
in the sample. This was ascribed to grain growth, stress 
relaxation, and an increase in volume fraction of growing 
grains. Larger drop in microhardness was seen after anneal-
ing at 523 K due to the observed marked grain growth in 
the corresponding microstructure after 523 K. It is obvious 
because a marked grain growth was observed in the cor-
responding microstructure after 523 K. Nevertheless, the 
homogeneity of the microhardness was pretty stable. Some 
structure coarsening in a heterogeneous manner took place 
as the annealing temperature went up to 573 K. Increased 
calculated standard deviation values confirmed the hetero-
geneous course of the microstructure with the presence of 
abnormal grain, although the average grain size was almost 
the same as those of the 523 K. Faster rate of the decrease 
in the microhardness was observed after 623 K and then 
slightly slowed down after 673 K. This observation cor-
related directly with the analysis of the abnormal grain 
growth. As soon as the annealing temperature reached 723 
K, the microhardness approached that of the initial material 
≈55.60 Hv.

Conclusions

In this paper, the effects of the route A passing sequence dur-
ing the deformation via differential speed rolling (DSR) at 
473 K on the microstructure evolution and thermal stability 
of AZ31 Mg alloy were studied. The important observa-
tions are:

1.	 The 1-pass DSR sample has a cold-worked type of 
microstructure with an extensive amount of deforma-
tion twins, which disappear after multi-pass DSR.

Fig. 9.   Microhardness and grain size variations as a function of 
annealing temperature of the AZ31 alloy after 4-pass DSR deforma-
tion.

Table 2   Microhardness and average grain size of the samples

Processing condition Microhardness (Hv) Average grain size (µm)

4-Pass DSR 83.09 ± 1.15 2.06 ± 1.53
After annealing (K)
 423 76.85 ± 1.87 2.35 ± 0.95
 473 72.71 ± 2.13 2.74 ± 1.70
 523 66.84 ± 1.87 3.95 ± 2.84
 573 65.34 ± 3.42 4.18 ± 4.46
 623 60.11 ± 2.73 4.86 ± 5.39
 673 56.82 ± 2.06 5.27 ± 21.48
 723 55.36 ± 2.21 5.54 ± 30.25
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2.	 The average grain sizes through the 1-, 2-, 3-, and 4-pass 
DSR are 2.66, 2.38, 2.17, and 2.06 µm, respectively.

3.	 Microstructure of the 4-pass DSR sample with a total 
of 76% thickness reduction in this study has a similar 
average grain size to that of DSR with 70% thickness 
reduction in a single pass (~2 µm), but less homogene-
ous.

4.	 Remarkable grain refinement is obtained primarily due 
to the occurrence of dynamic recrystallization (DRX) 
during the multi-pass DSR deformation.

5.	 Comparison of the grain size distribution graphs derived 
from the optical microstructure analysis revealed that the 
count of smallest DRX grains increased as the DSR pass 
number following route A passing sequence (no sample 
rotation per pass) increased.

6.	 With greater fraction of DRX grains after each consecu-
tive DSR pass, no significant change in the DRX grain 
size is observed.

7.	 The large distortion energy imposed via DSR deforma-
tion decreases the critical temperature for the initiation 
of recrystallization which induces an earlier drop in 
microhardness upon annealing at 423 K.

8.	 The subsequent annealing of the resulted 4-pass DSR-
deformed sample at temperatures ranging from 423 to 
723 K was not thermally stable.
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