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Abstract: The nonuniform microstructure of magnesium alloy rolled sheets tends to influence their plastic deformation
capacity. This study employed multi-pass restricted rolling to successfully prepare AZ31 magnesium alloy rolled sheets
with a uniform microstructure, enhancing their mechanical properties. Quasi-in-situ tensile EBSD was used to
investigate the effect of microstructure uniformity on the plastic deformation and fracture behavior of magnesium alloy.
The results demonstrate that the nonuniformity of the magnesium alloy microstructure intensifies the strain asynchrony
between adjacent grains, leading to relative misalignment and crack formation. Fine grains cannot coordinate the strain
within their adjacent coarse grains, resulting in ledge formation at their common grain boundaries. Moreover, low-angle
grain boundaries (LAGB) influence fracture behavior, rendering fine grains penetrated by LAGB more susceptible to
becoming strain concentration areas that promote intergranular fracture and even transgranular fracture.
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1 Introduction

As the lightest structural metal, deformed
magnesium alloy sheets exhibit wide applicability
in electronics, communication, transportation, and
acrospace fields [1—4]. However, due to the low
symmetry of magnesium crystal structure, the
plastic deformation of magnesium alloy is not
uniform [5-7]. Consequently, magnesium alloy
sheets are prone to edge cracking during rolling,
limiting single-rolling reduction and directly affecting
material productivity and formability [8,9].

The microstructure of magnesium alloy
rolled sheets often exhibits nonuniform grain size

distribution. This nonuniformity exacerbates
subsequent deformation [10], resulting in low
plastic deformation capacity of magnesium alloy
rolled sheets, affecting mechanical properties,
and potentially leading to rapid material failure.
Therefore, improving the microstructure uniformity
of magnesium alloy rolled sheets can prevent
premature fracture and effectively enhance plastic
formability.

Microstructure nonuniformity of magnesium
alloys is widely studied by scholars [9—12]. The
microstructure nonuniformity of rolled magnesium
alloy correlates closely with local area twinning,
dynamic recrystallization (DRX), and shear band
accumulation [6,13,14]. In our previous studies, we
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also found that both sparse shear bands and dense
shear bands exist in rolled magnesium alloys, and
during the subsequent annealing process, sparse
shear bands develop into coarse grains, while dense
shear bands develop into fine grains. At the same
time, DRX is a heat-activation-related process that
releases system energy when the stored energy in
the crystal accumulates to a certain level during the
thermal deformation process [15,16]. The occurrence
of DRX and local grain size change are closely tied
to crystal deformation storage energy and local
strain state. Additionallyy, BARNETT et al [17]
investigated the extrusion deformation of AZ31 and
found that the transfer of twinning at the front end
of the Liiders band intensifies the nonuniform
changes of the microstructure. The obvious twinning
interface between the twinned and untwinned
regions hinders the subsequent deformation, so the
deformed microstructure with activated twins tends
to have significant nonuniformity [18—20]. However,
there is still a lack of investigation on the tissue
homogeneity of magnesium alloy rolled sheets, as
follows:

(1) Few mechanisms have been reported for the
effect of microstructure uniformity on the subsequent
plastic deformation behavior of magnesium alloys.

(2) The investigation of the mechanism of
the effect of tissue homogeneity on the fracture
behavior of magnesium alloys is still very scarce.

Based on the above background, in this work,
homogeneous alloy sheets
successfully prepared via multi-pass restricted
rolling and an effective method to eliminate the
inhomogeneous rolled microstructure was proposed.
Quasi-in-situ analysis was used to trace the plastic
deformation and fracture behavior of inhomogeneous
and homogeneous magnesium alloy rolling states,
respectively, investigating the influence of the
homogeneity on the plastic deformation and
fracture mechanism of magnesium alloy. This work
provides theoretical supplements and technical
guidance to improve the microstructure nonuniformity
of magnesium alloy rolled sheets, improve the
mechanical properties of magnesium alloy sheets,
and expand industrial production applications.

magnesium were

2 Experimental

2.1 Material processing
In this work, the 3 mm-thick AZ31 magnesium

alloy sheet was rolled by conventional rolling and
multi-pass restricted rolling respectively. The
restricted rolling process was explained in our
previous research [8]. The rolling temperature was
400 °C and the rolling speed was 70 mm/s. By
conventional rolling, magnesium alloy sheets with
nonuniform microstructure under single reduction
of 30% and 50% were prepared, respectively. The
magnesium alloy sheet with uniform microstructure
was prepared by two-pass restricted rolling, with
a first reduction of 30% and a total reduction of
50%. The magnesium alloy sheet with uniform
microstructure prepared by multi-pass restricted
rolling was compared with the magnesium alloy
sheet with nonuniform microstructure prepared by
conventional rolling. To eliminate the residual stress,
the two groups of magnesium alloys were annealed
at 473 °C for 30 min.

2.2 Microstructure characterization

In the prepared magnesium alloy sheets,
rectangular samples with dimensions of 8 mm
(length) x 4mm (width) were processed,
corresponding to the rolling direction (RD) and
transverse direction (TD). The microstructure of
RD—-ND (normal direction) surface of the samples
was observed by optical microscope (OM; Leica—
2500M). In addition, the microstructure of the
RD-TD plane of samples with uniform and
nonuniform microstructure was characterized by
a high-resolution scanning electron microscope
(SEM; S8000; TESCAN) equipped with electron
backscattered diffraction (EBSD, Oxford), and
representative areas were selected for quasi-in-situ
tensile EBSD analysis.

The quasi-in-situ tensile samples were made
into flat dog bone shapes by electronic discharge
machining (EDM), and the sample size was 45 mm
(length) x 6 mm (width) x 1 mm (thickness). The
tensile test was performed at room temperature with
a constant displacement rate of 1 um/s. To ensure
that the tensile table clamps the tensile samples
firmly, a preload of 20N was applied before
loading. Tensile samples were paused at different
strain stages for EBSD measurements and
secondary electron (SE) SEM high-resolution
imaging.

The surfaces of EBSD samples were prepared
by mechanical grinding with SiC sandpaper of
different roughness in turn. The electrochemical
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polishing was performed in the electrolyte with 5%
perchloric acid and 95% ethanol at 0.35 A and 45V
for 60s, and the electrolysis temperature was
between —20 and —30 °C. After electropolishing,
the surface of the sample is bright without deep pits.
Finally, the obtained EBSD data were processed
using Channel 5 software.

2.3 Plastic deformation analysis

Based on SEM images and EBSD data
acquired during the test, slip trace analysis
was performed to identify activated slip systems.
Five slip modes with 30 slip systems usually
encountered in magnesium alloys [10,21-26] are
considered, as given in Table 1.

Combined with the slip traces observed inside
specific grains in the SEM images and the average
grain orientation of a specific grain obtained
from EBSD, a self-made MATLAB code was used
to calculate all possible slip plane traces and
corresponding Schmid factors (SFs) of the
corresponding slip system. Based on the best match
of the observed slip trace with the calculated results,
a specific slip system was selected as the activated
slip system.

Figure 1 shows an illustration of slip trace
analysis within G55 at a strain of 10% for the
magnesium alloy studied. The horizontal direction
in Fig. 1 indicates the quasi-in-situ tensile loading
direction, and the horizontal directions in all SEM
images and EBSD images in this work indicate the
loading direction. In the SEM image of G55
(Fig. 1(b)), the slip trace parallel to the red dashed
line in grain consists of actual slip traces of G55.
According to the IPF map shown in Fig. 1(a), the
three Euler angles of Grain 55 are 34.54°, 19.27°,
and 35.21°, respectively. The theoretical slip trace
calculated by the three Euler angles is shown in
Fig. 1(c). The solid red line matches the actual slip
trace well, indicating that basal (@) slip is activated
in G55. The small deviation between the calculated
results and the actual slip trace may be due to lattice
distortion caused by deformation.

Combining the SFs of the different variants of
the basal {a) slip system in Table 1, we determine
that basal slip (0001)[1210] with the highest SF
value was activated in G55. Notably, the method
cannot be used for determination when the Burgers
vector of slip is parallel to the observation plane or
dislocations do not move to the sample surface.

Nevertheless, slip trace analysis is still an effective
means to quantitatively study a large number of
grain deformation modes [27—-29].

Table 1 Schmid factors of different slip systems of G55

Slip mode No. Slip system  Schmid factor

1 (0001)[2110] 0.14

Basal _
(@) slip 2 (0001)[210] 0.17
3 (0001)[T120] 0.03
o 4 (0110)[2110] 0.47
Pgnslzﬁc 5 (10T0)[¥T0] 0.33
6 (1100)[T120] 0.14
7 (01T1)[21T0] 0.35
8 (1011)[1210] 0.21
Pyramidal I 9 (1T01)[T120] 0.13
(a) slip 10 (1011)[1210] 0.37
11 (1101)[T120] 0.11
12 (0T11)[2110] 0.48
7-1 (01T1)[T1213] 0.29
8-1 (T011)[T123] 0.02
9-1 (1701)[2113] 0.23
10-1  (10T1)[2113] 0.10
11-1  (T101)[1213] 0.49
Pyramidal I  12-1 (0111)[1123] 0.05
(ctayslip  7-2 (01T1)[1123] 0.10
8-2 (T011)[2113] 0.13
9-2 (1701)[1213] 0.30
102 (1011)[1123] 0.10
112 (T101)[2113] 0.43
122 (0T11)[1213] 0.20
13 (2112)[2113] 0.19
14 (1122)[1123] 0.01
Pyramidal I 15 (1212)[1213] 0.43
(c+a) slip 16 (2112)[2113] 0.32
17 (1122)[1123] 0.02
18 (1212)[1213] 0.28

In addition, in special cases, we use the
Lustre—Morris parameter (geometric compatibility
factor) to express the degree of strain compatibility
between activated slip systems in adjacent grains.
This parameter describes the correlation between
the adjacent slip plane normal and slip directions,
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Fig. 1 Slip trace analysis: (a) IPF map; (b) SEM image; (c) Potential slip traces; (d) Unit cell of G55

defined as follows [23,30]:
m'=cos k'cos ¥ (D

where the angles x and y respectively denote the
angle between the slip direction of the two slip
systems involved and the normal of the slip planes.
m'is in the range [0,1] and the closer it is to 1, the
more geometrically compatible the two systems are.

3 Results

3.1 Homogenized microstructure by multi-pass

restricted rolling

Figure 2 shows the morphologies of the AZ31
magnesium alloy sheet after different passes of
restricted rolling and annealing. After one pass of
rolling, the rolling microstructure of the magnesium
alloy is not uniformly distributed, and corrugated
shear bands are formed at the same time. After
further two passes of rolling, the grain refinement
is obvious, the recrystallization increases and the
uniformity of the rolled sheet is improved
significantly. After annealing, the equiaxed grains
are formed in magnesium alloy sheet with uniform
coarseness and fineness, showing uniformly
distributed grain, as shown in Fig. 2(c). Multi-pass
restricted rolling can effectively improve the
uniformity of the microstructure distribution of

the magnesium alloy.

In addition, the microstructure of magnesium
alloy sheets after different rolling processes is
further compared, as shown in Fig.3. The
nonuniform microstructure of conventional rolling
is in sharp contrast to the uniform microstructure
after multi-pass restricted rolling.

3.2 Effect of microstructure uniformity on
plastic deformation of magnesium alloy

To further study the influence of nonuniform
microstructure  and  uniform  microstructure
on the plastic deformation of magnesium alloy,
quasi-in-situ tensile tests were carried out, as
shown in Fig. 4. Figure 4(c) shows the quasi-in-situ
load—displacement curves of Mg alloy samples
with nonuniform microstructure and uniform
microstructure. The results show that the uniform
microstructure and nonuniform microstructure
have similar ultimate tensile strength (UTS), and
the UTS of uniform microstructure is slightly
higher, which is due to the grain refinement
strengthening effect. It is noteworthy that uniform
microstructure has a longer tensile plateau period
compared to the nonuniform microstructure, and the
nonuniform microstructure undergoes early fracture
during the tensile process compared to the uniform
microstructure. This shows that the microstructure
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Fig. 3 Microstructures of AZ31 alloy rolled sheets: (a, c,
rolling

uniformity affects both the plastic deformation
behavior and the fracture behavior of the
magnesium alloy.

The EBSD data and SE-SEM images were

collected for the uniform microstructure sample
at strains up to 8%, 10%, and 20%, and for the
nonuniform microstructure samples at strains up to
10%, 11%, and 16%, respectively. Figures 4(a, b)
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correspond to the respective initial state micro-
structures, respectively, and Fig. 4(d) shows an IPF
map of nonuniform microstructure at different
strain stages. With increasing strain, the low-angle
grain boundaries (LAGBs) within the coarse
grains gradually increase, and the lattice distortion
in the region adjacent to the coarse and fine
grains increases, resulting in some grains being
unrecognized (shown in black in Fig. 4(d)).
Figure 4(e) shows the IPF image of the uniform
microstructure at different strain stages. With the
increase of strain, the number of grains with lattice
distortion increases and the distribution becomes

1127

relatively uniform.

Figure 5 shows the SE-SEM images of non-
uniform and uniform microstructures in different
strain stages. It can be seen from Figs. 5(a—d) that
as the strain increases, the fine grain area of the
nonuniform microstructure initially forms a bumpy
surface (shown by yellow solid circles in Fig. 5(b)),
indicating that stress concentration occurs here first.
As the load continues to increase, the slip increases,
and the bumpy areas are distributed more in the
area adjacent to the coarse and fine grains
(around the white dashed line). When strained to
fracture (e=16%), these bumpy areas develop into

350

~10% ~20%
~8%

~16%

25 mm

—— Nonuniform
microstructure

—— Uniform
microstructure

— RD

0170

0" 200 400 600 800 1000
Displacement/pm

Fig. 4 Quasi-in-situ tensile results: (a, d) Nonuniform microstructures; (b, e) Uniform microstructures; (c) Load—

displacement curves

e=0% e=10%

Coarse
grain region

Coarse
grain region
\

\
Stress concentration
A

N

e=0%
Fig. S SE-SEM images: (a—d) Nonuniform microstructures; (e—h) Uniform microstructures

&=8%

e=11%
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microcracks (yellow dashed circles) or ledges
(yellow arrows). Figures 5(e—h) show that the
formation of bumpy areas is more random and
dispersed during the stretching of a uniform
microstructure, and the distribution of microcracks
and ledges is more uniform when stretching to
fracture.

The nonuniform microstructure is more likely
to form strain concentrations and develop into
cracks during deformation in the region adjacent to
the coarse and fine grains, i.e., the region with the
greatest microstructure differences, and therefore
fracture earlier. In contrast, the formation of cracks
is more random and uniform during deformation in
uniform microstructure, ensuring better plastic
deformation behavior and a longer plastic plateau
period for samples with uniform microstructure.

4 Discussion

It is found that the plastic deformation
behavior and fracture mechanism of AZ31 Mg alloy
can be summarized into the following three
situations: Grain-to-grain relative misalignment due
to nonuniform deformation, strain coordination
between coarse and fine grains, and fracture

0%

0001 1210

TD
‘ RD

0110

e=11%
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behavior affected by LAGB.

4.1 Grain-to-grain relative misalignment due to
nonuniform deformation

Figure 6 shows two types of microcracks. As
shown in Figs. 6(a—c), Crack-1 is formed at the
common grain boundary between adjacent grains
(G29 and G42).

Figure 6(a) shows the original microstructure,
where basal slip is preferentially activated within
G42 as strain increases, and the grain boundary
between G29 and G42 forms a ledge. Meanwhile,
basal slip (0001)[1120] is also activated in the
adjacent G29, and the corresponding SF is 0.43.
The ledge between G29 and G42 is more obvious.
The strain coordination factor (m') between
G29—G42 internal slip systems is calculated to be
0.25, which indicates that the strain between
adjacent grains is not coordinated, and the local
strain concentration leads to the formation of
the ledge at the common grain boundary.
Eventually, when stretched to the fracture stage
(e=16%), no new slip system is activated to
accommodate the nonuniform strain between
adjacent grains, and the ledge is converted to
intergranular microcracks.

&=16%

ij\Q%C rack-1
/Soeed ' (G29—G42)

/[ R
4 ,y"m'(G9—%28)1
§ ¢ =0.56

§ m'(G36—G28)
=0.91

Ay
2 um

Slip trace at 10% strain
Slip trace at 11% strain

Fig. 6 Crack evolution in nonuniform microstructure: (a, d) IPF maps; (b, c, e, f) SEM images
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The difference is that Crack-2 is formed at the
common grain boundary of multi-grains (G17, G26,
and G9, G28). Figure 6(d) shows the microstructure
before stretching. When loading to 10% strain, the
prismatic slip system (1010)[1210] is activated in
G9. With the increase of strain, slip systems are
activated in G28 and G36, which are identified as
basal slip (0001)[1120] by the slip trace method,
and the corresponding SF values are 0.32 and 0.30,
respectively. However, no-slip system is activated
in G17 and G26. The ledge between G28 and G26
deepens and lengthens along the common grain
boundary, and is connected with the ledge formed
between G17 and G9. According to the calculation,
the m' values between the pair of grains G9—G28
and G28-G36 are 0.56 and 0.91, respectively.
This shows that among these three grains, the slip
systems between adjacent grains are strain
compatible, and dislocations more easily transfer
between the two pairs of grains. In contrast,
there is no significant slip trace between G17 and
(26, indicating that the dislocations cannot be
transferred between these grains or the dislocation
movement is blocked. Under the same macro-strain
condition, the dislocation movement on both
sides of the local area is asynchronous, and the
coordinated strain capacity varies widely, resulting
in nonuniform deformation.

The side with well slip transmission (the area
composed of G9, G28, and G36) is prone to strain

’ 3

Crack—B’% In

e
0

Crack-A f

Slip trace at 8% strain
Slip trace at 10% strain

concentration and the surface is full of bumps to
form a kink, in contrast to the relatively smooth
surface on the other side (the area composed of G17
and G26) (Fig. 6(f)). When stretched to fracture,
these multigrain ledges transform into multigrain
microcracks.

A similar situation is found for multi-grain
intergranular cracks in uniform microstructures, as
shown in Fig. 7. Crack-A, Crack-B, and Crack-C
are formed on the common grain boundary of
grain pairs G35-G28, G13—Gl14, and G40—G52,
respectively (Fig. 7(c)), and Fig. 7(a) shows the
microstructure at the initial stage. With the increase
in load, there are slip traces in the grains on the
right side of the observation area. According to
trace analysis and identification, prismatic slip
(1100)[1120] is activated in G14, and second-order
pyramidal slip (1122)[1123] is activated in G17.
The m' value between G14 and G17 internal slip
systems is calculated as high as 0.83. At the same
time, the basal slip (0001)[1210] is activated in
G29, the first-order pyramidal slip (1101)[2113] is
activated in G39 and the second-order pyramidal
slip (2112)[2113] is activated in G40. The m'
value between the slip systems in the grain pairs
G29—-G40 and G39-G40 all is calculated as 0.90.
The high value of the strain coordination factor
indicates that the strain between grains on the right
side of the observation area is compatible, and the
movement of dislocations is not easily hindered. In

\
m' (G40—G29)
=0.90 ,

Fig. 7 Crack evolution in uniform microstructure: (a) IPF map; (b, c) SEM images



1130 Jing TIAN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1122—-1136

contrast, no obvious slip traces are generated in the
left side of the observed region within the grains to
carry the dislocation movement, and the dislocation
movement is asynchronous on the left and right
sides. The local strain is concentrated on the side
with better dislocation movement, and the bumpy
kink band is observed under SEM. Under the same
macroscopic load, a shear crack is formed between
the grain pairs with the largest relative strain, and
the direction of crack generation is perpendicular to
the load direction.

The mechanism of strain asynchrony and
fracture caused by deformation nonuniformity is
shown in Fig. 8. The blue line in the figure
represents the slip trace and the larger the blue
area is, the denser the slip trace is in the grain,
and the more active slip system is. At the initial
stage of deformation (Stage I), the slip system is
preferentially activated in grain pair A—B, the strain
of the deformation system between adjacent grains
is compatible, and the dislocation movement is not
hindered. On the other side of the grain pair, no slip
occurs in C—D, because the dislocation movement
is blocked, and the deformation at A—B cannot be
transferred to C—D. In the later stage of deformation
(Stage II), more slip systems are activated in the
grain pair A—B to coordinate the deformation, and
the strain increases. The strain of the left and right
grain pairs is asynchronous, and the misalignment
occurs, forming a ledge at the common grain
boundary. Finally, as relative strain (misalignment)
of the two-grain pairs increases, the ledge further
expands into microcracks.

4.2 Strain coordination between coarse and fine

grains

Figure 9 illustrates the fracture behavior
between coarse and fine grains within the
heterogeneous microstructure. From Fig. 9(c),

7
/

T Dislocation accumulation

= Strain

Stage 11

=) Strain transfer direction

Crack-1, and Crack-2 manifest at the shared grain
boundary interface delineating coarse grains (G13)
from fine grains (G91, G71). Upon reaching a strain
of 10%, the common grain boundary of the grain
pairs G13-G91 and G13—G71 bulges, forming
ledges. Slip traces become apparent within G13,
G91, and G70. The trace analysis identifies that
prismatic slip (1010)[1210] is activated in G13,
first-order ~ pyramidal  (1101)[1120] slip is
activated in G91, and second-order pyramidal slip
(1212)[1213] is activated in G70. During the
stretching leading to fracture, prismatic slip
(0110)[2110] becomes activated in G71.

There is no difference in the activated slip
system type between coarse grain G13 and fine
grains G71, G70, and G91. Therefore, the activated
slip system type of coarse grains and fine grains is
related to grain orientation rather than grain size.

Grain pairs, G13-G70, G13-G91, and
G13-G71 have low m' values for intergranular slip
transfer. Consequently, the transference of strain
across coarse and fine grains poses a challenge.
Moreover, the strain generated by the coarse grain
G13 surpasses that generated within the fine grain,
and the fine grain is not enough to coordinate the
deformation generated by the coarse grain, further
exacerbating the strain incompatibility between the
coarse and fine grains, and fostering localized strain
concentration. Ultimately, this localized strain
concentration precipitates the development of
protrusions and, in severe instances, initiates crack
propagation along the shared grain boundary.

Similarly, the sample possessing a uniform
microstructure also comprises coarse and fine
grains, albeit with minimal disparity in grain size
and a random distribution. Nonetheless, in the later
stage of plastic deformation, this configuration
remains susceptible to the initiation of microcracks,
as illustrated in Fig. 10. Figure 10(a) depicts the

Stage 111

== Slip trace

Fig. 8 Mechanism diagram of strain asynchrony and fracture caused by deformation nonuniformity
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Fig. 9 Fracture behavior between coarse and fine grains in nonuniform microstructure: (a) IPF map; (b, ¢) SEM images

microstructure before deformation. With the
increase of deformation, the ledges gradually
manifest at the grain boundary between coarse and
fine grains, culminating in intergranular fracture
development, as evidenced in Figs. 10(b, c).

In Fig. 10(e), the positions of Cracks A, B, C,
and D are marked by yellow dashed lines, and the
grain sizes on both sides of the dotted lines are
quite different. With the increase of macroscopic
strain, dislocations in the small-sized grains steadily
accumulate, resulting in lattice distortion, and the
stress is gradually concentrated there. When the fine
grains cannot continue to adapt to the deformation
of the adjacent coarse grains, the initiation of cracks
becomes inevitable.

In addition to the difference in the grain size
within the grains around Cracks A, B, C, and D, the
local strain concentration is also exacerbated by the
activation of slip systems within some grains.

Within the microstructure, there are slip
traces in G83, G135, and G113. According to the
identification of the slip trace, the activated slip
systems are the second-order pyramidal {c+a) slip
(1122)[1123], prismatic {(a) slip (1100)[1120] and
basal (a) slip (0001)[2110]. The ledge is more
likely to occur between the grains with slip system
activation and the surrounding grains, which is
attributable to the nonuniform deformation of
magnesium alloy. The grains of the active slip

system undergo heightened deformation, consequently
fostering stress concentration via dislocation
accumulation, manifested as a ledge, such as Crack
F. Consequently, the generation of Cracks B and D
is not only due to the easier generation of ledges
between coarse and fine grains but also related to
the fact that the G135 and G113 activated slip
systems are more likely to cause dislocation
accumulation. The emergence of Crack E is similarly
influenced by the propagation of Cracks B and C
around it, except that it is affected by the active slip
system in G113. Finally, two crack bands (yellow
dashed line) formed by Cracks A—F propagation are
observed at tensile fracture (Fig. 10(d)).

The mechanism of cracks between coarse and
fine grains within the uniform and nonuniform
microstructure of the magnesium alloy, as
delineated above, is elucidated in Fig. 11. The
yellow line indicates the slip trace, and the larger
the yellow area, the denser the slip trace in grain,
and the more the number of activated slip systems.
During the initial phase of deformation (Stage I), a
large number of slip systems become activated in
the coarse grains, and the generation of coarse
strains needs to be coordinated by the surrounding
grains. With the increase of the strain (Stage II),
the large strain in the coarse grains cannot be
completely coordinated by the surrounding fine
grains, resulting in the accumulation of dislocations
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Fig. 10 Fracture behavior between coarse and fine grains in uniform microstructure: (a) IPF map; (b, ¢, d) SEM images;

(e) Cracked area

at the grain boundaries. Moreover, the strain
incompatibility between the coarse and fine grains
aggravates the strain transmission obstruction
between the grains. When the deformation reaches
Stage III, the strain that can be coordinated by the
fine grains reaches its upper limit. The strain in
coarse grains results in the continuous accumulation
of dislocations at grain boundaries, the development
of the ledge at the common boundaries, and
ultimately, the evolution into cracks.

72

Stage |

Stage 11

a

Vel

C -~ K Ledges
Tacks “Stage IV

T Dislocation

Fig. 11 Mechanism of cracks between coarse and fine

grains in nonuniform microstructure
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4.3 Fracture behavior affected by LAGB

During annealing, recrystallization and grain
growth generally occur [31,32], so the annealing
temperature should not be too high, and the
annealing time should not be too long to prevent
excessive grain growth, which may affect the grain
refinement effect [33]. However, the different sizes
of grains in the nonuniform microstructure have
different requirements for annealing conditions [34].
Dense shear band is depended on the higher stress
preferential recrystallization to form fine grains.
In contrast, the annealing time required for
recrystallization of coarse grains in sparse shear
bands is longer, which leads to excessive growth of
grains formed by recrystallization of dense shear
bands and affects the overall grain refinement effect
[35]. Therefore, the nonuniform microstructure has
many grains that are not fully annealed, and LAGB
is extremely easy to be found internally.

Figure 12 depicts the deformation behavior
influenced by LAGB in the nonuniform micro-
structure of AZ31 Mg alloys. In Fig. 12(a),
numerous LAGBs are inside the original annealed
microstructure. During the uniaxial tensile loading,
different parts of coarse grains experience varying
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local stresses, generating various slip systems to
coordinate plastic deformation (Fig. 12(a;)). With
increasing strain and slip activation, more
dislocations accumulate along LAGBs, eventually
forming new ledges at LAGB (Fig. 12(a3)).
Therefore, in addition to the generation of the ledge
along the high-angle grain boundaries (HAGBs)
within the coarse grains, the ledge is also formed
along the LAGBs, which can be used as potential
positions for crack initiation.

Figure 12(b) illustrates a grain that is about to
be fully recrystallized with an LAGB extending
through the grain. the kernel average misorientation
(KAM) distribution shows high-value KAM
concentrated at the LAGB, and the KAM value
is proportional to the dislocation density [36],
indicating more dislocations accumulation at the
LAGB. The analysis in Fig. 6 above shows that the
crack formation at the common grain boundaries
of Grains G29 and G42 results from local strain
incoordination. With deeper and more pronounced
slip traces near LAGBs in G42 compared to G29, a

TD 0001 1210

L oy

Slip trace at 8% strain
Slip trace at 10% strain
Slip trace at 20% strain

high density of slip is more likely to activate near
the LAGB. Such grains that are about to fully
recrystallize are extremely common in the annealed
microstructure, prone to ledge formation at grain
boundaries of smaller-sized sub-grains (Figs. 12(b, c)).
Moreover, when slip is activated in all grains
adjacent to such sub-grains, as shown in Fig. 12(c»),
a large number of slip systems are activated within
G55, G56, G64, G73, and G80, and m' values
between different deformation systems within the
grain pairs G55—-G73, G56—G80, and G80—G73 are
0.45, 0.16, and 0.08, respectively. This shows that
the strain incompatibility between the grains around
the subgrain forces the subgrain to coordinate more
deformation and kinking occurs, which causes
stress concentration and thus leads to the
transgranular fracture.

The deformation mechanism of nonuniform
microstructure affected by LAGB is shown in
Fig. 13. When a large amount of LAGB is present
in the initial grain, different local strains in different
parts of the grain activate multiple slip systems

4?('1'3ck
0
g
0

m' (G29 — G42)
=0.25

2 um
m' (G55 — G73) /
=045

m' (G56mG80)
< 0.16
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Z0.08 7 Cracks b
/ 2 um
————— Low angle grain boundary
===== Grain boundary

Fig. 12 Deformation behavior affected by LAGB: (a, aj, b, ¢) IPF maps; (a2, a3, bi-3, ¢c1-3) SEM images at different

strain stages
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Fig. 13 Deformation mechanism of nonuniform microstructure affected by LAGB

during loading (Stage II). When the slip encounters
the LAGB, it forces the dislocation motion to be
blocked and pile up near the LAGB, causing strain
concentration, eventually, forming ledges (Stage
III). There are only a few LAGBs in the grains that
are about to be fully recrystallized. If slip is
generated in the grain, the high-density slip system
tends to be activated around the LAGB.
Incompatibility between adjacent grains hinders slip
transfer, causing dislocation accumulation and
ledge formation at common grain boundaries,
leading to crack initiation. If there is no slip in the
sub-grain and the surrounding grains all produce
a slip system, the sub-grain as the central
grain cannot coordinate the deformation of the
surrounding grains, and a large number of
dislocations accumulate around the sub-grain and
the common grain boundary, forcing the sub-grain
to kink deformation, and the ledges are formed at
common grain boundary (Stage III). Eventually,
cracks are formed at the common grain boundary,
and the subgrain is affected by the surrounding
grains and undergoes transgranular fracture.

5 Conclusions

(1) Multi-pass restricted rolling significantly
reduces shear bands in magnesium alloys, increases

recrystallization, and enhances microstructure
uniformity.

(2) Nonuniform deformation can lead to local
strain incompatibility, resulting in strain asynchrony
between adjacent grains or adjacent grain pairs, and
subsequent relative misalignment occurs, which
can gradually develop into cracks. The presence
of a nonuniform microstructure exacerbates the
occurrence of this fracture mechanism.

(3) Large strains within coarse grains cannot
be fully coordinated by surrounding fine grains,
resulting in dislocation accumulation at grain
boundaries. As the strain that can be coordinated by
the fine grains reaches its upper limit, the common
grain boundaries gradually produce ledges that can
propagate into cracks.

(4) Low-angle grain boundaries can also affect
the fracture behavior of Mg alloys. LAGB in coarse
grains accumulate dislocations along the LAGB to
form ledges, while fine grains penetrated by LAGB
are prone to becoming strain concentration, leading
to intergranular fracture and transgranular fracture.
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