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Abstract

Edge cracking severely limits the rolling yield of magnesium alloy plates. A novel lattice
severe deformation rolling (LSDR) process using corrugated rolls is proposed to suppress
edge cracking. Numerical simulations, rolling experiments, and microstructural analyses
were conducted, with results compared to conventional flat rolling (FR), to elucidate the
suppression mechanism. LSDR induces a multi-peak stress distribution and restricts metal
flow, thereby reducing additional stresses responsible for edge cracking. Deformation heat
generated in local severe deformation zones compensates for thermal loss, alleviates the
temperature gradient between the plate edge and center, and enhances overall plasticity. Ac-
cording to the Cockcroft–Latham fracture criterion, LSDR effectively limits damage growth
and confines damage within a single lattice, suppressing crack propagation, whereas FR
produces damage values far exceeding the critical value of 0.43. Furthermore, fine grains
formed in severe deformation zones, together with dislocation entanglement induced by
twinning, impede crack propagation. This work demonstrates the effectiveness of LSDR
and provides a new approach for mitigating edge cracking in rolled metal plates.

Keywords: magnesium alloy; edge cracking; lattice severe deformation principle;
stress; microstructure

1. Introduction
Magnesium alloys have outstanding advantages such as low density, high specific

strength, dimensional stability, good vibration resistance, strong electromagnetic shield-
ing, excellent biocompatibility, and easy recyclability, making them important structural
materials in industries such as aerospace, automobiles, and electronic information [1–4].
However, due to its low-symmetry, closely arranged hexagonal structure, the openable
slip system is limited, resulting in low room-temperature plasticity and poor formability,
making it difficult to ensure high forming quality during large deformations [5–7].

Rolling is a widely adopted method for magnesium alloy plate preparation due
to its high precision, efficiency, stable quality, and suitability for large-scale production.
However, during the rolling process, magnesium alloy plates exhibit a significant damage
gradient along the width direction. Edge cracking tends to occur in the edge regions
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of the plate, where material flow is relatively unrestricted. The factors influencing edge
cracking are numerous, including rolling temperature, reduction schedule, strain rate, and
others, often resulting from the combined effects of multiple factors. Generally, rolling
of magnesium alloys typically requires heating to activate prismatic slip systems. Slip
systems on prismatic and pyramidal planes begin to activate during rolling above 200 ◦C.
Thirumurugan et al. [8] investigated the influence of temperature on the microstructure
during magnesium alloy rolling and found that grains are fully refined in regions above
the recrystallization temperature; in lower-temperature regions, deformation is dominated
by twinning, with shear bands forming at twinning concentrations, and the extension of
shear bands leads to edge cracking. When the actual rolling temperature is controlled
between 350 ◦C and 400 ◦C, relatively ideal yield rates and grain microstructures can
be achieved. Li et al. [9] suggested that during the rolling process of magnesium alloy
sheets, uneven heat dissipation occurs at the edges due to thermal convection with air.
This temperature difference leads to variations in material flow between the center and
edges of the sheet, generating additional tensile stress at the edges. When this tensile
stress becomes excessive, edge cracking occurs. The rolling reduction schedule also directly
influences the generation of edge cracks and the resulting microstructure and mechanical
properties. The reduction schedule includes both the maximum deformation rate per
rolling pass and the cumulative deformation rate across the rolling process. Under a
constant total reduction rate, fewer rolling passes result in greater damage at the edges
of AZ31 magnesium plates, along with increased and rapidly expanding edge cracks.
Therefore, a rolling strategy involving multiple passes with smaller reductions per pass
is typically adopted. However, if the reduction per pass is too small, it increases the
number of rolling passes and reduces production efficiency [10]. Del et al. [11] found
that appropriate pass selection can continuously refine grains, while rotational dynamic
recrystallization promotes matrix grain orientations favorable for subsequent deformation,
enabling magnesium alloys to achieve high-reduction rolling without crack formation. The
microstructure of rolled magnesium alloys is influenced by strain rate; different strain rates
affect grain size, twinning density, and recrystallization behavior, thereby influencing plate
crack generation to a certain extent [12]. Liu et al. [13] found that at a constant strain rate,
the critical strain increases with rising temperature. Conversely, at a constant temperature,
the critical strain decreases as the strain rate increases. This indicates a correlation between
the critical fracture strain during hot rolling of magnesium alloys and both strain rate and
temperature. Utsunomiya et al. [14–16] applied high-strain-rate rolling to AZ31, AZ31B,
and AZ80 magnesium alloy sheets and found that, with appropriate parameter adjustments,
fine grains with an average grain size of 2–3 µm could be obtained under a single-pass
reduction of 60%. Zhu et al. [17,18] investigated medium-to-high-strain-rate rolling of
ZK60 magnesium alloy and discovered that, at temperatures of 250 ◦C, 300 ◦C, 350 ◦C,
and 400 ◦C with average strain rates ranging from 7.8 s−1 to 9.6 s−1, ultrafine grains with
average sizes of 0.4–2.5 µm could be produced. Jiang et al. [19] conducted high-strain-rate
rolling on ZM61 magnesium alloy plates at 300 ◦C with an average strain rate of 9.1 s−1

after pre-rolling; at a single-pass reduction of 80%, plates with an average grain size of
0.8 µm and excellent mechanical properties were achieved. It can be seen that high-strain-
rate rolling overcomes the limitations of the processing window in conventional rolling.

In efforts to mitigate rolling edge cracking, Jia et al. [20] pre-compressed magnesium
alloy billets along the transverse direction before hot rolling. Their findings indicated that
this method reduced the number of shear bands, thereby decreasing edge cracking. Sun
et al. [21] introduced pulsed current-assisted rolling based on the cold rolling of AZ31B
magnesium alloy. They observed that the application of pulsed current refined the grain
structure and influenced the quantity and configuration of shear bands during rolling.
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This resulted in a reduction in the strain experienced by individual shear bands, which in
turn helped suppress the formation of edge cracks. Huang et al. [22] demonstrated that
vertical rolling can effectively reduce edge cracking in AZ31B magnesium alloy. This is
attributed to the ability of vertical rolling to activate a greater number of slip systems in the
magnesium alloy, thereby enhancing its rolling performance. Wang et al. [23] employed a
method where two preheated hard alloy backing plates were placed on the upper and lower
surfaces of the magnesium alloy plate. By co-rolling the magnesium alloy together with
these backing plates, heat dissipation from the magnesium alloy was significantly reduced.
Additionally, this process transformed the shear stress on the plate surface into compressive
stress, substantially mitigating edge cracking. Guo et al. [24] conducted large-strain hot
rolling of magnesium alloy plates and found that as the strain rate increased, dynamic
recrystallization (DRX) behavior was enhanced, while the grain size of the original coarse
grains remained largely unchanged, and plasticity improved significantly. During high-
speed rolling, most of the deformation energy serves as the driving force for recrystallization
nucleation and grain growth. In contrast, during low-speed rolling, part of the deformation
energy is absorbed by twinning and stored as lattice defects, while the remainder is released
in the form of crack propagation. However, this method can only reduce edge cracking
under conditions of high temperature, high strain rate, and large reductions, imposing high
demands on rolling equipment and heating conditions. Common measures to suppress
edge cracking either involve altering the material’s stress state or distribution through
pre-rolling or rely on setting process parameters and providing necessary temperature
conditions to improve the plasticity of magnesium alloys, both of which are typically
challenging to achieve.

In recent years, the author has proposed the lattice severe deformation rolling (LSDR)
principle. By employing specially designed corrugated rolls, this method imposes a strongly
heterogeneous deformation with a lattice-like distribution on magnesium alloy plates, even
under small reductions. This significantly improves the stress state of the plates, particularly
in the edge regions, and effectively suppresses edge cracking during rolling. Building on
this principle, this study conducts a comprehensive analysis of magnesium alloy plates
processed via LSDR using numerical simulations, rolling experiments, and microstructural
observations. A comparison is made with the FR process to investigate the underlying
mechanism of edge crack inhibition.

2. Materials and Methods
The principle of LSDR is illustrated in Figure 1. The upper roll features a surface

with a regular pattern of protruding structures formed by sinusoidal waves distributed
along both the circumferential and axial directions, while the lower roll remains flat. The
corrugated roll applies a strongly heterogeneous and unevenly distributed deformation
to one side of the magnesium alloy plate, inducing intense localized plastic compression.
This surface structure is imprinted onto the plate, forming corresponding indentations.
Each indentation creates a localized area of severe heterogeneous deformation, with the
most intense deformation occurring at the bottom of these zones. However, since these
depressions are formed by the interweaving of sine curves, they do not induce stress
concentration. Consequently, after rolling, the magnesium alloy plate exhibits pronounced
plastic deformation at positions corresponding to the peaks of the roll surface waves,
forming a lattice-like distribution across the plate. The peak and valley morphologies
exhibited by the deformed material are described in accordance with the corresponding
features of the roll surface, and all subsequent descriptions will be based on this. Each
severe deformation zone is isolated from others by ridges corresponding to the troughs
on the roll surface, confining the localized severe deformation within individual zones. In
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this process, the sheet edge is divided into several small lattice zones. The heterogeneous
deformation confines metal flow to localized areas, and with the wrapping and support
from the roll, no large tensile stress zones are generated. This effectively constrains metal
flow and successfully suppresses edge cracking.

Figure 1. Lattice severe deformation rolling diagram.

This study investigates the effect of the LSDR principle on edge crack suppression
through a combination of numerical simulation and rolling experiments, comparing it with
the FR process. The rolling equipment is shown in Figure 2. The experimental material is
commercial AZ31B magnesium alloy, with its main chemical composition listed in Table 1.
The samples measure 100 mm in length, 60 mm in width, and 5 mm in thickness. The
corrugated roll has an average radius of 75 mm, with a sinusoidal wave amplitude of
0.4 mm and a wavelength of 6.28 mm. Its surface corrugations follow a sinusoidal pattern,
with identical parameters in both directions. The flat roll also has a radius of 75 mm. The
rolling speed is 0.15 m/s, and the reduction rate is 45%, achieved in a single rolling pass.
Prior to rolling, the billet was placed in a tube furnace at 400 ◦C for 30 min under vacuum
conditions. During rolling, the plate was quickly transferred from the furnace to the rolling
mill to ensure a rolling temperature of 400 ◦C, while the rolls remained at room temperature
(20 ◦C).

 
Figure 2. Rolling equipment.
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Table 1. Chemical compositions of AZ31B magnesium alloy (wt. /%).

Al Zn Mn Fe Si Cu Ni Mg

3.37 0.86 0.29 0.04 0.1 0.002 0.005 Bal.

The numerical simulation was conducted using 2022 version of the ABAQUS software
to analyze the stress evolution in magnesium alloy plates after single-pass rolling and its
impact on rolling damage. In the thermo-mechanical coupled explicit dynamic analysis,
since the primary deformation occurs in the magnesium plate, the plate was modeled as an
elastoplastic body, while the upper and lower rolls were defined as rigid bodies. The rolls
were assigned a specific heat capacity of 0.468 J/(g·◦C). Contact between the rolls and the
plate was defined using the penalty contact method, with Coulomb friction coefficients of
0.3 for the flat roll and 0.35 for the corrugated roll [25]. The magnesium alloy plate had a
specific heat capacity of 1.26 J/(g·◦C) and was heated to an initial temperature of 400 ◦C,
whereas the initial temperature of the rolls and the ambient environment was 20 ◦C. Heat
transfer between the plate and the rolls was modeled with a heat transfer coefficient of
1000 W/(m2·◦C), and convective heat transfer to the surrounding air was included with
a coefficient of 20 W/(m2·◦C). The plate was meshed with hexahedral elements, with a
minimum element size of 0.25 mm to ensure both computational accuracy and efficiency
in the finite element analysis. The flow stress equation of the AZ31B magnesium alloy
plate was derived from the hot compression experiments in relevant literature [26,27].
To obtain the stress distribution on the surface pattern of the AZ31B magnesium alloy
plate during the rolling process, data were sequentially extracted along the mesh nodes to
form three paths each in the rolling direction (RD) and the transverse direction (TD) for
recording the stress variations at various points throughout the rolling process. Along the
RD, the two selected side paths correspond to the peaks and valleys closest to the plate edge
under LSDR processing, while the central path is positioned at the peak and valley in the
midsection of the plate. Along the TD, the central path lies within the middle of the rolling
deformation zone, with the other two paths located near the edges of the deformation zone.
The paths for damage values were selected in the regions nearest the plate edges, where
damage was most severe.

The rolling experiments were performed on a custom-built two-high experimental
mill. The distribution and morphology of cracks on the plates were examined after a single
rolling pass. Metallographic specimens measuring 16 mm × 10 mm were extracted from
the edge of the rolled magnesium alloy plates along the RD. After polishing and etching,
the evolution of their internal microstructure was observed using a Leica DM4M optical
microscope (Leica Microsystems GmbH, Wetzlar, Germany).

3. Results and Discussion
3.1. Three-Directional Stress Analysis in the Deformation Zone

The variation and distribution of RD stress along the RD path in the surface deforma-
tion region of the plate in contact with the rolls are shown in Figure 3, where positive values
indicate tensile stress and negative values indicate compressive stress. The path distance is
divided into three zones: Zone I, Zone II, and Zone III, representing the pre-rolling, rolling,
and post-rolling regions, respectively. Due to the unique structure of the corrugated roll,
its rolling zone (Zone II) measures 22 mm, which is larger than the 16 mm rolling zone
of the flat roll. This results in a longer deformation process under severe deformation
rolling compared to flat rolling, leading to smoother and more uniform metal flow, which
contributes to improved plate forming quality.
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Figure 3. The RD stress distribution in the RD path in the rolling deformation zone. (a) Stress contour
distribution for the FR process, (b) stress contour distribution for the LSDR process, (c) stress curves
for the FR process, (d) stress curves for the LSDR process.

For the FR process, as the plate gradually enters the rolls, the applied stress first
increases and then decreases. At approximately 11.5 mm, the stress on Path1 and Path3
peaks at 63.6 MPa, while the stress on Path2 reaches 18.5 MPa. This is because the plate
has just been bitten into the rolls, and its speed is lower than the roll speed, resulting in
higher rolling-direction stress. Subsequently, under the pressure of the rolls, the stress on
Path1 decreases to 18.4 MPa around 14.2 mm, and Path3 decreases to 14.2 MPa. Between
14.2 mm and 21.8 mm, Path1 and Path2 experience a complex stress state. Meanwhile,
Path2 is surrounded and supported by the surrounding material, restricting its plastic flow,
causing the stress to continuously decrease and reach −192 MPa at the 21.8 mm position.
After reaching 21.8 mm, the plate enters the forward slip zone of rolling, and stress begins
to rise. Path1 and Path2 reach peak stresses of 83.5 MPa and 72.2 MPa, respectively, at
25.5 mm, after which they gradually exit the rolls. Path2 exits the rolls around 27 mm
and subsequently exhibits stress fluctuations between 0 MPa and −20 MPa due to elastic
recovery and residual stress effects. Throughout the entire rolling zone, both Path1 and
Path2 remain under tensile stress, with average stresses reaching 42 MPa. The maximum
tensile stress, reaching up to 85 MPa, occurs in the forward slip zone near the rolling exit.
This is attributed to the greater freedom for elongation in the edge material, resulting in
tensile stress at the edges during rolling deformation [28]. As shown in Zone II of Figure 3,
the presence of tensile stress provides a mechanical condition for the initiation of edge
cracks in the plate.

For the LSDR process, due to the special shape of the rolls, the plate begins to deform
earlier than in the FR process. However, similar to FR, upon entering the deformation zone,
the stresses in Path1 and Path3 first reach peak values at 8.2 mm, measuring 41.1 MPa and
44 MPa, respectively, while the stress in Path2 is 5 MPa. Subsequently, under the influence
of the special corrugated structure on the roll surface, the stresses along the three paths
in the RD exhibit certain periodic variations. However, as the plate bites into the rolls,
the rolling pressure gradually increases, making the periodicity of the stresses along the
selected rolling paths less pronounced. Nevertheless, the special periodic fluctuations in
stress can still be clearly observed. Under the LSDR process, even at the edge locations,
the stresses along Path1 and Path3 turn negative at a distance of 9.6 mm and reach their
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minimum values at 12 mm, measuring −86.6 MPa and −133.1 MPa, respectively. This
indicates a transition from tensile stress to compressive stress along the rolling direction,
which significantly differs from the predominantly tensile stress observed at the edges
under the FR process. The difference in the minimum stress values between the two edge
paths is primarily due to variations in mesh integrity at the edges. At Path1, where the mesh
is less complete and the wave peak is closer to the edge, the metal has more room to flow,
resulting in lower compressive stress. In contrast, at Path3, the mesh is more complete, and
the wave peak is closer to the center. This area is more constrained and supported by the
surrounding material and the unique corrugated structure, leading to higher compressive
stress. The stress on Path2 reaches its minimum value of −176.5 MPa at distances of 12 mm
and 18.3 mm, respectively. Subsequently, the stresses on Path1 and Path2 exhibit periodic
fluctuations and gradually increase, peaking at 61.1 MPa and 58.6 MPa at 26.5 mm. These
peak values are significantly lower than those observed at the edge of the material under FR
conditions. The stress on Path2 shows a noticeable pause at a distance of 22 mm, followed
by a gradual increase, reaching its highest value of −11.5 MPa at 31 mm, before the material
exits the roll gap. The application of LSDR induces a compressive stress state at the edges,
which fluctuates periodically according to the corrugation cycle. Compared to FR, LSDR
significantly reduces the tensile stress in the rolling deformation zone at the edges, thereby
decreasing the cumulative plastic deformation caused by tensile stress at the plate edges.
This suppresses the mechanical conditions that lead to edge crack formation.

Along the TD path, the TD stress is predominantly compressive, and the magnitude
of compressive stress increases toward the central region, as shown in Figure 4a,b. Under
the FR process, as shown in Figure 4a,c, the stresses at the edges along Path1 and Path2 are
nearly zero. From the edge deformation zone to the center of the plate, the stress transitions
sharply into a state of increasing compressive stress, with the stress along these two paths
dropping to −72.5 MPa and −220 MPa, respectively. This indicates a significant stress
gradient along the TD between the plate edge and the center. For Path3, the stress exhibits
an initial increase followed by a decrease from the edge to the center, reaching a maximum
of 35.5 MPa, while the minimum stress at the center is −4 MPa. This phenomenon occurs
because the significant stress difference between Path1 and Path2 drives the flow of central
metal toward the plate edge. The central material pushes the edge metal outward, making
the edge material more susceptible to tensile stress along the TD. The pronounced stress
differences among the three paths create conditions conducive to crack initiation. When
rolling with the LSDR process, as shown in Figure 4b,d, the stress along Path1 exhibits
significant fluctuations, with distinct differences between the peak and valley regions of
the corrugated roll. In the valley regions, the stress ranges from approximately 20 MPa
near the edge to −26 MPa toward the plate center. In the peak regions, it varies from
−125.6 MPa at the edge to −208 MPa toward the center, showing a declining trend with
periodic fluctuations from the edge to the center. Path2 is located in the central region of
the rolling deformation zone, where the stress is most strongly influenced by the rolling
pressure, resulting in less obvious fluctuations; nevertheless, certain regular fluctuations
remain observable, with stress decreasing from 0 MPa to −198 MPa. Path3 is positioned at
the roll exit, where the rolling pressure influence is minimal, leading to a clear recovery
of fluctuation patterns, with most fluctuations ranging between 20 MPa and −24 MPa.
Although the central compressive stress remains relatively high overall, along the TD,
compressive stress from the plate edge to the center no longer increases monotonically but
instead shows certain fluctuation patterns. In contrast, the FR process exhibits a rapid shift
in compressive stress from center to edges throughout the rolling zone, whereas LSDR
consistently displays fluctuating incremental increases in compressive stress from edge to
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center. This restricts large-scale metal flow to a certain degree, inhibits crack propagation,
and disperses the internal additional stresses in the plate caused by uneven metal flow.

Figure 4. The TD stress distribution in the TD path in the rolling deformation zone. (a) Stress contour
distribution for the FR process, (b) stress contour distribution for the LSDR process, (c) stress curves
for the FR process, (d) stress curves for the LSDR process.

The ND stress along the TD path is also predominantly compressive, and its magnitude
increases toward the center of the rolling deformation zone, as shown in Figure 5a,b. In the
FR process, as illustrated in Figure 5a,c, the magnitude of stress decreases rapidly from the
center to the edges. The stress curves along both Path1 and Path2 exhibit a semi-circular
shape. For Path1, the stress decreases from −58 MPa at the edge to −123 MPa at the center.
For Path2, the stress drops sharply from −48 MPa at the edge to −255 MPa at the center.
This indicates a significant variation in stress along the width of the plate. Due to elastic
recovery and residual stresses in the plate after rolling, the stress along the post-rolling
Path3 remains relatively low, fluctuating near 0 MPa. Under the LSDR process, as shown in
Figure 5b,d, due to the unique shape of the rolls, the metal at the peaks of the corrugations
is rolled first, while the metal at the troughs remains unrolled. This results in intense
periodic fluctuations along Path1. As Path1 progresses from the edge toward the center,
the stress decreases from −129.7 MPa to −225 MPa, whereas regions not yet subjected
to roll pressure still register 0 MPa, providing sufficient deformation space for the initial
deformation of the plate. Path2 is located at the center of the rolling deformation zone,
where the entire plate surface is subjected to high compressive stress. However, due to
the special structure of the corrugated roll surface, the stress exhibits distinct periodic
fluctuations. Along Path2, the stress decreases from −53.7 MPa at the edge to −223.4 MPa
in stages, with the maximum compressive stress significantly lower than that observed in
the FR process. In the LSDR process, the variation in compressive stress on the plate aligns
with the surface structure of the rolls. The unique configuration of the upper roll surface
applies a strongly heterogeneous rolling force to the hard-to-deform magnesium alloy
plate. At the peak positions of the corrugations, the stress applied in the ND is maximized,
inducing intense localized plastic deformation. However, since the roll surface follows a
sinusoidal variation within each grid cycle, the metal can flow appropriately within the
grid, which moderately reduces the maximum rolling pressure. The compressive stress in
the ND direction is more uniformly distributed across the entire plate surface, significantly
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reducing stress differences along different paths. This uniformity promotes consistent
mechanical properties across the plate. Under the same rolling reduction rate, localized
large plastic deformation occurs, refining the grain structure and enhancing the mechanical
properties of the material.

 
Figure 5. The ND stress distribution in the TD path in the rolling deformation zone. (a) Stress contour
distribution for the FR process, (b) stress contour distribution for the LSDR process, (c) stress curves
for the FR process, (d) stress curves for the LSDR process.

3.2. Analysis of Temperature Distribution in the Deformation Zone

The relatively low thermal conductivity and volumetric heat capacity of magnesium
alloy AZ31B make it more susceptible to cooling effects when in contact with cold rolls.
This increases temperature non-uniformity during the rolling process [29]. In magnesium
alloy rolling, uneven temperature distribution leads to non-uniform deformation of the
metal plate, thereby promoting the propagation of edge cracks. Based on research findings
regarding the influence of rolling temperature on edge cracking and microstructure of
AZ31B magnesium alloy plates [8], it is observed that when rolled at 350 ◦C or below,
shear bands consistently appear in the microstructure at the edges along the RD of AZ31B
magnesium plates. As the temperature increases, these shear bands gradually disappear,
giving way to a significant formation of twin structures. When the temperature rises to
the recrystallization range (380–450 ◦C), complete recrystallization occurs, accompanied
by grain growth. Therefore, in regions above the recrystallization temperature, grains are
fully refined during the rolling process. In contrast, lower-temperature regions exhibit a
high density of shear bands, dominated by twin deformation. The aggregation of shear
bands promotes the clustering and propagation of cracks along the plate width, while the
accumulation of twin plates also leads to microstructural inhomogeneity, facilitating crack
extension along twin boundaries.

Figure 6 shows the temperature distribution and variation along the RD before and
after the rolling deformation zone on the plate surface. In the FR process, a significant
temperature gradient is observed in the magnesium alloy plate during rolling, as illustrated
in Figure 6a,c. The temperature drop along the RD is similar for all three paths, decreasing
from an initial 398.5 ◦C to a final stable temperature of 302.5 ◦C, indicating substantial heat
loss during rolling. The range where the temperature exceeds the recrystallization tempera-
ture of 380 ◦C is only about 2 mm, while the range above 350 ◦C extends to approximately
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7 mm. The low rolling temperature and rapid cooling in this region promote the formation
of numerous shear bands. In the LSDR process, although the rate of temperature drop
along the three paths is similar, the overall temperature reduction is significantly lower
compared to the FR process. The temperature decreases from 399 ◦C upon entering the roll
gap to 325 ◦C. Corrugated rolling effectively preserves the temperature of the plate. The
localized severe deformation imparts greater strain to the material [30], while the unique
structure of the corrugated roller provides additional frictional stress and shear effects [31],
thereby generating extra heat. This is reflected by a noticeable step at the 16 mm position,
indicating a delayed temperature decline trend, which creates a more favorable thermal
environment for the plastic deformation of the plate. During rolling, the zone above the
recrystallization temperature of 380 ◦C extends to 5.28 mm, and the zone above 350 ◦C
reaches 12.3 mm. This results in a larger rolling temperature range that is less prone to
edge cracking compared to the FR process. In contrast to the FR process, LSDR offers better
thermal retention, keeping most of the rolling zone above temperatures conducive to edge
crack suppression. This effectively mitigates the risk of edge cracking caused by rapid
temperature drops.

Figure 6. The temperature distribution in the RD path in the rolling deformation zone. (a) Temper-
ature contour distribution for the FR process, (b) temperature contour distribution for the LSDR
process, (c) temperature curves for the FR process, (d) temperature curves for the LSDR process.

Figure 7 illustrates the temperature distribution and variation along the TD before and
after the rolling deformation zone on the plate surface. For the FR process, as shown in
Figure 7c,d, upon entering the roll gap, the temperatures at the edge and center of Path1
are 379.6 ◦C and 386.5 ◦C, respectively, resulting in a temperature difference of 6.9 ◦C.
Path2 exhibits an M-shaped profile with more complex temperature variations, showing a
maximum temperature difference of 10 ◦C between the edge and center. Path3 is located in
the zone where rolling deformation concludes, and the temperature gradually evens out,
with a maximum temperature difference of 3 ◦C. In the FR process, the deformation zone
exhibits a distinct and continuous temperature difference between the edge and center of
the plate surface. This temperature variation between the center and edge regions can lead
to differences in elongation, resulting in additional tensile stresses [9]. For the LSDR process,
as shown in Figure 7c,d, Path1 exhibits periodic fluctuations. The peaks of the corrugated
roll contact the metal plate first, resulting in a significant surface temperature drop due to
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heat exchange. The temperature difference between the peaks and valleys reaches 10 ◦C.
However, the temperatures at the center and edge of the plate remain consistent, with the
peaks and valleys measuring 398 ◦C and 388 ◦C, respectively. Path2 also exhibits periodic
fluctuations, but the temperature variations at the peaks and valleys of the roll are opposite
to those observed in Path1. At the roll peaks, severe deformation generates additional heat,
raising the temperature to 365 ◦C. In contrast, at the roll valleys, deformation is minimal
and insufficient to offset the heat loss from thermal exchange, resulting in a temperature of
358 ◦C. The temperature difference between peaks and valleys is reduced to 7 ◦C. Similarly,
the temperatures at the peaks and valleys at the plate edges align with those at the center.
The LSDR process effectively confines temperature variations within the individual lattice.
The periodic fluctuations along Path3 are less pronounced, with a temperature difference
of only 5 ◦C between peaks and valleys. The temperatures corresponding to the roll peaks
and valleys are 327 ◦C and 322 ◦C, respectively. It is noted that the plate temperature at a
distance of 61 mm is relatively low, approximately 312 ◦C. This is because the edge at this
location coincides with the roll surface valley, where the deformation is limited, resulting
in weaker deformation-induced heat generation, while stronger convective heat transfer
further reduces the temperature. However, at this stage the material has already exited
the rolls, and thus this temperature reduction does not affect the deformation process.
The LSDR process effectively reduces the temperature difference between the edge and
the center of the plate. In particular, along Path2, where rolling deformation is most
severe, the temperature difference between the edge and the center is minimal. This
unique rolling mode ensures a more uniform temperature distribution on the plate surface
during rolling, thereby partially eliminating the conditions for crack initiation caused by
temperature inhomogeneity. Additionally, the special surface structure of the rolls increases
friction and contact area between the rolls and the magnesium plate. Simultaneously, the
intense localized deformation during the severe rolling process generates additional rolling
heat. Compared with the FR process, the LSDR process provides more favorable thermal
conditions for eliminating shear bands and promoting recrystallization of twins in the edge
microstructure of the magnesium plate.

Figure 7. The temperature distribution in the TD path in the rolling deformation zone. (a) Temperature
contour distribution for the FR process, (b) temperature contour distribution for the LSDR process,
(c) temperature curves for the FR process, (d) temperature curves for the LSDR process.
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3.3. Evaluation and Analysis of Rolling Crack Damage

According to the application conditions of the Cockcroft and Latham fracture criterion,
for a given material under specific temperature and strain rate conditions, fracture occurs
when the maximum tensile stress–strain reaches the material’s critical damage value [32]—
this aligns with the fundamental mechanism of edge cracking in magnesium alloy rolling.
The Cockcroft and Latham criterion is expressed in Equation (1) [32]:

C =
∫ ε f

0

σ∗

σ
dε (1)

In Equation (1), C denotes the material damage variable. When C reaches the critical
damage value C f , fracture occurs. The critical damage value C f is influenced by factors
such as temperature and deformation rate. ε f represents the equivalent plastic strain at
fracture, σ is the equivalent stress, dε is the increment of equivalent strain, and σ* is the
maximum principal stress experienced by the material.

Based on Gleeble isothermal compression simulation tests, under the same strain
rate, the critical strain increases with rising temperature; at the same temperature, the
critical strain decreases as the strain rate increases. This indicates that the critical fracture
strain during hot working of magnesium alloys exhibits a specific correlation with both
strain rate and temperature [29]. Based on the Zener-Hollomon expression derived from
Gleeble experiments [33], the relationship between the critical damage parameter C f for
magnesium alloy hot working and the Z parameter is established. The Z parameter is a key
indicator for assessing the influence of different deformation temperatures and strain rates
on material hot deformation [34,35]. It characterizes the varying deformation mechanisms
during the material’s deformation process, reflecting the combined effects of deformation
temperature and strain rate on fracture. The expression for the Z parameter is as follows:

Z =
.
ε exp

(
Q
RT

)
=

.
ε exp

(
1.32 × 105

RT

)
(2)

In the equation, Q represents the deformation activation energy (J/mol) of the mag-
nesium alloy, R is the gas constant (8.314 J/(mol·K)), and T is the temperature (◦C). The
relationship between the Z parameter and the critical damage value C f for AZ31B magne-
sium alloy under different strain rates and rolling temperatures is given as follows [36]:

C f = 0.8444 − 0.0102lnZ (3)

In this experiment, the rolling temperature is 400 ◦C, the initial thickness of the
magnesium alloy plate is 5 mm, the final thickness after rolling is 2.75 mm, and the rolling
speed is 1.5 mm/s. Based on calculations, the critical cracking value C f is determined to be
0.43. By comparing the actual damage value C along the plate width with C f , the following
scenarios apply: if C < C f , no cracks form; if C = C f , crack initiation occurs, and if C > C f ,
cracks begin to propagate, leading to edge cracking. By comparing the calculated C values,
it is possible to predict whether edge cracking will occur during magnesium alloy rolling
and assess the extent of crack propagation.

The damage data along the rolling direction (RD) on the surface and side edge of the
plate under the FR process were selected, as shown in Figure 8c. The distribution curve of
damage values is illustrated in Figure 8a, while the corresponding experimentally observed
plate damage is presented in Figure 8b. Based on the Path1, the peak damage values in the
central region of the plate exceed the critical damage value of 0.43, indicating severe edge
cracking along the plate edge, consistent with the experimental results in Figure 8b. The
minimum damage value is 0.2, suggesting that the edge cracks are gradually propagating
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into the surrounding area. Meanwhile, the peak damage values along Path2 are even higher,
also exceeding the critical damage value, with a maximum peak of 0.7 and a minimum
of 0.19. This indicates that the side edge is highly prone to the formation of extensive
and destructive cracks. During rolling, the metal in the central region of the contact zone
between the plate and the rolls flows more rapidly, whereas the metal near the edges flows
more slowly, resulting in non-uniform metal flow before and after the deformation zone.
In addition, the rapid temperature drop reduces the plastic deformability of the material,
leading to the development of relatively large additional tensile stresses at the plate edges.
Consequently, the fracture damage value at the edges becomes higher, which promotes
the initiation and propagation of edge cracks, ultimately resulting in edge cracking. Both
simulation and experimental results indicate that, under FR process conditions, cracks are
highly prone to initiate and propagate in the edge and side regions of the plate. The damage
values at the mid-length edge and side regions of the rolled plate exhibit a distribution
pattern consistent with the observed edge-crack distribution after rolling, with crack depths
extending more than 6 mm along the TD.

Figure 8. Damage distribution and edge cracking in the FR process. (a) Damage value distribution
curve, (b) edge crack topography, (c) damage distribution contour.

In the LSDR process, due to the asymmetry of the plate during rolling, four paths were
selected to study the damage values—two on the edge of the surface and two on the side
edge of the plate, as shown in Figure 9c. Path1 is located on the side with an incomplete
dot-matrix pattern, where relatively high local damage values are observed, reaching up
to 0.64, indicating a high tendency for damage initiation. However, the damage is mainly
concentrated in the roll surface peak regions and confined to a limited area, while the
damage in the other valley regions is nearly zero, effectively suppressing further damage
propagation. For Path2, the damage values along the entire path remain below the critical
damage value of 0.43. In this region, the plate edge exhibits a complete corrugated grid
structure, such that the edge is located in the roll surface valley and can be effectively
supported and constrained by the roll surface, resulting in very low damage values that
do not satisfy the conditions for crack initiation. Compared with the FR process, although
surface cracks may still occur on plates produced by the LSDR process, the crack-affected
regions are significantly restricted, and crack propagation is strongly inhibited. For the side
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edge paths, namely Paths 3 and 4, the peak damage values in the central region of the plate
just exceed 0.43, whereas the minimum damage value in the deformation center region is
as low as 0.16. These damage levels are substantially lower than those on the plate side
surfaces obtained by the FR process, indicating that the likelihood of edge crack initiation
and the resulting crack size are much smaller for plates processed by LSDR.

Figure 9. Damage distribution and edge cracking in the LSDR process. (a) Damage value distribution
curve, (b) edge crack topography, (c) damage distribution contour.

In summary, by comparing the damage contour maps of the magnesium alloy edges
under the two rolling processes based on the Cockcroft–Latham fracture criterion, as shown
in Figures 8c and 9c, it can be observed that the FR process exhibits a large surface damage
region, with extensive areas exceeding the critical damage value. As rolling proceeds,
cracks are prone to initiate and propagate toward the plate interior. Although regions
with damage values higher than the critical value are also observed on the plate surface
processed by the LSDR process, most of the overall damage values only slightly exceed the
critical level. Moreover, damage accumulation is confined within the severe deformation
lattice, with no evident tendency to extend toward the plate center. Furthermore, as is
evident from Figures 8a and 9a, the cumulative damage values under the FR process are
generally higher than those under the LSDR process. This indicates that the FR process is
more prone to meeting the conditions for crack initiation and propagation compared to
the LSDR process. The above observations indicate that the surface structure introduced
by the LSDR process effectively restricts crack initiation and propagation. Its capability to
suppress edge cracking is markedly superior to that of the FR process, further confirming
that the LSDR process provides a significant inhibitory effect on edge damage during the
rolling of magnesium alloy plates.

3.4. Microstructural Characterization Analysis

The microstructure near cracks under the FR process is shown in Figure 10. As
illustrated in Figure 10a, the magnesium plate produced by the FR process exhibits distinct
edge cracks. These cracks propagate along the TD toward the center of the plate and are

https://doi.org/10.3390/met16020164

https://doi.org/10.3390/met16020164


Metals 2026, 16, 164 15 of 19

distributed periodically along the edge. The cracks penetrate through the thickness of the
plate in the ND at the edge regions. Microstructural observations reveal that, in the vicinity
of edge cracks after rolling, initially formed microcracks oriented at approximately 45◦ to the
RD can be observed, accompanied by shear bands, as shown in Figure 10b–d. Shear bands
are typical rolling-induced microstructural features, contributing to a certain degree of
microstructural inhomogeneity [37]. The microcracks preferentially initiate and propagate
along the shear band direction [38], and with further edge deformation, they eventually
evolve into the macroscopic cracks observed. Near the shear bands, a chain-like distribution
of fine grains can be observed, formed through twin-induced dynamic recrystallization. In
contrast, grains in other regions are coarse, with uneven grain sizes and a high density of
twins. The accumulation of twin lamella also contributes to microstructural inhomogeneity,
promoting crack propagation along twin boundaries [39]. The stress field generated during
the FR process causes twins to straighten and thin. The abundance of thin twin boundaries
leads to stress concentration at the plate edges, forming shear bands and microcracks,
which ultimately develop into through-thickness edge cracks during rolling.

Figure 10. Macroscopic morphology and microstructure of the plate edge under the FR process.
(a) Macroscopic morphology, (b–d) microstructure.

The morphology and microstructure of the plate edge during the LSDR process are
shown in Figure 11. Figure 11a displays the macroscopic morphology of the plate edge,
which consists of a periodically patterned lattice-like structure. Although a few cracks are
present, no significant or extensive edge cracks are observed. Microstructural observations
show that, similar to the FR process, a large number of grain-boundary shear bands are
also present in the edge microstructure of plates produced by the LSDR process, as shown
in Figure 11b–d. These shear bands are primarily oriented toward the RD, and abundant
fine-grained bands are also present between them. Compared to the coarse grains in other
regions, the grains near these shear bands are finer and more uniform. This phenomenon
can be attributed to the continuous wavy structure of the roll surface, which intensifies
internal deformation in the plate during rolling, enhances atomic mobility, promotes
dislocation movement, and provides additional energy for dynamic recrystallization. It
also generates sufficient interfacial curvature driving force to facilitate nucleation and
diffusion migration at grain boundaries [40]. It is noteworthy that, compared to the FR
process, the number of twins in the microstructure of this region has increased. The
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substantial formation of twins absorbs energy required for crack propagation, thereby
suppressing the expansion of edge cracks [17]. When twins accumulate, they can induce
dynamic recrystallization. The energy consumed during twin nucleation or recrystallization
grain nucleation renders cracks unable to propagate further due to energy insufficiency,
leading to the formation of high-density twins or chain-like fine grains at the tips of edge
cracks. Additionally, no twin lamella is observed around the shear bands. Instead, fine-
grained regions intertwine with dislocation tangles induced by twins. The accumulation of
dislocations inhibits further crack propagation and results in the termination of crack tips
with high-density dislocations.

Figure 11. Macroscopic morphology and microstructure of the plate edge under the LSDR process.
(a) Macroscopic morphology, (b–d) microstructure.

4. Conclusions
(1) Under a preheating temperature of 400 ◦C with a holding time of 30 min and

a reduction ratio of 45%, the conventional FR process exhibits significant differences in
stress distributions along the RD, TD, and ND directions. During rolling, the plate edges
experience relatively high tensile stresses, making the edge metal more prone to crack
initiation. The application of the LSDR process significantly suppresses edge cracking
during the rolling of magnesium alloy plates. This is attributed to the lattice-distributed
severe deformation zones, which divide the metal plate into numerous small deformation
regions during the forming process. This effectively disperses the stress distribution in all
three directions, particularly confining the edge metal material within limited deformation
zones. The maximum stress along the RD at the edges is reduced to 61.1 MPa, effectively
decreasing the maximum tensile stress in these regions. Within a certain rolling interval,
the stress state transitions to compressive stress, which suppresses the plastic deformation
induced by tensile stress at the plate edges. Consequently, the mechanical conditions for
edge cracking are effectively mitigated.

(2) Under a rolling reduction rate of 45%, the damage values at the edges of the plate
produced by the FR are significantly higher than those from the LSDR process, exceeding
the critical fracture threshold. Based on calculations using the Cockcroft and Latham
fracture criterion, the damage values at the edges of the magnesium alloy plate under
the FR process largely exceed the material’s critical fracture value of 0.43, exhibiting a
continuous propagation trend. In contrast, although the damage values at the edges of the
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plate processed by LSDR also exceed the critical fracture threshold, the unique structure of
the corrugated roll provides a favorable stress state environment for the plate surface. As a
result, the overall damage values are lower than those in the FR process, and the trend of
damage propagation is confined within the grid domains of the corrugated roll. It has also
been verified that the LSDR process compensates for temperature drops at the edges of the
magnesium plate. This process reduces the temperature difference between the edges and
the center of the plate, thereby mitigating edge cracking caused by temperature variations.

(3) After the FR process, the edge regions of the magnesium alloy plate contain a
high density of shear bands. These shear bands, combined with twin lamellae within the
fine-grained regions, lead to stress concentration at the plate edges. As a result, cracks prop-
agate along twin interfaces, initiating the formation of edge cracks. In comparison, after
the LSDR process, the edge regions of the plate primarily develop fine-grained shear bands
along the RD, accompanied by the formation of a large number of twins. The generation
of twins consumes the energy required for edge crack propagation. Under recrystalliza-
tion temperatures, the accumulation of twins further induces dynamic recrystallization,
consuming additional energy and thereby suppressing the initiation and expansion of
edge cracks. Meanwhile, the entanglement and accumulation of dislocations generated
in the fine-grained regions and twin lamellae result in the crack tip terminating at a high
dislocation density, thereby inhibiting further crack propagation.

In this study, a corrugated roll was designed based on the dot-matrix severe deforma-
tion principle. The roll features a regular wave-like surface profile with peaks and valleys,
which can improve the stress and temperature distribution experienced by the plate during
rolling, enhance microstructural and grain refinement, and thereby suppress edge cracking
in rolled magnesium alloy plates to a certain extent.
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