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Abstract

Edge defects significantly impact the forming quality of Mg/Al composite plates during the rolling process. This study aims to develop
an effective rolling technique to suppress these defects. First, an enhanced Lemaitre damage model with a generalized stress state damage
prediction mechanism was used to evaluate the key mechanical factors contributing to defect formation. Based on this evaluation, an embedded
composite rolling technique was proposed. Subsequently, comparative validation was conducted at 350 °C with a 50% reduction ratio. Results
showed that the plates rolled using the embedded composite rolling technique had smooth surfaces and edges, with no macroscopic cracks
observed. Numerical simulation indicated that, compared to conventional processes, the proposed technique reduced the maximum edge stress
triaxiality of the plates from —0.02 to —1.56, significantly enhancing the triaxial compressive stress effect at the edges, which suppressed
void nucleation and growth, leading to a 96% reduction in damage values. Mechanical property evaluations demonstrated that, compared to
the conventional rolling process, the proposed technique improved edge bonding strength and tensile strength by approximately 67.7% and
118%, respectively. Further microstructural characterization revealed that the proposed technique, influenced by the restriction of deformation
along the transverse direction (TD), weakened the plastic flow in the TD and enhanced plastic flow along the rolling direction (RD), resulting
in higher grain boundary density and stronger basal texture. This, in turn, improved the toughness and transverse homogeneity of the plates.
In summary, the embedded composite rolling technique provides crucial technical guidance for the preparation of Mg-based composite plates.
© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Laminated metal composites have garnered increasing at-
tention due to their ability to leverage the advantages of het-
erogeneous constituent metals [1,2]. One such composite, the
Mg/Al composite plate, integrating the low density and high
strength of magnesium (Mg) alloys with the superior corro-
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sion resistance of aluminum (Al) alloys, emerges as a ma-
terial of significant potential across diverse sectors including
aerospace, medical, automotive, and electronic fields [3,4].
To achieve a composite plate with stable properties, various
fabrication processes have been proposed, including explo-
sion, extrusion, casting, and rolling et al. [5,6]. Among these,
rolling, as an efficient plastic deformation technique, offers
advantages such as low cost and ease of implementation, mak-
ing it the predominant method for the production of Mg/Al
composite plates [7].

2213-9567/© 2024 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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However, conventional rolling processes often struggle to
produce high-quality composite plates in actual production.
The issues affecting the quality of plate forming are primar-
ily manifested in three aspects: 1) high residual stress [8],
2) low bonding [9] strength, and 3) susceptibility of Mg al-
loy edges to cracking [10]. These deficiencies have become
bottleneck issues that limit the large-scale application of com-
posite plates. To enhance the quality of plate forming, several
process-level improvements have been proposed. Addressing
the issue of high residual stress, existing research suggests
that by designing the rollers in a wave-like pattern for wave-
flat rolling, coordinated deformation between layered met-
als can be effectively promoted during the rolling process,
thereby reducing residual stress [11]. Additionally, asymmet-
ric rolling processes [12], ultrasonic vibration-assisted friction
stir welding [13], and cast rolling have been proven to effec-
tively reduce residual stress. Regarding the issue of low bond-
ing strength, cold spray rolling technology is considered an
effective method. This technology can promote atomic diffu-
sion on the interface, thereby increasing its bonding strength
by 2.5 times [14]. Furthermore, improving the morphology
or elemental composition of the bonding interface is also be-
lieved to significantly enhance bonding performance. How-
ever, so far, there has been limited progress in research on
the process of suppressing edge cracking in Mg/Al compos-
ite plates.

Although the development of edge crack suppression tech-
niques for Mg/Al composite plates has not been extensively
studied, considerable scholarly effort has been dedicated to
investigating the mitigation of edge cracks during the rolling
process of Mg alloy plates. Indeed, higher rolling speeds [15],
higher temperatures [16], and smaller reduction rates have
been identified as factors that mitigate crack evolution. How-
ever, optimization of rolling parameters alone cannot address
the root cause of edge defects, and more substantial improve-
ments should be reflected at the process level. It has been
demonstrated that multi-cross [17] and accumulative rolling
[18] can effectively suppress edge cracks in the rolling of
Mg alloy plates. Furthermore, modifications to rolling equip-
ment, including vertical rolling [19], and width-limited rolling
[20], have been proven to be effective in crack suppression.
Additionally, altering the elemental composition and shape of
Mg alloys has been also shown to enhance the formability
[21]. Previous studies have indicated that prefabricated crown
on the edges of Mg alloys facilitates metal flow along the
RD. When subjected to multiple rolling passes at 400 °C,
this modification resulted in a 77% reduction in the inci-
dence of edge cracks [22]. The emergence of these novel
processes offers multiple solutions for improving the forma-
bility of Mg alloy plates. However, the applicability of these
processes developed for Mg alloy plates to Mg/Al composite
plates remains to be evaluated.

The coupling of finite element methods with damage
models has proven to be an effective strategy for guiding
improvements in manufacturing processes, as evidenced by
its successful application in the optimization of Mg alloy
plate processes [23]. The essence of this approach lies in

the selection of a suitable damage criterion to accurately
predict the evolution characteristics of edge cracks. Damage
models can be dichotomized into uncoupled and coupled
types based on whether they are integrated with flow stress
[24]. To date, uncoupled damage models have been widely
adopted in various fields, including skew rolling [25], cross
wedge rolling [26], spinning [27], and plastic processing
techniques, due to their structural simplicity and ease of
implementation. However, these models exhibit limitations
in predicting crack propagation, thus hindering their utility
in guiding process improvements [28]. In contrast, coupled
damage models, typically derived from thermodynamics or
micromechanics of metals, incorporate a broader range of
physical phenomena, making them more suitable for analyz-
ing the causes of damage evolution. Nevertheless, classical
damage models, including the widely utilized the Lemaitre
model [29] and Gurson-Tvergaard-Needleman (GTN) model
[30], exhibit limitations in accurately representing the nucle-
ation mechanisms of voids dominated by shear in forming
processes under pressure [31-33]. Moreover, the complexity
of stress states and interface contact issues during the rolling
of composite plates pose significant challenges to the integra-
tion of these models into finite element numerical iterations.
Fortunately, our previous research introduced an enhanced
Lemaitre damage model tailored for compression molding
processes [34]. This model accounts for damage evolution
mechanisms under complex stress states and can accurately
predict defect locations and morphologies during the rolling
of composite plates, offering valuable technical guidance for
the improvement of rolling processes.

Scientific research methods play a crucial role in enhanc-
ing manufacturing processes. Building on previously estab-
lished theories of damage models and mechanisms of crack
initiation, this study introduces a novel rolling technique de-
signed to effectively mitigate edge damage in Mg/Al compos-
ite plate rolling. Employing both experimental and computa-
tional simulation, the study elucidates the underlying princi-
ples by which this novel technique suppresses edge defects.
Furthermore, the research compares the formability of com-
posite plates under two different processes, utilizing mechan-
ical loading and microstructural characterization experiments.
This proposed rolling technique offers an effective method for
fabricating Mg-based composite plates.

2. Theoretical model

In our previous research, we proposed a damage model
for the pressure molding of composite plates, based on the
framework of the standard Lemaitre model [34]. Compared
to the standard Lemaitre model [29], the enhanced Lemaitre
model [34] offers several advantages, including simplicity of
implementation, precise damage prediction, and the capability
to forecast damage evolution under a broader range of stress
states. This section first reviews the structural formulation of
the damage model we previously proposed, followed by a
discussion on its numerical integration and the calibration of
damage parameters.
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2.1. Continuum damage mechanics model

Similar to the standard Lemaitre model [29], the enhanced
Lemaitre model [34] characterizes the degradation behavior
of materials during the loading process at the microscopic
level by defining an effective bearing area:

So* = So — Sp, (1)

where Sp*, Sy and Sp effective bearing area, the original bear-
ing area, and the damaged region, respectively. The damage
value is delineated as the quotient of the defected region to
the original bearing region,

S
D="2fr0<D<1. 2)
So

At the macroscopic scale, the stress relaxation caused
by damage during the material loading process is reflected
through the effective stress and effective elastic modulus,

U,‘j:&ij(l—D), (3)

E*=E(1 — D), 4)

where 6;; and o; signify the effective stress tension and stress
tenson, respectively. E* and E denote the equivalent elastic
modulus and conventional elastic modulus, respectively.

In the aspect of damage evolution, the non-linear progres-
sion of damage is characterized by a power function com-
posed of the ratio of the equivalent plastic strain (EPS) and
the critical fracture strain,

]] n

where n and &y represent the softening factor and critical frac-
ture strain. This damage evolution model has been validated
across some applications [35], offering two primary advan-
tages: 1) its construction is straightforward, facilitating easy
implementation; 2) the critical damage value has been nor-
malized, obviating the need for calibrating specific damage
failure thresholds. Consequently, when the damage value D
attains unity, it signifies the onset of fracture behavior. A
rate-dependent formulation can be deduced by Eq. (5),
D =n(eh)" " (ep) el (6)
The construction of a coupling mechanism between stress
states and damage evolution serves as the foundation for
achieving generalized damage prediction. To this end, the en-
hanced Lemaitre model [34] incorporates a concise stress state
function as the denominator in the damage evolution function,
effectively defining a comprehensive fracture envelope. This
approach facilitates broader predictions of forming limits. The
stress state function integrates the Lode parameter and stress
triaxiality, as expressed by the following equation:

[a-1hH+1 —n
x(n, L) = [—201 } exp [—n n mim}’ (7

where « is the material parameter that can be adjusted to alter
the damage evolution rate. n and L and is the stress triaxi-
ality and Lode parameter, respectively, and their expressions

delineated as follows:

Oh \/Etr(aij)

L=2S2_SI_S3, (9)
1 — 83
where 7y, is the critical stress triaxiality [36]. Its expression
1S Mim = % — C, where C is a material parameter. This
function’s significance lies in providing a cutoff value for
stress triaxiality, below which the damage will cease to grow.
The enhanced Lemaitre model [34] incorporates the total
equivalent plastic strain (EPS) in its damage evolution equa-
tion (Eq. (12)). However, in certain engineering applications,
materials undergo frequent loading and unloading cycles due
to non-unidirectional loading, leading to premature fracture
predictions. To address this issue, the concept of effective
equivalent plastic strain (EEPS) has been introduced into the
damage evolution mechanism. The revised damage evolution
equation is as follows:

-1 . -1 —n -
po et el et ep el
a x(n.L) [ fexp[ )
’ 2u p N+1Niim
by = &b (n > Mim)
£ = 0(n < Miim). an

where £l represents the rate of EEPS, which will cease to
grow when the critical stress triaxiality surpasses the stress
triaxiality at the material point.

2.2. Numerical implementation method

To incorporate the enhanced Lemaitre model into the finite
element (FE) calculation, a crucial challenge lies in determin-
ing the correctly stress update for each incremental step. The
radial return algorithm serves as a general solution to this
problem [37]. This algorithm operates on the principle of op-
erator splitting, wherein each incremental step is assumed to
be elastic to obtain the trial stress. Subsequently, when the
model satisfies the plastic yield condition, the discrete equa-
tion is iterated numerically to determine the plastic strain and
stress components. In this study, the numerical solution of the
model was performed using a fully implicit backward Euler
integration scheme. This algorithm has been validated in nu-
merous previous studies [38,39]. The specific details of the
numerical algorithm utilized in this research are provided in
Appendix A.

2.3. Parameters calibration method

Given that rolling as a representative pressure forming
technique, Gleeble high-temperature mechanical compression
tests on AZ31B Mg alloy and 5052 Al alloy can assume
the stress state during rolling. By adjusting the material pa-
rameters, the simulation’s mechanical response curves can be
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Fig. 1. Thermal compression experiments were conducted on AZ31 Mg alloy and 5052 Al alloy. The force-displacement and flow stress fitting curves for
AZ31 are presented in (a) and (b), respectively, while the flow stress curve for 5052 is depicted in (c).

aligned with experimental results to ascertain the correct ma-
terial parameters. Notably, within this investigation, the en-
hanced Lemaitre damage model is utilized for the Mg alloy,
while the stress-strain behavior for the Al alloy is calculated
by the internal constitutive model in Abaqus.

In terms of stress fitting, a flow stress function integrat-
ing coupled dynamic recrystallization (DRX) behavior is em-
ployed [40,41], expressed as follows:

oy =0 + (a5 — 07) exp(=Q.el,)]"* — (05 — 05) Xprx
(12)

where o, 09 and oy denote peak stress, yield stress, and
steady-state flow stress, respectively. €2, is a temperature-
dependent parameter. The DRX model, which is predomi-
nantly a function of EPS, is adopted in this study based on
the model proposed by Liu et al. [42],

eq 2
&y — &

Xorx = [kvA(l——)+l] ,
€05 — &

where ¢, and g5 denote the strain at the activate of DRX
and at 50% completion of DRX, respectively. k, is a materal
parameter.

Mechanical loading experiments were conducted using a
Gleeble high-temperature mechanical tester, with the com-
pression specimens having diameters and heights of 8 mm
and 12 mm, respectively. The loading rate and temperature
were set at 2 s~! and 350 °C, respectively. In FE simulation
modeling of the compression specimens, the mesh type and
size were C3D8R and 0.5 mm, respectively, and the interfa-
cial friction coefficient is set at 0.2 [43]. The final parameter
fitting results are presented in Fig. 1, and the specific values
of the material parameters can be found in our previous work
[34].

13)

3. Application of damage model in novel rolling
technology development

This section begins by reviewing conclusions drawn from
previous studies regarding the reason of edge defects during

the rolling process. It then introduces a novel rolling tech-
nique designed to inhibit edge damage in composite plate
rolling: the embedded composite rolling process. The final
part compares the edge defect morphology and distribution
in Mg alloys under both techniques, using experimental re-
sults and FE prediction.

In the FE simulation, the rolling model employed is de-
picted in Fig. 2. To enhance computational stability, the rolls
and the plate were modeled as discrete rigid bodies and a 1/2
vol elastic body, respectively. The mesh for both the rolls and
the plate was set at a granularity of 0.5 mm, with the rolls’
mesh arranged circumferentially. The contact algorithms for
the bonding interface and the plate-roll interaction are pre-
bonding and Coulomb friction, respectively, with a friction
coefficient of 0.3. To better match with the experimental pro-
cedure, the rolls’ rotational speed was set at 0.6 rad/s. Addi-
tionally, the plate was assigned an initial velocity of 80 mm/s
to emulate its being fed into the rolling mill entrance.

3.1. Review on causes of Mg alloy edge damage

In our previous work, we analyzed the evolution mecha-
nism of edge cracks during Mg/Al composite plates rolling,
pinpointing high stress triaxiality at the Mg alloy edges as a
key contributor to edge defects [34]. This analysis is concisely
reviewed below. The stress triaxiality distribution during the
rolling process, illustrated in Fig. 3(a), exhibits a progres-
sive increase from the plate’s edge to its center. To more
clearly illustrate the trend of stress triaxiality changes during
rolling, a path from the edge element Mg_El to the cen-
tral element Mg_Cl1, designated as nodes set Path 1, was
defined. Fig. 3(b) presents the distribution of stress triaxiality
and damage values along Path 1 at four stages of the rolling
process, each stage marked by a 10% increase in deformation
in the normal direction (ND) during rolling. Observations in-
dicate that with escalating deformation, stress triaxiality in the
plate’s central region progressively diminishes, while the edge
regions maintain a relatively high range. This discrepancy fos-
ters conditions conducive to voids nucleation and expansion,
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Fig. 2. The rolling FE model developed for the Mg/Al composite plate is depicted in (a), which illustrates the macroscopic modeling of the rolls and the
plate. Details concerning the dimensions of the plate, and the mesh specifications are provided in (b).
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Fig. 3. Analysis of factors affecting edge defects. (a) Stress triaxiality distribution of plate during conventional rolling process. (b) The change trend of Path
1 nodes set damage value and stress triaxial degree with plate deformation along the ND.

leading to significant damage accumulation exclusively at the
edges of the plate. Therefore, the focus of proposed process
development is on reducing the stress triaxiality at the edges
of the plate, which will be described in detail subsequently.

3.2. Development of embedded rolling technology

To mitigate the elevated stress triaxiality at the edges of
the plate during the rolling process, it is essential to maintain
a triaxial compressive stress state at plate edge. Consequently,
a novel technique termed ‘embedded composite rolling” has
been proposed. As illustrated in Fig. 4, the proposed process
requires slotting treatment of Al alloy with dimensions of
I x wy x hy. The width of the slot, denoted as ‘w’, is kept
consistent with the width of the Mg alloy, while the depth
of the slot, denoted as ‘h’, matches the thickness of the Mg
alloy. It is important to highlight that an interference fit is
employed between the Al and Mg alloys to prevent relative
sliding during the rolling process. Besides, the length of w is
an important factor influencing the formability of the compos-

ite plate. Generally, wider composite plates (larger w) require
a corresponding increase in the length of w;. To maximize
the formability of the composite plate while minimizing ma-
terial consumption, a recommended size for w; is provided
as w; = 1.5 w.

In the rolling experiment, the initial step involves the
meticulous polishing of the bonding interface of the plates,
followed by binding with Al wire (this procedure exclusive
to traditional process). Subsequently, the plates are placed in
a furnace preheated to 350 °C for a duration of 20 min. Dur-
ing this annealing process, argon gas is introduced into the
furnace to prevent the oxidation of the Mg alloy, after which
rolling is immediately conducted.

3.3. Validation of Mg/Al embedded composite rolling process

To validate the forming effectiveness of the proposed pro-
cess, rolling experiments were conducted on 5052 Al alloy
and AZ31B Mg alloy. The dimensional details of the bil-
lets were as follows: wy = 1.5 w = 120 mm, / = 100 mm,
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Fig. 4. The 3D diagram of conventional and embedded rolling processes and the details of billet dimensions.
h = 3 mm, and #; = 8 mm. Since there was an interfer-  Conversely, Fig. (d) demonstrates that the embedded com-

ence fit between the Mg and Al alloys, no clamping was
required at the head or end of the composite plate. Further-
more, the remaining experiment and simulation parameters
and plate treatment procedures were consistent with the con-
ventional process. The enhanced Lemaitre damage model was
utilized to reflect the damage distribution in the Mg/Al com-
posite plate during the embedded composite rolling process.

Figs. 5(a) and (b) present a comparative analysis of the
surface and side morphologies of Mg/Al composite plates
rolled under both processes. In the conventional process, the
surface exhibits significant roughness and irregularities, es-
pecially along the TD and RD. Noticeable edge cracks are
present, indicating the susceptibility of the conventional pro-
cess to edge damage. Additionally, the presence of edge de-
fects has resulted in a distinct stratification between Mg and
Al alloys, with the bonding interface exhibiting a wavy ap-
pearance. This suggests that the composite performance at
the edges of the plate may be compromised. In contrast, the
surface morphology of the plates fabricated using the pro-
posed process is notably smoother and more uniform, with
no macroscopic cracks observed. The side morphology (sec-
tion A-A) displays a well-bonded interface between the Mg
and Al layers, with smooth surface and no delamination, in-
dicating superior bonding quality. The absence of significant
cracks further underscores the effectiveness of the proposed
process in mitigating edge damage.

The FE results in Figs. (c) and (d) further confirm the ex-
perimental findings. For the conventional rolling process, Fig.
(c) shows extensive surface damage distribution, particularly
near the edges, with a high damage value. The side damage
distribution reveals a zigzag pattern of damage, corresponding
to the observed experimental delamination and poor bonding.

posite rolling process results in a significantly reduced sur-
face damage distribution, with the maximum damage value
around 0.04. The side damage distribution (section B-B) is
more uniform and minimal, consistent with the experimental
observations of improved bonding and reduced defects.

Overall, the embedded composite rolling process signifi-
cantly enhances the surface and interfacial quality of Mg/Al
composite plates, as evidenced by the smoother surfaces,
better-bonded interfaces, and reduced edge cracks. The fol-
lowing section will further analyze the damage suppression
mechanism of the proposed process from a mechanical per-
spective.

4. Analysis of damage inhibition factors and formability
performance evaluation

In this section, a comparison made between the stress
states and damage evolution during the rolling process un-
der both rolling techniques, with a focus on analyzing the
mechanism of edge defect suppression in the proposed pro-
cess from a mechanical perspective.

4.1. Cause analysis of damage suppression under the
embedded composite rolling process

Fig. 6 illustrates the distribution of mechanical variables
on the nodes set of Path 1 under proposed process. It should
be noted that in the discussion of this section, the location of
the node set for path 1 corresponds to that shown in Fig. 3(a).
In the case of a deformation amount of 20% (Fig. 6(a)), the
EPS at the edges of the Mg alloy increased from 0.3 to 0.4
compared to the conventional rolling process. Moreover, a ho-
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Fig. 5. The comparison of macroscopic morphology of the Mg/Al composite plates fabricated using both rolling processes, focusing on the surfaces and side
views. Experimental comparisons are illustrated in (a) and (b), while simulated damage distribution are presented in (c) and (d).
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for damage accumulation. For further details on this variable, one can refer to previous research [34].
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mogenization trend of EPS along the TD was observed across
the entire plate surface. This phenomenon likely results from
the constrained deformation of the Mg alloy along theTD due
to the extrusion deformation of the Al alloy during the rolling
process. Consequently, the metal’s primary flow direction is
predominantly in the RD, resulting in substantial plastic strain
accumulation in this direction, which in turn elevates the EPS.
In the context of damage evolution, it is evident that under
the current deformation conditions, both the damage value
and the reciprocal of the stress state function at the edge ap-
proach 0. This indicates that the proposed rolling process has
altered the stress state at the plate’s edge, thereby slowing
the rate of damage evolution. By considering the distribution
trend of the stress triaxiality, it is clear that the stress triaxial-
ity at the edge of the Mg alloy is —0.83 during the proposed
rolling process, which is significantly lower compared to the
value of 0.027 under the conventional process at the same
deformation level. The significant decrease in stress triaxi-
ality weakens the cumulative rate of damage. Furthermore,
although there is an accumulation of EPS at the edges of the
Mg alloy, it is insufficient to cause a significant accumulation
of damage values at lower rates. As the deformation of the
plate along the ND increases to 40% (Fig. 6(b)), the accu-
mulation of strain at the region near the Mg alloy edge (0 ~
30 mm) approaches uniformity, further improving the homo-
geneity of the plate. Besides, the difference between EPS and
EEPS is further amplified, indicating that although the cumu-
lative strain in EPS is significant, only a small portion of EPS
transforms into EEPS, contributing to the evolution of dam-
age. Furthermore, with further increase in deformation, the
stress triaxiality at the edge of the plate further to decrease
to —1.56. This is attributed to the downward pressure from
the rolling mill, which intensifies the deformation of the Al
alloy along the TD, thereby increasing the triaxial pressure at
the plate’s edge. The elevation in triaxial compressive stress
mitigates the rate of damage evolution, effectively inhibiting
the formation of edge cracks.

4.2. Examination of the edge stress state under the
embedded composite rolling process

Fig. 7(a) illustrates the hydrostatic stress distribution in
the Mg/Al composite plate under both rolling processes. In
both processes, the hydrostatic stress progressively increases
from the central to the edge regions of the composite plate.
However, in the proposed process, the hydrostatic stress at
the Mg alloy’s edge is negative, indicating a significant vol-
umetric compression during the plastic deformation process.
To more clearly show the change trend of the two process
stress states. The variation trends of the element Mg_El’s
hydrostatic and triaxial stresses on the Mg alloy edge during
the proposed process are shown in Fig. 7(b). These variables
exhibit a decreasing-then-increasing trend within the rolling
zone. In terms of hydrostatic stress, the rolling zone’s hydro-
static stress values are primarily negative because the edge Al
alloy prevents the Mg alloy from deforming along the TD.
Furthermore, during the time interval from 1.13 to 1.21 s,

there was a further decrease in the stress triaxiality and hy-
drostatic stress of element Mg_EIl. This is explained by the
fact that the edge of Mg makes adequate contact with the
Al alloy at this particular moment. The edge of the Mg al-
loy is under more pressure own to the strong deformation of
the Al alloy. Consequently, during this time the Mg alloy’s
volumetric pressure reaches its maximum value.

To visually demonstrate the stress and deformation trends
in the edge region of Mg alloy, a comparison of the stress
states at different deformation stages (corresponding to dyp
=10% to 40%) for element Mg_EI1 under two different pro-
cesses is shown in Fig. 7(c). In Stage I, the triaxial stresses
of element Mg_El are primarily in a compressive stress state
due to the influence of Al alloy extrusion during the pro-
posed rolling process. Particularly in the TD, it exhibits a
significant compressive stress effect. However, in conventional
rolling processes, the Mg alloy edge can deform freely along
the TD. As a result, the element Mg_El experiences lower
volumetric pressure. In stage II, the Mg alloy edge still ex-
periences significant volumetric pressure, which hampers the
rate of damage evolution. Conversely, during the conventional
rolling process, the hydrostatic stress at the Mg alloy’s edge
remains positive. This is due to the relatively small restric-
tion on the deformation freedom of the edge region. With the
accumulation of plastic deformation, the primary deformation
of the edge element no longer aligns parallel to the RD, but
instead shifts towards the free end direction. Consequently,
this leads to the further release of volumetric pressure and
accelerates the process of internal voids expansion and coa-
lescence within the matrix. With the further accumulation of
deformation, the deformation along the TD of the Al alloy is
intensified under the proposed rolling process, exerting greater
pressure on the Mg alloy. As a result, the hydrostatic stress
exhibits a decreasing trend. In contrast, under the conven-
tional process, the hydrostatic stress remains positive, leading
to a consistently high growth rate of damage.

The Lode parameter and the stress triaxiality serve as crit-
ical mechanical variables in the analysis of damage. The 7
- L space, constituted by these two variables, facilitates the
visualization of stress states, thereby enhancing the distinc-
tion between compressive, tensile, and shear stress conditions.
Fig. 7(d) illustrates a comparison of the element Mg _EI in a
two-dimensional 1 - L space for Mg/Al composite plate rolled
using the proposed and conventional processes. In stage I, the
numerical values of the Lode parameter for the Mg alloy edge
are similar for both processes, and the stress states for both
processes lie between pure shear and compression. However,
under the proposed rolling process, the value of stress triaxial-
ity is smaller, indicating a lower rate of damage accumulation.
In stages II and III, under the conventional process, the ele-
ment Mg_E1 is located at the free end of the plate. As the
volumetric pressure progressively dissipates, the hydrostatic
stress transitions from negative to positive, consequently ele-
vating the stress triaxiality. In terms of the Lode parameter,
the element’s stress state progressively changes to pure shear
during the current deformation stage, hastening the rate at
which damage evolves. However, in the proposed rolling pro-
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Fig. 7. Damage inhibition mechanism analysis during embedded composite rolling process. (a) Hydrostatic stress distribution on plate surface during rolling.
(b) The element Mg_E1’s hydrostatic stress and triaxial stresses evolved with rolling time. (c) Deformation state of element Mg_E1 at different stages along
the ND. (d) Comparison of the distribution of element Mg_E1 in (n-L) space at different deformation stages under both rolling processes.

cess, despite the Lode parameter of the element remains close
to O (pure shear stress state), the deformation of the element
is limited by the Al alloy. As a result, the hydrostatic stress
further decreases (enhancing the volumetric pressure), lead-
ing to a further decrease of the stress triaxiality. This, in turn,
results in a further suppression of cumulative damage. With
the further increase in plate deformation, the stress state of
the element under conventional process remains almost un-
changed, consistently experiencing high stress triaxiality and
pure shear stress. But in the proposed rolling process, as the
deformation increases, the extrusion force that the Al alloy
applies to the edge of the Mg alloy progressively increases,
lead to a further decrease in the element’s stress triaxiality.
In stage IV, under the proposed process, the stress triaxiality
of element Mg_El falls below the critical threshold. In this
stress state, the conditions for damage evolution are no longer
present, effectively inhibiting the generation of cracks.

5. Mechanical property evaluation

Bonding strength and tensile strength are crucial indica-
tors for evaluating the forming performance of composite
plates. This section compares the forming performance of
plates at different positions under two processes and, through
microstructural characterization, analyzes the differences in
forming performance between the conventional and proposed
processes.

To evaluate the forming quality of composite plates under
both processes, shear and tensile specimens were sequentially
extracted from the edge to the center of the rolled composite
plates, as illustrated in Figs. 8(a) and (b). These specimens,
designated as #S1 to #S4 for shear tests and #T1 to #T2 for
tensile tests, were prepared for subsequent mechanical testing.
The geometric dimensions of the shear and tensile specimens
are depicted in Figs. 8(c) and (d), respectively. Notably, a
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Fig. 8. The specimens’ position at the plate and size in mechanical property test. The sampling position for shear and tensile tests conducted using conventional
and proposed processes are illustrated in (a) and (b), respectively, with dimensions detailed in (c) and (d).
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Fig. 9. The comparison of bonding strength rolled by two different processes, with a focus on the transition from edge to center, corresponding to shear
specimens #S1 to #S4. Quantitative data comparisons are illustrated in (a), while macroscopic fracture morphology of the edge specimen #S1 is depicted in

(b).

symmetrical slot with a length of 5 mm was made at the
center of the shear specimens to facilitate the measurement
of the bonding strength of the rolled plates. Furthermore, it
is important to mention that the tensile and shear test spec-
imens were extracted from identical locations on three dif-
ferent rolled composite plates. These mechanical experiments
were repeated three times to minimize experimental error as
much as possible.

5.1. Comparison of the bonding strength between the two
processes

Fig. 9(a) illustrates the comparison of bond strength at var-
ious locations (from edge region #S1 to central region #S4)
for Mg/Al laminated composites fabricated using two distinct
rolling processes. It is observed that near the central positions
#S52, #S3, and #S4, the bond strength of both processes is rela-

tively similar, with the average bond strengths for the conven-
tional and proposed processes being approximately 26 MPa
and 27 MPa, respectively. At position #S1, closer to the edge
of the plate, the bond strength of the conventional process is
significantly lower, around 7 MPa. In contrast, the proposed
process substantially enhances the bond strength at this loca-
tion to approximately 16 MPa, which is about 2 times that of
the conventional process. To elucidate the reasons behind this
phenomenon, a comparison of the macroscopic morphology
of edge specimens #S1 from both processes is presented in
Fig. 9(b). The expansion of edge cracks in specimens prepared
using conventional methods results in the evident presence of
cracks and interface ripples on the end surfaces. These de-
fects hinder adequate interface bonding, consequently leading
to reduced bond strength. Conversely, the sample from the
proposed process shows a uniform interface without evident
cracks or defects, indicating a significant optimization of in-
terface bonding quality and homogeneity.
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5.2. Comparison of the tensile strength between the two
processes

Figs. 10(a) and (b) illustrate the comparison of tensile
strength between the edge and central regions of compos-
ite plates under different rolling processes. Own to the poor
plasticity of Mg alloys compared to Al alloys at room tem-
perature, Mg alloys fracture before Al alloys, resulting in two
instances of stress reduction during mechanical loading. In
the edge region of the plates (Fig. 10(a)), the loading curve
under the conventional process exhibits a lower yield point
and does not demonstrate a significant work hardening ef-
fect. Moreover, the magnitude of stress reduction caused by
the fracture of Mg alloy is smaller, suggesting that defects
might have already been present within the Mg alloy matrix
before loading. In contrast, under the proposed process, the
loading curve at the plate edges shows noticeable hardening,
higher strength, and enhanced toughness, with smaller vari-
ations in repeated experiments. For the center region of the
plates (Fig. 10(b)), the conventional process exhibits a lower
yield point and a more linear plastic region on the curves,
with less pronounced work hardening effect, indicating infe-
rior toughness. This may be attributed to the differences in
the internal microstructure of the materials due to the vary-
ing rolling processes. Fig. 10(c) presents a comparison of the
average tensile strength and fracture strain at the edges and
center of the rolled plates. For the edge region, the average
peak strengths under the proposed and conventional processes
are 272.3 MPa and 162.4 MPa, respectively, with the proposed
process achieving a 67.7% improvement. For the central re-
gion, the average peak strengths are 269.9 MPa for the pro-
posed process and 267.3 MPa for the conventional process,
with average fracture strains of 18.17% and 16.8%, respec-
tively. Although the strength under the conventional process
is slightly higher, its fracture strain is reduced. A comparison
of the mechanical properties at different locations within the
same process reveals greater variability in the conventional
process, whereas the proposed process exhibits stronger ho-

mogeneity along the TD. The reasons behind these phenom-
ena will be discussed subsequently.

5.2.1. Analysis of the differences in tensile performance in
the edge regions

To investigate the reasons behind the differences in the
mechanical loading behavior of the edge regions of plates
produced through various processes, Fig. 11 presents a com-
parison of the tensile properties of edge specimens from plates
rolled using different techniques. Fig. 11(a) illustrates the
morphology of the edge sample #T1 produced using con-
ventional processes, where local stress softening due to crack
propagation at the edges of the composite plate results in a
wavy interface. Additionally, significant microcracks observed
at the sample’s end face, attributable to these initial defects,
lead to rapid internal crack propagation within the Mg al-
loy during loading. This phenomenon prevents the Mg alloy
from sustaining higher loads and reaching its forming limit
prematurely, as depicted in Fig. 11(b), and is a primary reason
for the material’s inability to exhibit significant work harden-
ing during the loading process. As the loading continues, the
Al alloy also fractures, ultimately resulting in the complete
loss of the material’s load-bearing capacity. In contrast, the
edge specimens of composite plates rolled using the proposed
process, as shown in Fig. 11(d), are overall smooth and de-
void of macroscopic cracks. During the loading process, both
Mg and Al alloys are capable of undergoing effective plastic
deformation and bearing loads, leading to more pronounced
work hardening behavior. Consequently, this results in higher
peak stress and improved toughness.

5.2.2. Analysis of the differences in tensile performance in
the center regions

To investigate the differences in plastic strengthening
within the central region of plates (#I2) under mechanical
loading across various manufacturing processes, an analysis
at a more microscopic level is necessary. Fig. 12 presents a
comparative microscopic examination of the fracture surfaces
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Fig. 11. The morphologies comparison of edge specimens #T1 rolled using two different processes, with initial specimens’ comparisons shown in (a) and (d),
corresponding to the conventional and proposed processes, respectively. Comparisons during the loading process are illustrated in (b) to (c) for the conventional
process and (e) to (f) for the proposed process.
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Fig. 12. The fracture morphologies comparison for specimens #I2 using two different processes. (a) and (c) correspond to the fracture surfaces of Al and
Mg alloys, respectively, fabricated using the conventional process, while (b) and (d) correspond to those fabricated using the proposed process.
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Fig. 13. The comparison of grain morphologies in the center region of plates rolled using two processes, with (a) and (b) corresponding to the conventional

and proposed processes, respectively.

of tensile specimens from the central region of composite
plates (#T2) processed through different techniques. For Al
alloys (Figs. 12(a) and (b)), the fracture morphologies un-
der both processes are similar, with a significant presence of
uniform voids observed in the magnified images Al-(1) un-
der both conditions, without the appearance of serrated tears.
This indicates a uniformly ductile deformation mechanism in
Al alloys under both processes. Given the similarity in frac-
ture morphologies of Al alloys under both processes, the dif-
ferences in plastic strengthening observed during mechanical
loading are primarily attributed to the microstructural differ-
ences in Mg alloys. For Mg alloys (Figs. 12(c) and (d)), a sig-
nificant number of serrated tears can be distinctly observed on
the macroscopic fracture surfaces produced by conventional
processes. These characteristics are more pronounced in the
magnified images Mg-(1) and Mg-(2), indicating the occur-
rence of uneven plastic flow and stress concentration during
plastic deformation under conventional processing. Further-
more, the presence of unevenly distributed voids and dimples
in Mg-() suggests a poor plastic response, reflecting a mi-
crostructure unfavorable for plastic deformation. Conversely,
under the proposed process, the fracture surface exhibits a
relatively smooth appearance with uniformly distributed dim-
ples, as clearly observed in the magnified images Mg-(1) and
Mg-(2). The emergence of uniform equiaxed dimples indi-
cates a ductile fracture mechanism through void coalescence
under this process. Additionally, the absence of noticeable
serrated tears under the proposed process suggests a more
uniform local strain in Mg alloys during mechanical loading.
Additionally, the absence of noticeable serrated tears under
the proposed process suggests that the Mg layer has a more
uniform local strain along the RD.

Fig. 13 illustrates a comparative analysis of the microstruc-
tural characteristics in the central regions of Mg plates fab-
ricated using two different processes. The post-rolling mi-
crostructure of the Mg alloy, influenced by intense shear from
the rolling process and DRX, exhibits a layered structure ori-
ented along the ND. This structure comprises continuous fine
recrystallized grains forming shear bands, severely deformed
large grains, and a high density of deformation twins dis-
tributed within these grains [7]. The primary differences be-

tween the two processes are evident in the significantly elon-
gated large grains along the RD. Under the proposed process,
additional deformation constraints induce more intense plas-
tic flow in the matrix metal along the RD. Consequently, the
width of large grains in the Mg alloy is reduced in the pro-
posed process compared to the conventional process, and there
is a higher volume fraction of both layered and intersecting
twins. Near the concentration areas, chain-like recrystallized
grains are also observable. This suggests that the proposed
process enhances the grain boundary density and promotes
a more uniform microstructure in the Mg matrix compared
to conventional rolling techniques. The crack nucleation and
propagation trends shown in Fig. 12 are closely related to
this. The main cause of brittle fracture is the instability of
crack nucleation and propagation. In the composite plate man-
ufactured by the traditional process, coarse grains and small
grains are staggered in the Mg alloy. Since dislocations are
easy to expand in coarse grains and are strongly hindered
by dense grain boundaries in the aggregation area of small
grains, the crack tips formed in the former will be blunted
and delayed in expansion, while the latter will cause more
serious stress concentration and lead to catastrophic cracks
[44]. Therefore, ductile fracture and brittle fracture charac-
teristics appear in different areas on the fracture. The plate
prepared by the proposed process has a more uniform struc-
ture. Intuitively, the dimple size is small, and distribution are
more widely distributed. The fracture morphologies presented
in Figs. 12(a) and (b) further corroborate this, showing a less
pronounced difference in the mixed fracture characteristics of
the specimens produced by the proposed process, as opposed
to the distinct zonal mixed fracture features observed in spec-
imens from the conventional process.

To further elucidate the microstructural differences be-
tween two fabrication techniques, X-ray diffraction (XRD)
was employed to statistically analyze the grain orientation in
the central region of the plates. The pole figures of {0002}
depicted in Figs. 14(a) and (b) reveal that, although the c-axes
of some Mg alloy grains in both processes deviate towards the
RD during rolling, the basal texture remains pronounced. Un-
der the proposed process, the texture intensity in the central
region of the plate increased by approximately 45.5% com-
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pared to the conventional process. Along paths 1 and 2 set
in the RD and TD directions on the pole figures, the density
values of the (0002) pole axis as a function of the deviation
angle are shown in Fig 14(c). The distribution curves indicate
that the influence on the RD post-rolling is more pronounced
in both processes, indirectly demonstrating that, compared to
conventional process, the proposed process not only mitigates
cracking but also enhances the unidirectional plastic defor-
mation of Mg alloy. Simulation results vividly illustrate this
process. As shown in Fig 14(d), the maximum strain in the
element Mg_C1 in the central region of the plate along the
RD is 0.71 under the proposed process, compared to only
0.55 in the conventional process. The maximum strain along
the TD direction is 0.02 in the proposed process, whereas it
reaches 0.05 in the conventional process. The proposed tech-
nique restricts plastic flow along the TD and intensifies the
overall plastic flow trend along the RD, implying that the
freedom of grain rotation is constrained, thereby promoting
the deviation of the {0002} basal plane towards the rolling
plane and forming a stronger basal texture. Notably, the den-
sity distribution of the pole axis forms peaks near 38° and
86°. According to previous reports, these specific orientations
are primarily due to the activation of prismatic slip (a) and
pyramidal slip (¢ + a) during the hot rolling of Mg alloys,

as well as the occurrence of {10-11}-{10-12} double twins
and {10-12} extension twins [45].

The microstructural characteristics directly influence the
tensile properties of Mg alloy layers, thereby affecting the
overall strength and toughness of composite plates fabricated
using two different processes. During tensile testing along the
RD, the basal planes of the Mg alloy exhibit a deviation from
the ideal orientation, with the c-axis tilting. When the major-
ity of the Mg alloy grains have a basal plane angle of less
than 13° relative to the RD-TD plane, prismatic slip on the
a-axis becomes dominant [46,47]. The proposed process en-
hances the basal texture strength significantly, increasing the
contribution of prismatic slip during deformation. In contrast,
the conventional process tends to facilitate basal slip on the c-
axis, which is more readily activated. This suggests that com-
posite plates produced by the proposed process demonstrate
more pronounced work hardening and a more stable harden-
ing rate in the early stages of plastic deformation. Overall,
the dual reinforcement mechanism, resulting from a higher
density of grain boundaries and stronger basal texture, en-
dows the composite plates manufactured using the proposed
process with a notably enhanced work hardening effect and
improved toughness compared to those produced by the con-
ventional process.
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5. Conclusion

This study introduces a novel rolling process, called ‘em-
bedded composite rolling,” designed to mitigate edge crack-
ing in Mg alloys by embedding them within Al alloys dur-
ing the Mg/Al composite plate rolling process. The enhanced
Lemaitre model simulation was employed to reveal the cause
by which this proposed process suppresses edge defects. Fur-
thermore, this paper conducts a comparative analysis of the
mechanical properties of plates rolled using both rolling pro-
cesses. The primary conclusions drawn from this study are
outlined below:

1. A novel ‘embedded composite rolling’ technique, devel-
oped through the grooving treatment of Al alloys, has been
proposed to inhibit edge defects in Mg/Al composite plates
during rolling. The comparative validation between the
proposed process and the conventional process was con-
ducted at 350 °C with a 50% reduction rate. The results
indicated that the plates rolled using the proposed process
exhibited a smooth and even surface, with no macroscopic
edge cracks detected. Furthermore, the side interface of the
plates was straight, in stark contrast to the wavy interface
observed in plates produced by the conventional process,
signifying a notable improvement in the forming quality
of the plates.

2. Utilizing an enhanced Lemaitre damage model, the evo-
lution of damage in the composite plate under two dif-
ferent processes was assessed. The findings indicate that
the maximum edge damage prediction for the proposed
process decreased by 96% compared to the conventional
process. This significant reduction can be attributed to the
following factors: during the rolling process of the pro-
posed technique, the Al alloy restricts the deformation of
the Mg alloy along the TD. This restriction, on one hand,
promotes the metal flow of Mg alloy along the RD at the
edges, leading to more uniform deformation and effectively
preventing stress concentration. On the other hand, the de-
formation of the Al alloy provides substantial support to
the edges of the Mg alloy, inducing a triaxial compressive
stress state. The elevated triaxial compressive stress leads
to a reduction in edge stress triaxiality (nmax from —0.02
to —1.56), which falls below the critical stress triaxiality
threshold, thereby preventing the evolution of damage.

3. The comparison of the mechanical properties of rolled
plates produced by two different processes revealed that
the proposed method significantly enhances the homogene-
ity along the TD and the mechanical performance in the
edge regions of the plates. Specifically, the edge bonding
strength and tensile strength of the plates processed by the
proposed method exhibited increases of 118% and 68%, re-
spectively, compared to those produced using conventional
rolling techniques. Furthermore, the rolled plates produced
by the proposed process exhibit enhanced toughness. This
phenomenon can be attributed to the restriction of plastic
flow along the TD and the reinforcement of plastic flow

along the RD, resulting in a higher density of grain bound-
aries and a stronger basal texture.
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Appendix A. Numerical implementation method of the
enhanced Lemaitre damage model

Step 1: Calculate trial stress and update internal variable.

To avoid the loss of variables in the calculation process,
these variables need to be updated in the Step 1, and the test
stress need to be calculated (assuming the current increment
step is elastic). The related equations are as follows:

Calculate :
trial stress tensor : (031 = (07j), + C: Agf;
trial hydrostatic stress : (ah)ﬂ“l’ =Tr[(ojj );1“1’] /3

the second invariant of deviational stress :
h ; ;
o= 3 (i) i)
the third invariant of deviational stress : J;3 = det(s)

: (oeq)’n’ﬂ =3

(A.1)

trial von — Mises stress

( lpl)n+1 = ( l/)n
Update : (864)n+1 = (eky), (A2)

(D)n+1 = (D)n

Step 2: Calculate the variables required for stress state
function.

«FJg]

Lodeangle : OL— zsin~ [2(J e

Lodeparameter : L=\/_ 3tan 6y,

(G

(O' )/r/al

Calculate : (A3)

stresstriaxiality : n =
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Step 3: Assess whether plastic conditions are met.
Set ()41 = (%), and calculate the yield surface equa-
tion of damage model:

—[1 = D)ur11(Teg)nt1-

Proceed to Step 4 if the yield condition is met, or Step 5
if Eq. (A4) > 0.
Step 4: Solving the equivalent plastic strain increment by
Newton-Raphson algorithm.

Decide on the starting EPS increment value (iterative step
i=1) (Aeh)'=

Calculate the partial derivative of the potential function.

@ = (0y)nt1 (A4)

P 3d do, D D 3P 9oy,

f(Ael) = 7 = >+ —= 7 ,
0Agy 00y 0Ag,; D 0Agyy  00.4 0AE,y,

(AJS)

where the derivation details are summarized in Appendix B.
Update variables.

PN+l _ pi PlAel)]
(Ateg)'™ = (Ageq) T

(qu)iill = (qu)n+l + (Agepq)Hl

. i (
Update 1§ (o)™ = (0y)us1 + o (Ael)™ 1 (A.6)
D = D + 425 8D
(O'eq)i—ll = (Geq)n-‘rl - 3G(A8£q)i+l
where G = ﬁ is the shear modulus (x and E are poisson

ratio and young modulus of materials, respectively).

Cyclic calculate the Eq. (A.5) and Eq. (A.6) until the
Eq. (A.4) meets the termination condition, and then go to
Step 5.

Step 5: Determine whether the element has reached the
failure condition.

If damage value D > 1, then remove this element and
jump to Step 7, else continue to Step 6.

Step 6: Update the stress and plastic strain tensors.

Set (*)nJrl = (*);_;,_1-

Calculate the stress tensor.

(sint1 = (sip)dl — 2GAel,. (A7)
Calculate the plastic strain tensor.
30501 (),
(67 gy = ik ] A8)

2(0eq) 11
Step 7: Proceed to the next incremental step.
Set (*)n +2 = (*)n + 1

Appendix B. A summary of the derivative details

1. Flow stress model
This study employs a flow stress model that incorporates
DRX, detailed in Section 3. The equation is as follows:

oy = [U + (GO — Oy )CXp( SZE‘C’{))q)]I/2 — (05 — Ogs) XarxXarx

(B.1)

The derivation details of Eq. (B.1) are as follows:
oD

— =1 B.2
90, (B.2)
doy _ __ Qeexp(=Ruely) (05 — o7)
=
0 Aeeq 2,02+ (0F — 02) exp (—R2:£5)
0X
- (Gs - ass)LRpX
0Agy
o koA (1= 22 ) In k) (00— 010) 53
dAel, ’ '

1]2(80.5 — &)

eyl —&,
[kv A (1 — —855_80) +
where seq is the value of the i + 1 iteration step, which con-
tains the EPS increment Aeeq, that is, (eé’q)zfl' = (ef_fq)n gt
(Aeb)™.
2. Damage

I
— =0, (B.4)
3D

aD sk 1 n—2

Inel, =n(el)" (ep) ™" +nln—1)(el)" () el
(B.5)

where &l also represents the value of the i + 1 iteration step,

and its incremental form is as follows:

(P = (e85 )ns1 + (Ael) ™ forn>nim

(8 )lllirll - (8 )VhLl +0f0f77<7711m (B6)
3. von-Mises equivalent stress

0P

=D (B.7)

004

004
TN (B.8)
0Agy
where the incremental form of o, is (oefl)i ]1 = (Oeq)n+1 —

3G(A£§q)"“.
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