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Abstract: The edge crack behavior of copper foil in asymmetrical micro-rolling was studied. The effects of the speed
ratio between rolls, grain size and stress state in the deformation zone on edge cracks of the rolled piece in asymmetrical
rolling were analyzed. Low plasticity, uneven deformation and longitudinal secondary tensile stress generated in the
edge area of the rolled piece during the rolling process are the main causes of edge cracks. The larger the grain size of
the rolled piece, the smaller the number of edge cracks and the deeper the expansion depth, and the larger the spacing
between cracks under the same rolling reduction. Asymmetrical rolling can effectively increase the rolling reduction at
when the copper foil fist shows edge cracks compared to symmetrical rolling. This enhancement is attributed to the
shearing stress induced by asymmetrical rolling, which reduces the rolling force and longitudinal secondary tensile
stress, and increases the residual compressive stress on the surface of the rolled piece. The edge crack defects of copper

foil can be effectively reduced by increasing the speed ratio between the rolls in asymmetrical rolling.
Key words: edge crack; copper foil; asymmetrical rolling; size effect

1 Introduction

Copper foil, referred to as the “neural network”
for electronic signal and power transmission, is
highly valued for its superior processability and
electrical conductivity [1-3]. Edge cracks, which
frequently occur during the cold rolling process of
copper foil, are characterized as fractures that
manifest on one or both sides of the edge of the
rolled piece. These defects propagate transversely
during continuous rolling and are conventionally
mitigated through edge trimming in industrial
production. Notably, severe edge cracks may trigger

catastrophic strip breakage during processing,
resulting in substantial economic losses.

In recent years, extensive research has been
conducted on edge cracking of various metals and
their alloys during the rolling process. YAN et al [4]
demonstrated that large-diameter work rolls are
beneficial in reducing edge cracks in cold rolling
deformation of silicon steel sheets. High surface
roughness is considered to be an important cause
for edge cracks during the rolling process of
low-carbon steel with a thickness of 2 mm [5]. It is
reported that the plastic damage is caused by the
shear deformation and hole accumulation during
the rolling process of Mg plates with a final rolling
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thickness of 3 mm [6]. Systematic investigations of
multifactorial edge crack origins have enabled the
establishment of diversified ductile damage criteria
for cold-rolled alloys. Impurities in the edge area of
the rolled piece can easily cause strain localization
during the rolling process, resulting in edge cracks
[7]. Edge cracks in rolled pieces can be attributed to
the longitudinal tensile stress in the edge region
exceeding the theoretical fracture strength of the
material [8]. LEE et al [9] found that edge drop
promotes the generation of edge cracks in copper
alloys rolling with a six-high mill. While these
studies establish comprehensive frameworks for
macroscale edge cracking phenomena, their
applicability diminishes at microscale dimensions
due to intrinsic size effects governing material
fracture behavior.

Although numerous studies on the micro-
rolling of copper foil have been conducted, most are
confined to the rolling mechanics, with very few
focusing on product quality, especially edge crack
defects. WANG et al [10] proposed an idea of using
the double rolling method to prepare the copper foil
so that it has a sufficiently large matte surface
roughness and meets the requirements for firm
bonding with the resin substrate. CHEN et al [11]
focused on the effect of grain size and heterogeneity
on the mechanical behavior of foil rolling using a
grain-level finite element analysis in combination
with a rate-dependent crystal plasticity constitutive
model. The existing researches on the edge cracking
behavior of metal foil predominantly concentrate on
the effect of the initial microstructure of rolled
pieces on the subsequent edge cracking behavior.
Mg foil with a thickness of 35 pm without edge
cracks can be obtained by controlling the initial
microstructure of the blank before rolling [12].
ZHAO et al [13] found that copper foils with grain
sizes of 19 and 23 pm were free from edge cracks
after a reduction of 70%.

The advantages of asymmetrical rolling in the
preparation of metal foil have been gradually
unveiled in recent years. WANG et al [14] developed
a model based on the slab method to analyze the
effects of mechanical parameters, including roll
speed, roll diameter, friction coefficient, roll force,
and roll torque in asymmetrical rolling. TANG
et al [15,16] studied the permissible minimum
thickness in asymmetrical cold strip rolling using
the slab method. CHEN et al [17,18] improved the

corrosion resistance of copper foil and the
electrochemical  performance of lithium-ion
batteries by utilizing electrodeposited copper foil as
the raw material through asymmetrical rolling and
surface morphology modification. Asymmetrical
rolling is recognized as an effective means to
produce high-quality metal foil. However, the edge
cracking behavior of metal foil in multi-pass
asymmetrical micro-rolling remains systematically
unexplored. In this work, the edge cracking
behavior of copper foil in asymmetrical and
symmetrical rolling is compared to explore the
advantages of asymmetrical rolling to produce
metal foil. Additionally, the influence of size effect
on the edge cracking behavior of copper foil is
analyzed, providing theoretical and practical
guidance for producing metal foil by asymmetrical
rolling.

2 Experimental

Copper foil with a thickness of 80 um was
annealed under conditions of (500 °C, 1h),
(600 °C, 2 h) and (950 °C, 2 h) to obtain different
grain sizes for the uniaxial tensile test and
asymmetrical micro-rolling test. Uniaxial tensile
tests were performed on an Instron 5969 microforce
Testing System (Illinois Tool Works Inc. Cincinnati,
OH, USA) at room temperature. The tensile
samples, fabricated in accordance with the ASTM
E8/ESM—21 standard [19], were cut into dog
bone-shaped specimens, each with a gauge length
of 50 mm and a width of 12.5 mm. To ensure the
precision of the results, each test was conducted
at a loading rate of 1 mm/min and replicated five
times. The surface and lateral roughnesses of the
specimens were meticulously controlled, as these
characteristics were recognized to significantly
influence the stability of the uniaxial tensile test
data. The surface quality of the samples was
rigorously inspected to preclude any scratches or
pits. During the electric discharge machining, the
cutting speed was reduced to
safeguard the specimen integrity. Furthermore, the
cut surfaces of the samples were carefully abraded
with 3000# sandpaper prior to the uniaxial tensile
testing.

The asymmetrical micro-rolling experiment
was performed on our self-developed metal micro-
forming mill. The diameter of the work roll was

meticulously
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50 mm, the length of the roll body was 130 mm,
and the speed of the two work rolls can be adjusted
separately to obtain different speed ratios.
Rectangular samples, measuring 50 mm by 20 mm,
underwent rolling at these varied speed ratios to
ascertain the edge cracking behavior. The initial
thickness of copper foil prior to rolling was
maintained at 80 pm, with the rolling force
maintained within a range of 10—85 kN and the
speed ratio between rolls varying from 1.0 to 1.3.
The surface morphology of the samples was
examined using a scanning electron microscope
(SEM, Ultra 55, Zeiss, Oberkochen, Germany), and
the residual compressive stress within the samples
was quantified using X-ray diffraction (XRD,
PANalytical BV, Almelo, Netherlands).

3 Results

3.1 Microstructure and mechanical properties
The microstructures of the samples, depicted
in Fig. 1, exhibit the characteristic grain boundaries
and twin boundaries typical of annealed copper.
The grain size of the copper foil is observed to
increase incrementally with increasing annealing
temperatures and extended durations. The linear
intercept method was employed to calculate the
grain sizes of the as-received samples and those
annealed at 500 °C for 1h, 600°C for 2 h, and
950 °C for 2 h, which were determined to be 3.3,
7.7, 23.2, and 75.2 um, respectively. Concurrently,
the ratio of sample thickness (7) to grain size (D),
denoted as 7/D, was diminished progressively with
the escalation of grain size, exhibiting values
of 242, 104, 3.4 and 1.1, respectively. The
distribution of the various grain types was observed
to be relatively uniform in the fine-grained samples;

Fig. 1 Microstructures of samples with different grain
sizes: (a) 3.3 um; (b) 7.7 um; (c) 23.2 pm; (d) 75.2 pm

however, this uniformity was disrupted when the
T/D ratio fell below 10. The shape, orientation, and
deformation characteristics of individual grains
were identified to exert a more pronounced impact
on the overall deformation behavior of the copper
foil. Particularly, when the 7/D ratio approaches 1,
the influence of the size effects on the deformation
of the copper foil becomes markedly more
significant.

Engineering stress—strain curves of copper foil
with varying grain sizes are exhibited in Fig. 2.
Figure 3 shows the variation of fracture stress and
fracture strain with grain size. The mechanical
properties of copper foil with different grain sizes
were analyzed in detail in our previous work [20].
In brief, the fracture behavior of copper foil
changed significantly with a decrease in the number
of grains along the thickness direction. The quantity
of dimples observed on the fracture surface was
noted to diminish progressively with an increase in
grain size. When the 7/D ratio of copper foil was
less than 10, dimples were not observed on the
fracture surface, and both the fracture stress and
strain decreased with the increase in grain size. The
fracture process of the copper foil was determined
to be intricately linked to the surface roughness.
Variations in the degree of deformation and the
presence of slip marks on the surface of different
grains resulted in enhanced surface roughening
during the tensile deformation process. The local
depression and thinning of the sample caused by
surface roughening occurred during the initial stage
of tensile deformation, leading to the reduction of
fracture stress and strain.

A transition from polycrystalline to single-
crystal behavior occurs when the 7/D ratio falls

250

3.3 pm

7.7 um

Engineering stress/MPa

0 5 10 15 20 25 30 35 40
Engineering strain/%
Fig. 2 Engineering stress—strain curves of copper foil
with different grain sizes
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below 10 [21]. In the context of tensile deformation,
samples with a 7/D ratio less than 10 exhibit
deformation characteristics that are predominantly
influenced by the properties of individual grains. In
such instances, the coordination of deformation
among adjacent grains is markedly compromised,
leading to a non-uniform distribution of strain
within the deformation zone. This results in the
onset of strain localization at the initial stage of
necking. Consequently, as the grain size increases,
there is a discernible reduction in both the fracture
stress and strain of the material, reflecting the
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altered deformation mechanisms at the micro-
structural level.

3.2 Advantage of asymmetrical rolling

Figure 4 shows the relationship between
rolling force and sample thickness during the initial
nine passes of both symmetrical and asymmetrical
rolling, at various speed ratios between the rolls. A
pronounced reduction in the thickness of the rolled
pieces is observed as the rolling force escalates
from 10 to 22 kN. Nevertheless, as the rolling force
progresses from 22 to 85 kN, the curves for both
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Fig. 3 Variation of fracture stress (a) and fracture strain (b) with grain size
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symmetrical and asymmetrical rolling nearly
coincide, signifying that a further increase in rolling
force does not precipitate a proportional decrease in
the thickness of the rolled pieces during the
micro-rolling of metal foil. This phenomenon may
be ascribed to the elastic deformation of the rolls
during the rolling process and the contact between
the extremities of the rolls, which precludes the
reduction of the roll gap and, consequently, the
thickness of the material.

In contrast, when the speed ratio between the
rolls is increased from 1.0 (symmetrical rolling) to
1.3 (asymmetrical rolling), a marked reduction in
the thickness of the copper foil post-rolling is
achieved, irrespective of the rolling force being 10,
22, or 85 kN. This observation suggests that when
the desired thinning effect is unattainable through
the escalation of rolling force alone, an increase in
the speed ratio between rolls can enable further
thickness reduction, ultimately approaching the
threshold of metal rolling. Asymmetrical rolling
thereby achieves thinner foils with lower rolling
forces than symmetrical rolling methods.

Figure 5 shows the relationship between the
number of rolling passes and sample thickness at
varying speed ratios between rolls, with a constant
rolling force of 22 kN. In symmetrical rolling,
where the speed ratio is maintained at 1.0, it was
observed that 30 passes were requisite to achieve a
reduction in the thickness of the copper foil from 80
to 21 um. Conversely, when the speed ratio between
rolls was increased to 1.3, the thickness of the
copper foil was effectively reduced from 80 to 6 pm

80
70 —=— Speed ratio: 1.0
60 —e— Speed ratio: 1.1
—a— Speed ratio: 1.2
g_ 50 F —e— Speed ratio: 1.3
% 40
35
= 30
=
20
10
0 3 6 9 12 15 18 21 24 27 30

Rolling pass
Fig. 5 Relationship between number of rolling passes
and sample thickness with rolling force of 22 kN at
different speed ratios between rolls

in merely 9 passes. This efficiency is attributed to
the disparate linear velocities of the two work rolls
during asymmetrical rolling, which induce shear
deformation in the rolled piece, thereby facilitating
a more pronounced thinning effect. Asymmetrical
rolling thus enables the production of thinner foils
in a lesser number of passes compared to
symmetrical rolling, presenting itself as a
cost-effective and efficient technique for the
fabrication of metal foils.

3.3 Edge morphologies

Edge morphologies of as-received samples at
different rolling reductions in symmetrical rolling
are shown in Fig. 6. At a rolling reduction of 68%,
micro-cracks were noted to initiate at the edge wave
position (Fig. 6(c)), subsequently expanding in a
direction forming a 45° angle to the rolling
direction (Fig. 6(d)). This orientation of crack
propagation is consistent with the direction of shear
stress, which is known to be at a 45° angle to the
rolling direction [22]. The concentration of stress at
the edge region was found to amplify, resulting in
an increased number of cracks and a deeper
propagation. Traditionally, the emergence of edge
cracking has been considered as a sign of the
termination of effective plastic deformation.
However, it was noted that samples with
micro-edge cracks could still undergo further
thinning under minimal tensile stress as the rolling
reduction was increased (Figs. 6(c) and (d)).
Consequently, it is not imperative to equate the
initiation of edge cracking with the cessation of
effective plastic deformation in the material.

Figure 7 presents the edge morphologies of
as-received samples under various reductions in
asymmetrical rolling, with the speed ratio of the
upper and lower work rolls set at 1.3. Notably,
when the reduction is less than 64%, no discernible
edge cracking is observed. As deformation
progresses, the edge of the copper foil deviates
from linearity, and uneven deformation becomes
apparent at a reduction of 74%. Micro-edge
cracking is observed to initiate at a reduction of 84%.
This phenomenon is attributed to the increased
work hardening of the copper foil, which leads to a
reduction in plasticity, thereby rendering the
material more susceptible to edge cracking. It is
observed that asymmetrical rolling markedly delays
the onset of edge cracking in copper foil compared
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Fig. 6 Edge morphologies of as-received samples at different reductions in symmetrical rolling: (a) 45%; (b) 59%;

(c) 68%: (d) 74%

Fig. 7 Edge morphologies of as-received samples with speed ratio between rolls of 1.3 at different reductions in

asymmetrical rolling: (a) 50%; (b) 64%:; (c) 74%; (d) 84%

to symmetrical rolling, as evidenced by a
comparative analysis of Figs. 6 and 7. This finding
underscores the advantage of asymmetrical rolling
in mitigating edge defects in the micro-rolling
process.

Figure 8 shows the edge morphologies of as-
received samples at a rolling reduction of 74% with

different speed ratios between rolls. When the speed
ratio between rolls is 1.0, severe edge cracks are
observed to form, with both large and small cracks
distributed intermittently throughout the sample.
The crack width reaches 100 pm, the depth reaches
200 pm, and the direction of edge crack is gradually
45° from the rolling direction. The presence of such
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Fig. 8 Edge morphologies of as-received samples at rolling reduction of 74% with different speed ratios between rolls:

(a) 1.0; (b) 1.1; (c) 1.2; (d) 1.3

edge cracks poses a significant risk of material
failure, potentially leading to the fracture of the
rolled piece and consequently halting further
processing.

As the speed ratio between rolls gradually
increases from 1.0 to 1.3, there is a marked decrease
in the incidence and severity of edge crack defects
in the copper foil. At a speed ratio of 1.1, the width,
depth, and spacing of the cracks are significantly
reduced, as depicted in Fig. 8(b). At a speed ratio of
1.2, only a few micro-cracks are visible within the
observable field, with the maximum crack width
being slightly over 30 um and the maximum crack
depth exceeding 50 um, as shown in Fig. 8(c).
Notably, at a speed ratio of 1.3, the edge cracks are
effectively eliminated (Fig. 8(d)).

These findings underscore the efficacy of
increasing the speed ratio between rolls in
asymmetrical rolling to mitigate edge crack defects
in copper foil. The results suggest that optimizing
the rolling parameters can significantly enhance the
integrity and quality of the rolled material, thereby
improving the overall efficiency and effectiveness
of the micro-rolling process.

Figure 9 shows edge morphologies of samples
at reduction of 84% and speed ratio between rolls of
1.3 with different grain sizes in asymmetrical

rolling. The larger the grain size of the rolled piece,
the few the number of edge cracks and the deeper
the expansion depth, and the larger the spacing
between cracks under the same rolling reduction.
Coarse-grained samples are more sensitive to edge
cracking than fine-grained samples during the
rolling process [23]. The initial formation of
micro-cracks is often attributed to the transverse
expansion of voids located at weak points within
the edge region. Grains in the edge region are less
constrained compared with internal grains, which
makes them more susceptible to stress
concentration and uneven deformation in cold
rolling. As the grain size increases, the volume
fraction of grains in the edge region also rises,
exacerbating the degree of uneven deformation in
that area. This ultimately leads to the formation of
edge cracks upon reaching a critical deformation
threshold.

4 Discussion

4.1 Uneven deformation

Cracks occur more readily in the edge region
than in the central region, necessitating separate
consideration of the edge and central regions when
analyzing the causes of edge cracks. Elastic bending



Jing-qi CHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 1634—1647 1641

deformation or even contact with each other occurs
in two work rolls in the rolling deformation of
metal foil (Fig. 10(a)). The distribution of the
rolling force (P) along the transverse direction of
the rolled piece is characterized by non-uniformity
(Fig. 10(b)), with the edge region experiencing a
greater rolling force than the central region. This
disparity leads to uneven deformation and strain
localization, with the latter being identified as the
progenitor of edge cracks. Therefore, ensuring the
parallelism of the roll gap is essential to mitigate
the propensity for edge cracking, considering the
sensitivity of edge cracks to the rolling force.

In asymmetrical rolling, the disparate linear
velocities of the two work rolls generate shear
stress, which plays a crucial role in facilitating the
thinning of the rolled pieces and concurrently
diminishing the rolling force when compared to

(a)

Fig. 10 Schematic diagrams of roll deformation (a) and rolling force distribution during rolling process (b)

symmetrical rolling. An increased speed ratio
between the rolls in asymmetrical rolling results in
a more pronounced shear stress and a corresponding
reduction in rolling force. In this work, the rolling
force is reduced from 22 kN in symmetrical rolling
to 10 kN in asymmetrical rolling with a speed
ratio of 1.3 to obtain the same rolling reduction.
This reduction in rolling force in asymmetrical
rolling significantly alleviates the elastic flattening
and bending deformation of the rolls, as well as the
uneven deformation of the rolled piece across the
transverse direction. Consequently, asymmetrical
rolling is demonstrated to be effective in mitigating
edge crack defects when compared to symmetrical
rolling at equivalent reductions.

In symmetrical rolling, the friction stress on
the surfaces of the backward slip zone is opposite to
that in the forward slip zone. The accumulation of

(b)
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these opposing friction stresses within the two
zones contributes to the progressive augmentation
of the spherical stress tensor, which is inherently
associated with the elastic deformation of the rolled
pieces. In contrast, asymmetrical rolling introduces
a directional opposition of friction stress on the
upper and lower surfaces within the cross-shear
zone, thereby intensifying the deviatoric stress
tensor. A greater speed ratio between rolls results in
a greater cross-shear zone proportion and deviatoric
stress tensor, which are reasons for plastic
deformation. More prone to plastic deformation
resulting in fewer edge crack defects. Asymmetrical
rolling achieves superior feasibility for producing
high-quality metal foil (with a thickness of less than
100 pm) with few defects than symmetrical rolling.

4.2 Longitudinal secondary tensile stress

Figure 11 presents a schematic representation
of the stress states at both the edge and central
regions in the rolling deformation zone. During the
rolling process, the stress distribution varies along
the transverse direction (y-axis) during the rolling
process. In the central region of the deformation
zone, the metal flow is confined by the surrounding
material, resulting in a deformation of zero along
the y-axis (&:=0). This condition aligns with the
requirements for plane strain deformation.
Conversely, the metal flow in the edge region is not
similarly constrained along the y-axis, leading to
non-zero deformation in this direction. As a result,
the edge region deviates from the plane strain
scenario.

Fig. 11 Schematic diagram of stress states at edge and
central regions in rolling deformation zone

Under the assumption of plane upsetting for
the rolling process at the edge region, the edge is
permitted to deform freely in both the x and y
directions, with equal deformation occurring in both
directions (ex=¢)2). Concurrently, the central region
of the metal is considered to deform solely in the x
direction, with the center region experiencing twice
the deformation in the x direction compared to
the edge regions (ex=2¢w). This differential in
deformation between the edge and central regions
leads to the development of longitudinal secondary
tensile stress within the edge region, which is
conducive to the initiation of edge cracks.

In asymmetrical rolling, the shear stress in the
cross-shear zone promotes the deformation along
the x direction (ex>¢2). As a result, the central
region deforms in the x direction less than twice the
amount of the edge region (6,1<2é¢y). Consequently,
the disparity in deformation between the edge and
central regions along the x-axis is minimized. This
reduction in deformation disparity is directly
associated with a decrease in longitudinal
secondary tensile stress, which in turn significantly
contributes to a diminished occurrence of edge
crack defects.

4.3 Compressive residual stress

The inhomogeneous plastic deformation in
rolled pieces caused by the bending deformation of
work rolls and other factors in the rolling process
can lead to complex residual stresses. In
asymmetrical rolling, the unequal linear speed of
the two work rolls results in the different
deformation degrees of the upper and lower
surfaces of rolled pieces, and this uneven
deformation induces residual stress in the rolled
pieces. Residual stress in metallic materials causes
changes in interplanar spacing. Figure 12 shows the
relationship between the lattice strain (¢) and the
diffraction angle () of the sample in the
asymmetrical rolling with different speed ratios
between rolls.

The lattice strain (¢) is linearly related to sin’¢p,
with the slope of the line being m. The residual
stress o of the material can be written as

:Em
1+v

(M

r

where v and E are the Poisson’s ratio and elastic
modulus of pure copper, respectively. According to
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Eq. (1), the residual stresses of samples are —61.3,
—73.5,-94.4 and —116.3 MPa when the speed ratios
between rolls are 1.0, 1.1, 1.2 and 1.3, respectively,
where the negative sign indicates that the residual
stress of copper foil is compressive. The sample
with the highest slope at a speed ratio between rolls
of 1.3 implies the highest residual compressive stress.

1.0
= Speed ratio: 1.0
08t e Speed ratio: 1.1
) 4 Speed ratio: 1.2
N v Speed ratio: 1.3
. 0671
=
04l
02+¢
0 L
0 0.1 0.2 0.3 0.4 0.5
sin%p

Fig. 12 Relationship between lattice strain and
diffraction angle of copper foils in asymmetrical rolling

with different speed ratios between rolls

The residual stress distribution in the rolled
piece is related to the reduction of the final pass. In
micro-rolling, the reduction in the last few passes is
very minimal, plastic deformation occurs primarily
near the surface layer of the metal material, and
with little to no extension in the inner metal. Due to
this unequal plastic extension, there must be strain
coordination between the surface and the inner layer.
The inner material restricts the surface from
extending, while the surface material exerts a
tensile effect on the inner material. Consequently,
the surface layer exhibits residual compressive
stress and the inner layer shows residual tensile
stress.  Furthermore, the shear stress in
asymmetrical rolling increases the difference in
plastic deformation between the surface and the
inner layer in rolled pieces. This enhanced
deformation disparity results in a higher level of
surface residual compressive stress in asymmetrical
rolling compared to symmetrical rolling.

The effect of the surface residual stress on the
edge crack can be described by the stress intensity
factor (AK) of the surface defect in Eq. (2) [9]:

AK=0.65(c, +og W m/A 2)

where ogn, 0s and 4 correspond to the nominal stress

amplitude, surface residual stress and surface defect
area, respectively. A smaller AK indicates a slower
surface crack propagation rate. AK increases with
the increase of 4, so the edge cracks will propagate
easily once they form. The surface residual
compressive stress increases with the increase of
the speed ratio between rolls, which reduces the AK
of the copper foil, slows down the initiation and
propagation of surface cracks [24—26], and
significantly reduces the edge crack defects of
copper foil.

4.4 Grain size

In Fig. 9, the larger the grain size of the rolled
piece, the smaller the number of edge cracks and
the deeper the expansion depth, and the larger the
spacing between cracks under the same rolling
reduction. Polycrystalline materials are considered
to be composed of surface and internal parts
(Fig. 13(a)) based on the surface layer model
(SLM) [27], so the flow stress of the material can
be expressed as the sum of the flow stress of the
internal and surface grains.

Inner grains

(a) Surface grains

w
Grain boundary

(b) network Grain interior

g8e368s0atatsnetsdststetetote
00 O i i e
Fig. 13 Schematic diagrams of grain and grain boundary
of polycrystalline materials

The flow stress of the material can be
expressed as

o=fsostfioi 3)
where o represents the flow stress of the entire
material, os and f; represent the flow stress of the
surface grain and the volume fraction of the surface
grain in the total grain, respectively, and o; and f
represent the flow stress of the internal grain and
the volume fraction of the internal grain in the total
grain, respectively. In the forming process of
polycrystalline materials (7/D>10), f; is so small
that the effect of surface grain on material
properties is considered to be negligible. However,
as the scale of the sample diminishes to mesoscopic
or microscopic dimensions (7/D<10), the volume
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fraction of surface grains within the total grain
volume increases. This increase accentuates the
impact of surface grains on plastic deformation,
making the size effect a critical factor that warrants
consideration.

The dislocation distribution within the
deformed material differs between the internal and
surface regions. In the internal region, dislocations
are evenly distributed. In contrast, in the surface
region, dislocation entanglement occurs primarily
near grain boundary junctions, and a small number
of dislocations are distributed within the grains [28].
This phenomenon can be attributed to the minimal
constraints imposed by surface grains, which
facilitate deformation mechanisms such as grain
rotation and grain boundary sliding. These
mechanisms result in a reduced flow stress in
surface grains. The propensity for edge cracking in
copper foil during the rolling process increases with
grain size. This trend is due to the escalating
proportion of surface grains within the material.
During rolling, the coordinated deformation among
grains is reduced, leading to a marked reduction in
fracture strain as the aspect ratio 7/D decreases,
particularly when 77D falls below 10. Under these
conditions, the influence of longitudinal secondary

tensile stress renders the copper foil more
susceptible to edge cracking.
Polycrystalline  materials can also be

considered to be composed of two parts: the grain
boundary network and the grain interior [29]
(Fig. 13(b)). Therefore, the flow stress of the
material can be expressed as the sum of the flow
stress of the grain boundary network and grain
interior. The flow stress of the material can be
expressed as

(O fébo-gb'i_ﬁno-in (4)

where gg, and fy represent the flow stress and the
volume fraction of the grain boundary network in
the entire material, respectively, and oy, and fn
represent the flow stress and the volume fraction of
grain interior in the entire material, respectively.
The dislocation distribution in the grain
boundary network and grain interior of deformed
materials differs. During the deformation process,
the statistically stored dislocations in the grain
interior contribute to the work hardening of
individual grains. The distribution of geometrically
necessary dislocations at the grain boundaries is

mainly used to regulate the continuity of plastic
strain. The dislocation density at the grain
boundaries is higher than that in the grain interior. It
has been found that grain boundaries in annealed
pure Cu was 1.5 times as hard as that of grain
interior [30]. With the increase of grain size, fu
decreases, the barrier effect of grain boundaries on
edge cracking is greater than that of grain inner
region, the grain boundary hardening effect
weakens, the fracture strain of the sample decreases,
and the rolling edge crack is easy to occur. A
decrease in the 77D ratio exacerbates this tendency by
limiting the grain deformation influenced by
adjacent grains, thereby accentuating the deformation
anisotropy of individual grains. This heightened
size effect significantly influences the deformation
of copper foil during micro-rolling, increasing the
likelihood of edge cracking and other defects.

In fine-grained samples, an abundance of grain
boundaries effectively hinders the propagation of
initial edge micro-cracks towards the center of the
rolled piece. The resistance encountered by the
initial crack as it attempts to spread towards the
center of the rolled piece exceeds that faced by the
edge grain in generating a new crack. Consequently,
the number of edge cracks is observed to increase
with progressive deformation. In contrast, coarse-
grained samples, with their few grain boundaries,
exhibit a reduced barrier effect on the growth of
edge cracks. Here, the resistance to the initial
crack’s propagation towards the center of the rolled
piece is less than that to the formation of new
cracks at the edge, leading to an increased
propagation depth of edge cracks with further
deformation.

4.5 Slip system

There is a transition from polycrystalline to
single-crystal behavior if the value of 7/D falls
below 10 [21,29], when external forces are applied
to polycrystalline materials (7/D>10), the inherent
anisotropy of the crystal lattice results in a
non-uniform stress distribution across grains of
varying orientations. Consequently, the shear stress
acting on the slip systems within each grain is
markedly different due to the distinct grain
orientations. As a result, not all grains initiate
deformation simultaneously, grains with favorable
orientations begin to slip, while those with
unfavorable orientations have yet to engage in
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plastic deformation. Moreover, the orientation of
the slip system of different orientation grains is also
different, so the slip direction is also different, and
the slip system cannot be directly extended from
one grain to another grain. Each grain is
circumscribed by neighboring grains, and its
deformation is contingent upon the coordinated
deformation of adjacent grains. However, for
7/D<10 or even 7/D=1, the inter-grain deformation
coordination is significantly impaired. This
breakdown in coordination is incapable of
sustaining the continuity of deformation between
grains, which can lead to the formation of micro-
cracks and ultimately the rupture of the material.

To coordinate the deformation between the
grains in the polycrystalline material, each grain
must slip not only on the single slip system with the
most favorable orientation but also on several other
slip systems, including the slip system with the least
favorable orientation, so that its shape can be
changed accordingly. Any deformation can be
represented by six strain components: &, &y, &,
and 7y, - and y., but the crystal volume does
not change (AV/V=eute,te=0) during plastic
deformation, so there are only five independent
strain components, and each independent strain
component is generated by an independent slip
system. The plastic deformation of polycrystal is to
meet the requirements of coordination of grain
deformation through the multi-system slip of each
grain. The plastic deformation of polycrystals
requires that each grain can be able to slip on at
least five independent slip systems. However,
considering the extreme case in this study
(T/D=1.1), it is pertinent to investigate whether an
adequate number of slip systems are available to
facilitate metal deformation during the rolling
process. In such instances, the deformation
behavior of individual grains significantly
influences the overall deformation characteristics of
the copper foil. Examining the initiation and
cessation of slip systems in this type of copper foil
provides a clear understanding of the plastic
deformation capabilities of metal grains during both
symmetrical and asymmetrical rolling processes.

In our previous work, crystal plasticity finite
element simulation was carried out to compare the
start-stop states of the slip system at specific
locations of copper foil with 7/D=1 during
symmetrical and asymmetrical rolling [31]. In the

surface region of the grain, there are six slip
systems  (111)[101], (111)[110], (111)[110],
(11D[011], (11D[011] and (111)[101] activated
by sliding deformation in symmetrical and
asymmetrical rolling. The sliding laws of the six
starting slip systems are similar. However, in the
central region of the grain, a total of seven slip
systems are activated in symmetrical rolling while
nine slip systems are activated in asymmetrical
rolling, where (111)[110] and (111)[101] are
new starting slip systems. Slip systems (111)[101],
(I1D[011] and (111)[110] have stronger slip
and (111)[110] sliding state changes intenser in
asymmetrical rolling. Therefore, even under the
extreme condition of 7/D=1, an adequate number of
slip systems are activated during sample rolling
deformation to ensure the basic plastic deformation
of the material. Asymmetrical rolling has the
capacity to activate a greater number of slip
systems compared to symmetrical rolling, allowing
for a more diverse spatial orientation during sliding.
This increased activation is instrumental in enabling
the rolled piece to circumvent edge crack defects,
even under conditions of significant plastic
deformation.

5 Conclusions

(1) Sharp reduction of plasticity of rolled
pieces caused by work hardening, uneven
deformation and longitudinal secondary tensile
stress in the edge region of rolled pieces during
rolling lead to the initiation of edge cracks, and the
crack propagation direction is 45° from the rolling
direction.

(2) Asymmetrical rolling can effectively
reduce edge crack defects. The reduction in the
onset of edge cracks increased from 68% in
symmetrical rolling to 84% in asymmetrical rolling.
This is mainly because asymmetrical rolling can
effectively reduce rolling force, thus reducing
elastic bending of rolls and uneven deformation at
the edge region of rolled pieces. The shear stress in
the cross-shear zone promotes longitudinal
deformation and reduces the longitudinal secondary
tensile stress at the edge of the rolled piece.

(3) The surface residual compressive stress of
copper foil in asymmetrical rolling with a speed
ratio between rolls of 1.3 is approximately twice
that of symmetrical rolling. The residual
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compressive stress generated by the uneven
deformation reduces the AK and slows the initiation
and expansion of surface cracks, thus effectively
reducing the edge-cracking defects in copper foil.

(4) The size effect on the deformation of
copper foil becomes particularly pronounced when
the 77/D ratio falls below 10. Under such conditions,
both the fracture stress and fracture strain are
significantly reduced, making the material more
prone to defects, including edge cracks, during the
rolling deformation process. The larger the grain
size of the rolled piece, the smaller the number of
edge cracks and the deeper the expansion depth,
and the larger the spacing between cracks under the
same rolling reduction.
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