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Abstract: The friction between the roll and the rolled piece is the main force of plate-strip rolling, and
the friction condition of the roll gap seriously affects the surface quality of the plate-strip. Therefore,
the friction condition is an important boundary condition in the analysis of plate-strip rolling
deformation. The finite element model of SUS304 foil rolling was established by crystal plasticity
finite element method, and the accuracy of the rolling model was verified by comparing the measured
grain orientation of foil after rolling with the simulation results. Based on the above model, the effects
of friction conditions on rolling force, contact pressure and friction stress, slip system motion state
and grain orientation of rolled SUS304 foil strip were analyzed. The results show that with the
increase of friction coefficient, the length of the forward slip zone increases, the surplus frictional
force increases, and the contact pressure and friction stress of the upper and lower rolls in the rolling
deformation zone increase slightly. The change of friction coefficient has a great influence on the
shear slip of the surface layer of the foil strip, which significantly affects the motion state of the
activated slip system at the upper and lower surface positions of the foil strip, significantly improves
the shear strain of the activated slip system at the upper and lower surface positions, and increases
the dispersion degree of the grains in the upper and lower surface layers around the ND direction.

Keywords: crystal plasticity finite element; 304 stainless steel foil tape; friction condition; mesoscopic
scale rolling deformation

1. Introduction

In recent years, with the significant improvement of computer software/hardware, the crystal
plasticity finite element method (CPFEM) based on the physical nature of material deformation has
been widely used in the study of microscopic plastic deformation of crystal materials [1-3]. The crystal
plasticity finite element method attributes the plastic deformation of the material to dislocation slip
and crystal rotation. Based on the continuum theory, the discretely distributed dislocations are
homogenized to calculate the anisotropic behavior of grain-scale plastic deformation [4-6]. It is an
effective method to calculate the microscopic plastic deformation [7-9], texture evolution [10-12], size
effect [13-15] and so on.

Precision stainless steel foil (0.01mm-0.1mm) has excellent strength, precision and surface finish.
It is widely used in high-end fields such as aerospace, national defense and military industry,
machinery and electronics, and its product added value is extremely high [16-17]. With the rapid
development of micro-forming field, various kinds of micro-devices and products are emerging, and
the demand for raw materials of precision stainless steel foil is rapid, which puts forward higher
requirements for its mechanical properties and structure properties [18-19]. There are only several
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layers of grains in the thickness direction of stainless steel foil, with obvious anisotropy and
significant size effect [20-21].

Strip rolling is a pressure forming process that drags the rolled piece into the roll gap by the
contact friction between the rotating roll and the rolled piece, and is driven by the friction force, that
is, the friction force is the main force for the movement of the rolled piece. Due to the effect of friction
on the contact surface of the rolled piece, the deformed surface will be scratched. The abrasion of the
roll will reduce its accuracy, shorten its service life and affect the quality of the finished product. It
can be seen that the friction condition is one of the most important boundary conditions in the
analysis of plate-strip rolling deformation. Liu [22] used MSC. Marc finite element software to
establish a three-dimensional thermal-mechanical coupling finite element model of wide and heavy
plate hot rolling process, and studied the influence of friction on broadsiding. The average
broadsiding of rolled pieces decreases with the increase of friction coefficient. Huang [23] analyzed
the influence of the asymmetry of friction coefficient on the vibration characteristics and stability of
the rolling mill system by establishing a rolling model with friction coefficient asymmetry. Wu [24]
studied the influence of roll gap friction coefficient on the vibration of cold rolling mill through
experiments, which showed that increasing the roll gap friction coefficient appropriately could
effectively suppress and offset the vibration of cold rolling mill. Luo [25] established a finite element
model of AZ31 magnesium alloy ring hot rolling based on ABAQUS software, and analyzed the
influence of friction coefficient on the forming ring. The results show that with the increase of friction
coefficient, the strain distribution of the formed ring is more uniform, while the rolling force and
rolling torque do not change significantly.

At present, the influence mechanism of friction on the micro-plastic deformation of the surface
and thickness direction of the rolled piece during the rolling process of SUS304 foil has not been
revealed clearly from the mesoscopic scale. Based on the crystal plasticity finite element method and
Voronoi diagram principle, a crystal plasticity finite element model is established in this paper. The
effects of different friction coefficients p (0.05, 0.075, 0.1) based on Coulomb friction law on the
micro-uneven deformation, slip system motion state and grain rotation of rolled SUS304 foil were
studied on the grain scale.

2. Rolling test

The raw materials used in the rolling experiment are SUS304 stainless steel foil strips with a size
of 5000 mm (length) * 68 mm (width) * 0.05 mm (thickness) after cold rolling and annealing. The
chemical composition is shown in Table 1. The XRD phase composition of the raw materials was
tested (Fig.1). The results showed that the main phase composition of the SUS304 stainless steel foil
was face-centered cubic austenite. The main physical mechanism of plastic deformation of face-
centered cubic metals at room temperature is dislocation slip [26]. The dislocation slip motion occurs
in the {111} <110> 12 slip systems shown in Table 2. The single crystal elastic constants of austenite
phase are C11 =209 GPa, C12=133 GPa, C44 =121 GPa [27]. The EBSD test results of the raw materials
are as shown in figure 2. The average grain size of the 304 stainless steel foil strip is about 15 um, and
the maximum pole density intensity is about 1.97 m.r.d, indicating that the annealed raw material
contains almost no texture, and all grain orientations are randomly distributed.

The deformation resistance of 304 stainless steel foil is large and plastic deformation is difficult
to occur. Therefore, a tungsten carbide work roll with a diameter of 11.5 mm was used for rolling
experiments. The thickness of 304 foil strip after rolling deformation was measured by a ten-
thousandth micrometer with an accuracy of 0.1 pm and the reduction rate was about 20%. In
addition, EBSD test was carried out to analyze the change of grain orientation after rolling.

Table 1. Chemical composition of 304 stainless steel foil (mass fraction/%).

C Cr Ni Mo Si Mn P S
0.0484 18.247 8.1032 0.0419 0.4594 1.0601 0.0301 0.0036
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Figure 1. X-ray diffractogram phase composition test of 304 stainless steel foil.

Table 2. Slip systems of FCC mental.

Slip Plane  Slip Direction  Slip System Slip Plane  Slip Direction Slip System

[0711] al [011] cl
(111) [107] a2 (111) [110] 2
[110] a3 [107] a3
[101] bl [011] d1
111 [110] b2 (117) [101] d2
[011] b3 [110] d3

{11

— Max=1.97

Figure 2. EBSD map of 304 stainless steel foil: (a) grain morphology (b) {111} pole figure.

3. Results

3.1. Crystal plasticity theory

Based on the continuum deformation theory and the deformation gradient decomposition, the
total deformation gradient is decomposed into the elastic deformation gradient of lattice distortion
and rigid body rotation (F¢) and the plastic deformation gradient of dislocation slip (F¥) by using the
rate-dependent crystal plasticity constitutive relation proposed by Asaro et al. [28].

F=F°FP 1)

At room temperature, the plastic deformation of face-centered cubic metals is dominated by
dislocation slip, which can be treated as plastic shear strain [29]. According to Schmid, E. [30], the
relationship between the shear strain rate y* and the shear stress t* of each slip system is
established in the form of an exponential function. The shear stress 7% of the slip system « is the
driving force of the dislocation slip motion. When it exceeds the critical value tZ, the slip system
starts.

n

Ve = Yo sign(t®) 2)

e
a
Tc
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Where ¥,% is the reference shear strain rate of slip system a; n is the rate-sensitive coefficient,
n =0 and n = o are viscoelastic and rate-independent, respectively. t* is the shear stress of slip
system a; t¢ is the critical shear stress of slip system «, and the critical shear strain rate can be
expressed as:

7% = YN 1 hep [P 3)

Where y# is the shear strain rate of the §-th slip system; hgp is the latent hardening coefficient,
and N is the number of slip systems.

Using different slip coefficients proposed by Bassani, J.L. and Wu, T.Y. [31] to describe the
interaction between different slip systems, the slip deformation process of FCC metal in three
hardening stages can be described more accurately. Here, the expression of the self-hardening
modulus hg, is as follows:

ho—hs)y*
haa = [ (o — o) sech? (L2254 )] x G v, p # @) (4)

T,

G(r#.B # @) = 1+ Efcipea fup tanh (%) ®)

Where h, is the initial hardening rate; h; is the hardening model at the easy sliding stage; 1,
is the initial critical resolved shear stress; 7; is the saturation value of critical resolved shear stress;
Yo is the reference shear strain; y% and y# are the cumulative shear strain of slip system « and g,
respectively; hg, is the self-hardening coefficient and g is the ratio of latent-hardening coefficient
to self-hardening coefficient. f,z is the interaction coefficient between the a and g slip system,
which is expressed by five constants al-a5.

haﬁ = qhgq (6)

The numerical integration method of implicit differential equation is used to solve the rate-
dependent crystal plasticity constitutive equation. The above equation is written as a user subroutine
UMAT in Fortran language, which is used to simulate the plastic deformation process of
polycrystalline by ABAQUS software.

There are some unknown crystal plasticity parameters in the above crystal plasticity constitutive
equation, which involve the microscopic properties of the material and are difficult to be measured
directly by experiments. For the 304 stainless steel foil used in this paper, the author established a
representative volume element (RVE) uniaxial tensile model to simulate the tensile deformation, and
constantly adjusted the crystal plasticity parameters to be determined. By comparing the stress-strain
curves of tensile simulation and tensile test, the crystal plasticity parameters listed in Table 3 were
calibrated [32].

Table 3. The crystal plasticity parameters of 304 stainless steel foil [32].

hg Yo q n Y h, T To

105 0.001 1.0 60 0.0001 245 30 74

3.2. Establishment of rolling model

The rolling of 304 stainless steel foil strip is simplified to two-dimensional plane strain
deformation. The rolling direction RD is X-axis, the normal ND is Y-axis, and the transverse TD is Z-
axis. According to the EBSD test results of raw materials, based on the Voronoi polyhedron principle,
a geometric structure model of 304 stainless steel foil with an average grain size of about 15 pm,
random grain orientation distribution and a thickness of 0.05 mm was established, as shown in figure
3. The model consists of 306 grains, with an average of about 64 regular quadrilateral plane strain
reduction integral units (CPE4R) in each grain, which makes the grain boundaries jagged. The
serrated grain boundary is not easy to distort and has high convergence, which greatly reduces the
load on computer hardware and ensures the accuracy of plastic deformation simulation [33]. The
above polycrystalline geometric structure model is imported into ABAQUS software. Combined with
the rolling experiment, a reasonable boundary condition is set up to establish a complete 304 stainless
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steel foil rolling model. The specific rolling process is shown in figure 4. The friction coefficient p
based on the Coulomb friction law between the roll and the rolled piece is set, which remains

unchanged throughout the rolling deformation process.
L=1.7mm

Figure 3. Crystal geometry model of 304 stainless steel foil.
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Figure 4. Sketch of the rolling model of 304 stainless steel foil.

3.3. Verification of rolling model

The rolling deformation of 304 stainless steel foil strip was simulated under the same process
parameters, and the grain orientation information after rolling deformation was extracted. figure 5
shows the comparison between the simulation of 20% rolling reduction and the {100} pole diagram
of the experimental results. It can be seen from the figure that when the rolling reduction rate of 304
stainless steel foil strip is 20%, the {110} <100> Gaussian texture is formed. It shows that during the
rolling deformation of stainless steel foil strip, most grains rotate to the {110} <100> direction under
the influence of interaction and rolling force, forming the {110} <100> Gaussian texture. The
simulation results are in good agreement with the texture evolution results measured by EBSD
(extreme density strength and distribution), which verifies the accuracy of the crystal plasticity finite
element model of 304 stainless steel foil strip rolling.

Max=4.38 {100}

Min—0.19 D Min-0 RD

(a) Simulation (b) Experiment
Figure 5. Comparison of {100} pole figures at 20% rolling reduction.
In order to study the influence of friction conditions between roll and 304 stainless steel foil on

rolling deformation, this paper describes the interaction characteristics based on Coulomb friction
law, and analyzes the rolling force, micro-uneven deformation, dislocation slip and grain orientation
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changes during the rolling deformation of 304 stainless steel foil when the friction coefficient u is 0.05,
0.075 and 0.1, respectively. In order to reduce the influence of random grain orientation as much as
possible, three kinds of random grain orientations are assigned to each friction coefficient u rolling
model, as shown in figure 6, and randomly generated in the Euler space of the (90°, 90°, 90°) value
range by MATLAB software programming.

g

RD RD

Figure 6. {111} pole figures before deformation with three random orientations: (a) orientation 1 (b) orientation
2 (c) orientation 3.

4. Results and discussion

4.1. Rolling force

The relationship between rolling force and friction coefficient obtained by rolling deformation
simulation under three different grain orientations is shown in figure 7. The change of micro-grain
orientation will not significantly affect the average rolling force of the macro-rolling model.
Therefore, the random grain orientation 1 model is selected to analyze the meso-mechanical behavior
of the rolling deformation zone. It can be seen from the figure that with the increase of friction
coefficient, the rolling force of the rolled piece to the roll increases at the same rolling reduction rate.
The simulation results are the same as the influence of friction coefficient on rolling force in Reference
[34], which further verifies the accuracy of the established rolling model.

25

24 or1
X orz2
20 |} B oR3

7

=z
=4
8 15}
E 7§ .0.0.
=11} XXX
£ 10}
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[+
S5t
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Friction coefficiet

Figure 7. The relationship between rolling force and friction coefficient under different orientations.

Figure 8 shows the contact pressure and friction stress in the rolling deformation zone of the
model under different friction coefficients. The vertical stripe position in the figure indicates the grain
boundary of the ultra-thin strip in contact with the upper and lower rolls. It can be seen from the
figure that the contact pressure and friction stress fluctuate significantly in the rolling deformation
zone, and they change sharply at the grain boundary and inside the grain. This is mainly due to the
difference of grain morphology, orientation and deformation degree, which makes the contact
position of grain boundary and grain interior may be the position where the contact pressure and
friction stress are the largest. Due to the random distribution of grain morphology and grain
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orientation in the ultra-thin strip rolling model, the number of grains in contact with the upper and
lower rolls in the rolling deformation zone is different, so the contact pressure and friction stress of
the upper and lower rolls are no longer symmetrical.

As shown in the figure, the contact pressure and friction stress of the upper and lower rollers in
the rolling deformation zone increase slightly with the increase of the friction coefficient. Among
them, the change of friction coefficient has a great influence on the friction stress, and the friction
stress at each position increases in multiples with the increase of friction coefficient.

6000 | Upper roll —a—0.05 60 p Upper roll —=—0.05
«© —e—0.075 3 —e—0.075
g 5000 & 4ot :: —a—01
& =
24000 @ 0.09
a i
8 b= , 0037
& 3000 o : 0.068
T o Op-—=-=-4-= i) YR -
o 2 ==
£ 2000 N3
6 S Ti)
1000
. . . -40 1
0 g b W . iR Pl ! g . he B g i I I :
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Rolling deformation zone length/mm Rolling deformation zone length/mm
7000 F Lower roll —a—0.05 60 } Lower roll
« —e—0.075
% 6000 F a0 1 § 40 ¢
3 o
E 4000 = )
5 g
§ A0y £ o)
S 2000} & :
O A40F
1000 :
ol S TR HF : b B U il
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
Rolling deformation zone length/mm Rolling deformation zone length/mm

Figure 8. Contact pressure and friction stress in the rolling deformation zone under different friction coefficient.

4.2. Dislocation slip

The cumulative shear slip distribution in the rolling deformation zone of the model under the
same friction coefficient is shown in figure 9. The number of grains in the rolling deformation zone
is small, and the cumulative shear slip distribution of each model is very uneven. Most of them are
concentrated in the surface layer of the grains in contact with the upper and lower rolls, such as
positions A, B, and C, and some grains inside, such as positions D, E, and F. There are even dislocation
slip deformations with opposite directions in the same grain, such as grain G. The dislocation slip
deformation in opposite directions is beneficial to promote the formation of subgrains. The
dislocation slip in the rolling deformation zone is mostly initiated near the grain surface and grain
boundary in contact with the roll, gradually expands to the interior of the less constrained grains,
and then accumulates near the grain boundary. Some can even cross the grain boundary to form
shear slip bands throughout the entire grain, such as positions D and E. As shown in the figure, with
the increase of friction coefficient, the cumulative shear slip in the rolling deformation zone increases
slightly, which has a great influence on the shear slip deformation near the surface of the ultra-thin
strip.
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Figure 9. Distribution of cumulative shear strain in the rolling deformation zone under different friction

coefficient.

In order to better understand the influence of friction conditions on dislocation slip in rolling
deformation of 304 stainless steel foil strip, the upper node A, the middle node B and the lower node
C (as shown in figure 10) in the rolling deformation zone are selected. The shear strain of the slip
system is used to represent the start-stop motion, slip deformation and dislocation slip direction of
each slip system, and the influence of friction coefficient on the motion state of slip system at each
position is analyzed. According to the crystal plasticity theory, the negative value of the slip shear
strain indicates that the dislocation slips along the opposite direction of the slip system.

Figure 10. Schematic diagram of the rolling deformation zone.

The relationship between the shear strain of each slip system at each position in the rolling
deformation zone and the rolling time is shown in figure 11. The types and quantities of activated
slip systems at each position are not exactly the same, and the motion states of each activated slip
system are very different. The shear strains of slip systems b2, c2, d3 and d1 at joints A and C are
positive, indicating that the dislocation slips along the positive direction. The slip systems a3 and 3
slip along the opposite direction. It can be seen from the figure that the change of friction coefficient
almost does not affect the motion state of the slip system at the central node B. However, the motion
state of the activated slip system at nodes A and C is greatly affected by the change of friction
coefficient. The shear strain of slip systems b2, c2 and d3 at the upper surface node A increases
significantly with the increase of friction coefficient, and the shear strain of slip system d1 remains
basically unchanged, while the slip systems a3 and c3 decrease slightly with the increase of friction
coefficient. At the same time, the activation time of the slip system d1 and c3 increases with the
increase of the friction coefficient. As the friction coefficient increases, the shear strain of slip systems
b2, c2 and d1 at the lower surface node C increases. At this time, the shear strain of slip system d3
remains unchanged, while the dislocation slip deformation of slip system c3 along its opposite
direction increases significantly. The results show that the change of friction coefficient significantly
affects the motion state of the activated slip system at the upper and lower surfaces of the 304 foil
strip. The type and number of activated slip systems under different friction coefficients basically do
not change, but the increase of friction coefficient significantly increases the shear strain of the
activated slip system at the upper and lower surfaces.
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Figure 11. The relationship between shear strain and rolling time of slip systems in nodes A, B and C of the

rolling deformation zone under different friction coefficient.

4.2. Grain rotation

Figure 12 shows the grain orientation changes of grain G280, G178 and G76 at the upper, middle
and lower positions of the rolling deformation zone under different friction coefficients. As shown in
the figure, G178 is in the middle of the rolling deformation zone, which is less affected by the change
of friction coefficient. With the change of friction coefficient on the surface of the ultra-thin strip, the
grain orientation of G178 hardly changes. When the friction coefficient is small, G280 diffuses about
20° along the RD direction. As the friction coefficient increases, G280 diffuses at a large angle along
the RD direction and diffuses around the ND direction. When the friction coefficient is 0.05, the
maximum dispersion angle of G76 along the RD direction is about 70°. When the friction coefficient
is 0.1, the dispersion degree of G76 around the ND direction increases by about 10°-15°. The results
show that increasing the friction coefficient of the surface of the ultra-thin strip will not affect the
orientation change of the intermediate layer grains. However, it will significantly increase the
dispersion degree of the upper and lower surface layer grains around the ND direction.
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Figure 12. {111} pole figures of G280, G178, G76 rolled deformation under different friction coefficiet.

5. Conclusions

1. As the friction coefficient increases, the surplus frictional force increases, the contact pressure
and friction stress of the upper and lower rolls in the rolling deformation zone increase slightly,
and the length of the forward slip zone increases, so the rolling force required under the same
rolling reduction rate increases significantly.

2. The contact pressure and friction stress fluctuate significantly in the rolling deformation zone,
and they change sharply at the grain boundary and inside the grain. And the contact pressure
and friction stress of the upper and lower rolls are not symmetrical. The contact pressure and
friction stress of the upper and lower rolls in the rolling deformation zone increase slightly with
the increase of the friction coefficient. Among them, the change of friction coefficient has a great
influence on the friction stress, and the friction stress at each position increases exponentially
with the increase of friction coefficient.

3. The change of friction coefficient has a great influence on the shear slip of the surface layer of
the foil strip, which significantly affects the motion state of the activated slip system at the upper
and lower surface positions of the foil strip, significantly improves the shear strain of the
activated slip system at the upper and lower surface positions, and increases the dispersion
degree of the grains in the upper and lower surface layers around the ND direction.
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