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Abstract
As a promising microforming process, micro deep drawing has attracted great attention for
manufacturing of microparts with unique cup-features. However, the occurrence of size effect
(SE) and the intrinsic characteristics of crystallographic orientation can lead to an inevitable
and uncertain plastic anisotropy during the micro deep drawing and further result in the
formation of earing. In this research, a size dependent crystal plasticity (CP) model
considering the interactions between slip and twinning was developed via incorporating the
size scaling factor into the surface layer model to represent and model the SE and further
analyze the entire micro deep drawing process of the TWIP steel. Then the micro deep
drawing of polycrystalline TWIP steel with different grain sizes and thicknesses was
conducted using the elaborately designed tooling sets. The size dependent crystal plasticity-
based finite element modelling in conjunction with a virtual polycrystalline microstructure

was employed to study the earing evolution induced by grain size, orientation and
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geometrical size. It is revealed that an obvious earing profile occurred in the workpiece with
the larger size scaling factor. In addition, it is noted that the earing at micro scale is obviously
higher than that at macro scale. The asymmetric distribution of earing profile is induced by
the Goss and Brass orientations, while the Cubic type orientation leads to the symmetric
distribution of earing profile. This issue is mainly attributed to the symmetric distribution of
slip activities than that of twinning activities, since the activated quantity of twinning volume
fraction is much smaller. Therefore, the proposed size dependent crystal plasticity modelling
is efficient in predicting the earing formation at micro scale. The study thus provides an in-
depth understanding of micro deep drawing of sheet metals and accurate prediction of shape

microforming of microparts.
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1. Introduction

As a sub-set of microforming process, micro deep drawing is referred to fabrication of sheet
metal parts via micro-scaled plastic deformation of sheet metal. The process has a promising
potential in mass production of micro parts. However, many researches have shown that with
the dimensions of parts scaled down to micro scale, the occurrence of size effect (SE)
significantly affects the behavior and performance of micro deep drawing process. Vollertsen
et al. [1] found that the size effects occurring in microforming process affect the tribological
aspects. Cao et al. [2, 3] revealed that the friction condition was nonuniform and showed a
dependence on the geometric size of micropin. Fu et al. [4-6] reported that size effects lead to
the irregular geometry and rough surface finish of the formed parts. The traditional
knowledge established in macro scale forming may not be fully valid and cannot be directly
leveraged into the microforming process. In addition, engineering polycrystalline sheet
metals often exhibit remarkable elastic-plastic anisotropy at single crystal level that can be
attributed to the presence of crystallographic orientations, which is generally believed to be
an inevitable side-effect of the materials processed at small scale. Therefore, in-depth
understanding of the effects of geometric size and grain orientation on deformation
characteristics is crucial in design and development of micro-drawn parts.

Plastic anisotropy, significantly affects the quality of the microformed parts [7], which may
entail the formation of uneven rims of the drawn parts, usually referred to as earing during
deep drawing that must be trimmed at final stage and leading to higher manufacturing cost.
Tang et al. [8] highlighted that the occurrence of the pronounced earing during the final deep
drawn process is undesirable as it requires an additional processing step to trim the uneven
rim of the drawn cup. Another important consequence is an inhomogeneous distribution of

the mechanical properties. In addition, these unknown or negligible effects in macro forming



need to be carefully addressed by experimentation, modelling and simulation at microscopic
scale. In microforming, many researches are generally focused on the variational flow stress
of materials and other size affected phenomena. Saotome et al. [9] evaluated the drawability
in deep drawing of sheet steels with the thickness of 0.05, 0.1, 0.2 and 1.0 mm, and
demonstrated that drawability was acquired without a large amount of blank holder pressure
for thin sheet steels. Chan et al. [10] revealed that with the decrease of the ratio of specimen
to grain sizes, the flow stress is decreased linearly. However, the effects caused by the
changes of grain size and geometric dimension on the earing formation and its characteristics
have not yet been explored systematically well.

To overcome the limitations of the classical continuum plasticity models in describing the
micro scaled deformation behaviors, a series of material models were proposed to address
these new challenges numerically based on experimental measurement via incorporating the
dependence on specimen dimensions. Xu et al. [11] proposed a constitutive model
considering the geometry and grain size effects on the formability of metallic materials
during the meso-/micro-scaled forming processes. Molotnikov et al. [12] established a model
to illustrate that the strength of interior grains is determined by dislocation cell structure,
while that of surface grains is governed by dislocation image forces. Peng et al. [13]
developed a phenomenological model considering the ratio of grain size and geometrical size
based on the surface layer model. Among these size dependent models, the surface layer
model and its modified versions are considered to be a widely used and efficient approach to
describing the variation of the overall flow stress in microforming process, as illustrated in
the research of Geifldorfer et al. [14]. The key idea of this model is that the specimen is
divided into a surface layer and an inner part. The flow stress consists of the contributions
from both parts based on their own volume fractions and flow stresses. Although the surface

layer model is simple, versatile and robust, T6th et al. [15] indicated that it has a limited
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predictive capability to predict the underlying deformation mechanisms since there are no
crystallographic evolutions and grain orientations involved, which play a crucial role in
plastic deformation process. Therefore, a microstructural based material model incorporating
the SE needs to be established to account for deformation mechanisms and the influence of
SE simultaneously in microforming processes.

In addition, Tjahjanto et al. [16] illustrated that since the material anisotropy in micro sheet
forming process is strongly related to grain orientation and distribution, the crystal plasticity
(CP) model considering the crystallographic orientation distribution of grains could be
employed as a multiscale framework to simulate the earing profiles. Walde and Riedel [17]
developed a crystal plasticity finite element method (CPFEM) coupling with the texture
component to investigate the influence of the major texture components on the earing
behavior of a deep-drawn cup. It is demonstrated that the earing pattern depends on the initial
texture at the beginning of the drawing process significantly. Furthermore, Tikhovskiy et al.
[18] proposed a texture component based CPFEM incorporating the original texture of the
material to simulate the deep drawing process of aluminum sheet and to predict the earing
behavior in cup drawing considering twelve slip systems and the applicability of the model
was further validated. Sun et al. [19] established a CP model considering slip, twinning and
transformation to predict the macroscopic strain hardening of TWIP steel. However, the
abovementioned CP model has limitation in representing the SE at micro scale since it does
not consider SE in the model.

Attempts have therefore been made to incorporate the SE into a phenomenological CP model
by Kocks and Mecking [20]. However, Verma and Biswas [21] pointed out that a more
practical approach to including the SE in mathematical formulation is to assume that the yield
stress depends upon strain gradient. Consequently, strain gradient plasticity theory is

employed to describe the SE via calculating the geometrically necessary dislocation, namely
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the so-called nonlocal CP model which was established by Acharya and Beaudoin [22].
Furthermore, Zhang and Dong [23] established a nonlocal physically based CP model
including statistically stored dislocations, geometrically necessary dislocations on the slip
systems to investigate the SE of micro deep drawing process. It is demonstrated that this
model provided more microstructural clues for the interpretation of SE in the microforming
processes. However, Cheong et al. [24] pointed out these models are incapable of addressing
the influence of microstructure and also sensitive to finite element mesh. Meanwhile, the
simulations done by employing this model required plenty of time due to the complicated
numerical compiling and implementation.

In this research, a twinning-induced plasticity steel (TWIP), viz., TWIP steel was chosen as a
case study material. A size dependent CP model considering the interactions between slip and
twinning was proposed via incorporating the size scaling factor into the surface layer model
to represent the SE. The validation of this proposed CP model was done via comparing the
mechanical responses obtained by micro tensile test and simulation. The microstructural
morphology and the grain size of TWIP steel were studied via EBSD measurement. The
micro deep drawing experiments were conducted using the tailor-designed tooling sets. To
study the earing evolution induced by size and grain orientation effects, the set-up of FE
model for micro deep drawing was subsequently carried out based on the size dependent CP
model. Finally, the influences of grain and geometry size on earing formation and its
characteristics at micro scale were analyzed, and the effect of initial grain orientation on
earing profiles was identified according to the slip and twinning activities by comparing with
that at macroscopic scale. The study therefore provides a theoretical and experimental
understanding of earing formation and evolution in micro deep drawing process, which is
useful for the integrated design of micro forming process and defect-free micro cups with

favorable appearance of TWIP steels.



2. Constitutive description of size dependent CP model

2.1 Formulation of slip and twinning
The framework of CP model considering slip and twinning is described as follows. In the
proposed CP model, based on the study of Kalidindi et al. [25], the decomposition of
deformation gradient tensor F, is formulated as:

F=FF’ (1)
where F°denotes elastic deformation, while F”represents an irreversible permanent plastic
deformation. In Fig. 1, the deformation gradient decomposed into the elastic and plastic parts

is illustrated associated with the slip and twinning mechanisms.
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Fig. 1. The decomposition of deformation gradient into the elastic and plastic parts including

slip and twin associated with the corresponding deformation mechanisms.
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In order to clarify the evolution of finite deformation kinematics, the plastic deformation

gradient F”, illustrated by the plastic velocity gradient L, which considering slip and

twinning mechanisms, is described by the following:

Niip ) Nin .
Lp — FP . prl _ Z}-/asflzp + Z j}ﬁStTwm (2)
a=1 B=1
where N, and N, are the number of slip systems and twin systems, respectively. 7“(
a=1to N, ) denotes the shear rate of each possible slip system, 7’ (B=1t0 N, )

represents the twinning shear rate. In addition, S*” and S"”describe the Schmid tensor

generated by a unit slip on system s and a unit twin on system ¢, respectively.
The stress based constitutive equation to represent the elastic stretch is given by:

T =R:E° 3)
where Tand E°represent the symmetric second Piola-Kirchoff (PK) stress and the Green
elastic strain, respectively. R denotes a fourth-order elasticity tensor. These variables are

defined in the following equation:
e 1 L’T e
B = (F"-F -1 (4)

The stress measure T¢is designated as:
T =F° -{det(F*)-q}-F* (5)

where o indicates the Cauchy stress. The resolved shear stress (RSS) 7% associated with

the « th slip system is expressed as:
7%=6:8" (6)

To illustrate the hardening relationship of TWIP steel, the evolution of slip resistance of the



o th slip system according to the saturation-type hardening laws is thus formulated as:
§¢ Ngip
$* =h! [1 ——a] 2.7 (7
SS a=1

where s¢ and h” represent the saturated slip resistance and the hardening rate related to

the slip system « , respectively. In addition, in order to capture the complicated interactions

of dislocation slip and twinning systems, the hardening equations are given by Salem et al.

[26]:

W =h (1 ve(Yf )b) @®)

and

st =5+, (3 r7)° ©)
where 4, is a material parameter which denotes the initial hardening rate. b and ¢ indicate the
hardening index of the twinning system. And s, represents the saturated value of slip
resistance without the influence of all twinning systems, while s,, describes the material
parameter to represent the influence of the conventional Hall-Petch effect. Finally, /7
illustrates the twin volume fraction of the £ th twinning system.
In this research, the rate-dependent approach is adopted in the constitutive model. The shear
rate of the « th slip systems could be described by the relationship between shear stress and

the slip resistance in the work of Peirce et al. [27]:

1/m

sign(r“) (10)

a

o - |7
V=0
s

where s“ indicates the slip resistance of the ¢ th slip system. m is a material parameter
to represent the strain rate sensitivity. 7“is the RSS on the « th slip system. And 7,

illustrates a reference slip shear rate, which is assumed to be equal for all the slip systems, as
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is adopted in the work of Kalidindi [28]. To describe the twinning shear rate, a similar power
law is employed:

L

tw

1/n
B
7‘ﬂ:yoﬂ(fj if 7 >0, 7% =0,if £ <0 (11)

where 7” represents the RSS of the £ th twinning system and s‘ﬁ is the twin resistance in

that twinning system. 7 is the parameter of the strain rate sensitivity in twinning system. And

]}Oﬂ is a reference to represent the twinning shear rate. Then to conduct the numerical

implementation, a detailed Newton-Raphson iteration procedure was discussed in the

previous work of Sun et al. [19].
2.2 Incorporation of SE into CP model

The deformation behaviors of materials are closely related to the coupled effects of
microstructural transition and macroscopic stress/strain variation. Taking the crystallographic
evolution and deformation mechanism into account, the characteristics of mechanical
behaviors could be well described and interpreted by using the presented CP model in macro
forming process. However, Peng et al. [13] suggested that the behaviors of metallic materials
are strongly dependent on the size scale in microforming process, namely SE, which shows a
significant difference with the traditional macroforming process. Consequently, the
traditional CP model needs to be developed to represent the SE including the grain and

geometry SEs.

2.2.1 Surface layer model considering SE

Inhomogeneous deformation characteristics such as stress localization is found to mostly
occur in the deformation body with the size scale falling into tens of microns to few hundred

microns due to the limited number of grains and geometric dimensions. To address this issue,
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extensive theoretical researches including physical models based on continuum mechanics
and microscopic constitutive models have been established to accommodate the effect of
grain and geometry sizes. The widely used surface layer model assumes that the share of
grains in the surface layer becomes greater with the scaling from macro scale to micro one, as
shown in Fig. 2 (a). Meanwhile, Peng et al. [13] indicated that the free surface grains are less
subjected to the compatibility restriction due to dislocations movement rather than pile-up at
grain boundaries, leading to lower resistance and less hardening against the deformation of
surface grains. Furthermore, to evaluate the SE at microscale, the ratio of surface grains to

inner grains is chosen as a criterion. Consequently, the scale factor A illustrated by the ratio

of surface grains to the total grains in the sample’s section is defined as:

N
A=—= 12
~ (12)

where N_ represents the number of surface grains, while N indicates the number of the

total grains of the testing sample.
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Fig. 2. (a) Grain distribution in a material section with the decreasing size scale; (b) Surface

grains and inner grains in the sheet specimen.

2.2.2 Size scaling factor of micro sheet forming

In micro sheet forming process including micro deep drawing, the initial grains distribution is
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assumed to be uniform and the grain morphologies are equiaxed, as shown in Fig. 2 (b). In
addition, the surface and internal grains are distinguished by color. Fig. 2 (b) assumes that all
the diameters of the surface and internal grains in the sheet are d. The thickness and width of
sheet are represented by ¢ and w, respectively. Therefore, the quantity of surface grains in the
sample section can be calculated approximately:

_ wt —(w—2d)(t—2d) _wHt

N, 2 13
: o y (13)
The quantity of the total grains in a sample section is expressed as:
wt
N = e (14)
Finally, the size scaling factor is obtained as follows [13]:
N _
LN _dwri-2d _d (s
N ¢ \ t

2.2.3 SE on slip hardening

With the size scale of materials falling into few hundred microns, Verma and Biswas [21]
pointed out that the decreasing grain size leads to the increase of the plastic slip resistance,
indicating that grain size plays a significant role in slip hardening. Furthermore, in micro
sheet forming process, the geometric SE on strain hardening behaviors should not be
neglected. In this research, the size scaling factor considering the influence of grain size and
geometry size is thus incorporated into the slip resistance of the slip systems to represent the
SE on crystallographic slip.

Based on the framework of the size scale independent conventional CP model mentioned in
section 2.1, the saturated slip resistance is suggested to be modified with the proposed size

scaling factor, which is motivated by the relation between grain size and dislocation spacing.

The relation between the saturated slip resistance s, and the average dislocation spacing
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within an individual crystal is determined as:
S = (16)

where & represents a material constant, G indicates the shear modulus and b, means the
burger’s vector. In addition, /- is the average spacing between the neighboring forest

dislocations. On assuming K =£Gb, and differentiating with respect to /; the above Eq.

(16) is converted to the following:

K
dSS :—(g)dz’f (17)

The above Eq. (17) represents the relation between the change rate of slip resistance and the
average dislocations spacing. A assumption is thus proposed that /,is proportional to the size

scaling factor, namely, /, oc 1, and integrating Eq. (17) from size factor 4, to 4, as:

52 _ /".;_E

[ as. =] -Cpar (18)
2 11

— + K(— — —
s; =8, (;t2 ﬂq) (19)

where s! indicates the initial slip resistance for the reference size scaling factor 4,, while
2

s, represents the slip resistance of 4, .

Therefore, the relation between the slip resistance and the size scaling factor is given as:
Syee = K (L) 20
size /1 ( )

where s__ describes the size-dependent slip resistance.

size

Consequently, the saturated value s associated with the slip system «in Eq. (7) could be

modified by incorporating with the size scaling:
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S5 = S50+ Soie +spr(2fﬁ)°'s 1)

In this research the SE on twins’ nucleation, growth, and further the total hardening has not

been taken into account, since twins lamellae struggle to form due to the limitation of sample

B

tw

size at microscopic scale. The twinning resistance s/ is assumed to be proportional to slip

resistance s“ according to Salem et al [26] in this study. Therefore, the constitutive

relations of size dependent CP model of TWIP steel are given in Box 1.

Box 1. Size dependent CP model considering slip and twinning of TWIP steel.

1. Stress - strain relationship
T =R:E°
e _L(rem e
E° = E(F F-1)
T =F° {det(F°)-o}F
2. Flow rule
1m

sign (T“ )

o

Slip shear rate : 7=y,

T
5%

1/m
B - T . B
.. =y |— | ,ifz7 >0
TWInnlng shear rate: 7 Yo ( S’B J

7’ =0,if 7/ <0

3. Hardening law
= [l——)Z %
he =h, (1 (X r )”)
s =80+ 50 +5, (2 S7)

1
s, =K(—
Size (ﬂ/ )

Size scaling factor A :%
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A UMAT subroutine was developed based on the modified size dependent crystal plasticity
model by using the commercial code of ABAQUS. The detailed numerical implementation

process was presented as the flow chart in Fig. 3.
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Fig. 3. The flow chart of numerical algorithm into implicit FEM.

2.3 Evaluation of the size dependent CP model

To evaluated the reliability of the proposed size dependent crystal plasticity model applied in
the micro deep drawing process, the comparison of the mechanical properties measured in the
micro tensile test and calculated by CPFEM was conducted.

In-situ tension tests were carried out on a stretching device loading on FEI Quanta 250 SEM
15



at room temperature shown in Fig. 4. The converted strain rate obtained from the
displacement mode is approximately 7.5X 107 s, Then, FE simulations of the micro tensile
test were conducted based on a virtual polycrystalline microstructure using the proposed CP
model. The final values adopted for a series of material parameters for TWIP steel together
with elastic tensors are determined and illustrated in Table 1. The methods for determining
the material parameters refer to the study of Guo et al. [29]. The detailed analysis of the
plastic parameters sensibility has been given in the previous work by Sun et al. [30].
Consequently, the comparison of the true stress-strain curves determined by experiment and
simulation with the thickness of 100 um and average grain size of 30 um is shown in Fig. 5.
It could be noted that there is a good fitting to the experimental results in terms of the true
stress-strain curve. However, it is observed that a deviation occurs before the strain of 0.2,
which could be illustrated that a large amount of deformation twinning occurred within the
grains in the in-situ micro tensile test whereas the effect of deformation twinning had not
been incorporated until the saturated value of twin volume fraction reaching the threshold in

the CPFEM simulation.

Fig. 4. In-situ tensile apparatus (a) with its enlarged part (b) and the dimension diagram of
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micro sample (c).
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Fig. 5. Comparison of the true stress-strain curves determined by experiment and simulation
with the thickness of 100 pm and average grain size of 30 um. The SEM micrographs of the

in-situ tensile for specimens strained from 0.05 to 0.5 is given in (a)-(e) respectively.

Table 1. Material parameters in the constitutive relations calibrated for TWIP steel.

Initial hardening rate of slip system /4 (MPa) 400
Material constant K 300
Hardening index of twinning b 2
Hardening coefficient of twinning ¢ 10
Effect of Hall-Petch mechanism s, (MPa) 400
Initial slip resistance s, (MPa) 120
Initial twinning resistance s/ (MPa) 139.2
Elastic constant Cy; (GPa) 198
Elastic constant Cy, (GPa) 125
Elastic constant Cy4 (GPa) 122
Rate sensitivity coefficient m 0.02
Reference shear rate 7, (s™!) 0.001
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Fig. 6. Comparison of the load-stroke curves determined by experiment (E) and simulation

(S) with different grain sizes (d) and thicknesses (7).

The SE in micro deep drawing process can be calibrated via comparison of the loads
measured in experiments and calculated by CPFEM. From Fig. 6 (a) and (b), it is found that
there exist deviations between the load-stroke curves determined by simulation and
experiment, since the measured data strongly depends on the great variation in
crystallographic orientation and the transient non-uniform stress/strain state during micro
deep drawing processing. However, the obvious SE indicated by the increase of forming
force with the decreasing of size scaling factor for the grain size of 50 and 30 um can still be
observed in Fig. 6 (a) and (b), respectively. In addition, the simulated and measured curves
and the occurrence of the second load peaks exist at the stage with the stroke between 1.5 and
2 mm, which is believed to be caused by the ironing effect at the later stage of the drawing
process [31, 32].

3. Experimental procedure

3.1 Material preparation and characterization

In this research, the case study material, Fe-Mn-Si-Al TWIP steel with the chemical

composition listed in Table 2, was manufactured by a vacuum induction furnace. The testing
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micro blanks with the given radius and different thickness shown in Fig. 7 (a) were cut from
the TWIP steel sheet. These micro workpieces were annealed at 600, 700 and 900 °C,

respectively, with a fixed holding time of 1 hour in a protective argon condition to avoid

oxidation and then followed by air cooling.

Table 2. Chemical composition (in weight percent) of Fe-30Mn-3Si-2A1 TWIP steel.

C Mn Si Al S P Ti Fe

0.11 30.5 2.88 2.34 0.013 0.007 <0.01 Bal.

Grain morphologies of the testing samples were characterized by EBSD technique after
annealing with different temperatures. The analysis of grain morphology demonstrated the
equiaxed grains with the average grain sizes of 25, 30 and 50 um (excluding twins) for the

homogenized samples annealed at 600, 700 and 900 °C, respectively, as shown in Fig. 7 (b).

(a) ND 4 1y (b) Material conditions EBSD characterization Average grain size
‘[f »RD —
S 222 Annealed at 600°C ~25 pm
L y
<> Wire cutting
,
) t E 9 Annealed at 700°C ~30 um
Parameters Meaning  Value (mm)
r Radius of blank 1.5
8‘ } 5 Annealed at 900°C ~50 um
t Thickness of blank 0.2 D
0.25
0.3

Fig. 7. (a) Preparation process and parameters of test piece; (b) Average grain sizes of

samples annealed at different temperatures and characterized by EBSD.
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3.2 Set-up of micro deep drawing process

The schematic of micro drawing process is illustrated in Fig. 8 (a), and the detailed
parameters and dimensions of tooling sets is given in Table 3. Particularly, the diameters of
drawing punch with domed bottom and drawing die are 1.3 mm and 1.7 mm respectively. In
addition, the unilateral drawing clearance between punch and die is 0.2 mm, the same as the
sheet thickness. The actual detailed schematic of testing platform, tooling sets of micro deep
drawing for these micro blanks are designed and given in Fig. 8 (b). Subsequently, the micro
deep drawing tests were conducted in an MTS testing machine with a load cell of 30 KN for
measuring the punch stroke and deformation load. The interface between tooling sets and
workpiece was lubricated with machine oil. To ensure the good formability of defect-free

micro cups, a low velocity of punch displacement is approximately 0.02 mm/s [33].

@ D2
Punch

Initial position  Deep drawing process Final position

(b)

Load cell

Lower mold Upper mold

Fig. 8. (a) Schematic of micro deep drawing process; (b) Testing platform and tooling set in

micro deep drawing process.
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Table 3. Dimensions and parameters of tooling sets.

Parameters Meaning Value (mm)
D, Diameter of drawing punch 1.3
D, Diameter of drawing die 1.7
Rp Radius of drawing punch 0.65
R, Radius of drawing die 0.5
C Unilateral drawing clearance 0.2

4 Size and grain orientation affected earing evolution

4.1 Development of FE model for micro deep drawing

In order to investigate the unique features of the earing of TWIP steel at micro scale, the
conventional FE model of macroscopic deep drawing process was established to be provided
as a comparison although the evolution of earing characteristics of TWIP steel were
simulated extensively at macro scale [34]. A brief description of the FE model for deep
drawing process was introduced as follows. Due to the sufficiently high symmetry, only a
quarter of the blank meshed with C3D8 type was considered for deep drawing analysis. The
tooling components including punch and die were modelled as analytical rigid bodies. The
contact condition between the workpiece and die, as well as that between the workpiece and
the binder plate in tangential direction are assumed to be govern by the Coulomb friction
model with a friction coefficient of 0.1, while the friction coefficient between the punch and
the specimen is defined as 0. The upper surface of the punch was subjected to the drawing
force and the punch only moved along the y axis. The aim of the abovementioned FE model
is to study the earing characteristics at macro scale.

At micro scale, due to the orthotropic symmetry of samples, simulations of micro deep

drawing were conducted using the model with a quarter of the blank and tool set. The FE
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model with mesh configuration of the specimen prior to loading is given in Fig. 9.
Particularly, the virtual polycrystalline microstructure including grain morphology and grain
orientations is generated using an open-source software package named Neper construct as
the Voronoi tessellation model [35]. This representative volume element model containing
deformation twinning within matrix considering the crystallographic orientation and
morphological feature was employed to reconstruct the polycrystalline microstructure, as
shown in Fig. 9. The element density is increased along the blank to its center to acquire a
favorable accuracy of the cup edge. In the one-quarter model, the blank was meshed with
9215 C3D4 elements, and the punch as well as the die were regards as rigid bodies, which
were modeled using 265 and 627 R3D4 elements respectively. In micro deep drawing
process, the occurrence probability of wrinkling is relatively low due to the small specimen
size. In addition, since the blank holder might raise concerns that the calculated earing
profiles are caused by buckling rather than by the anisotropy of the material, the blank holder
was not used in the tooling set. The polycrystalline orientations of the blank were assigned
randomly based on the experimental data.

In micro deep drawing model, the friction coefficient between blank and tooling set is one of
the most crucial parameters, which has a more significant influence on the cup formability
and production quality compared with the conventional scale. In this developed FE model,
the Coulomb friction coefficient p was assumed to be 0.1 to describe the friction interaction
between the blank and the punch. Rabbe et al. [36] demonstrated that the conventional J,-
based continuum plasticity simulation of earing shape in deep drawing process represents a
strong dependence on friction coefficient, which is generally stronger than CP model. In
these simulations, however, the primary research was to investigate the SE on the earing
characteristics including relative ear height and shape by using the size-dependent CP model

from the view point of crystallographic evolution rather than process parameters. Therefore,
22


https://www.sciencedirect.com/topics/materials-science/anisotropy

only a fixed friction coefficient, namely u=0.1 between the blank and the punch was adopted

in the simulation.

Punch

Blank
Die

Fig. 9. FE modelling of micro deep drawing process.

4.2 Experiment of size effect on earing at micro scale

Fig. 10 (a) shows the geometric characteristics of the formed cups made from the materials
with different thicknesses and annealed at the temperature of 700 and 900 °C. A magnified
and detailed feature of the cup formability including earing profile and fracture was
characterized by SEM scanning, as shown in Fig. 10 (b). With the decrease of thickness, the
earing is more significant. The distribution of grains in the sheet with the thickness of 0.2 mm
is presented, which is more uniform than that of the materials with the thickness of 0.1 and
0.15 mm. Therefore, the earing mainly caused by uneven grains distributions and their
orientations is more likely to occur in the cases with thinner thickness. In addition, for the
TWIP sheet annealed at 900 °C, the larger grains size leads to the inhomogeneous
deformation more easily in the case of the same sample size, which causes the irregular
geometry of the drawn cups [37]. Consequently, the obvious earing profile appeared in the

case with the larger size scaling factor shown in Fig. 10 (b).
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Fig. 10. (a) Comparison of the different thickness size-scaled cups made from the materials

with different annealed temperatures, (b) SEM images of the different scaled micro parts.

To articulate the SE on earing profile, different values of 4 were employed into the size-
dependent CP simulation. The comparison of the simulated and experimental earing
characteristics was provided with the size scaling factors of 1/2 and 1/4 and the annealed
temperature of 900 °C, as shown in Fig. 11. The distinct earing types and amounts including
two 0°/180° and four 0°/90° appeared with the A=1/2 and A=1/4, respectively. For the
randomly distributed crystal orientations, the varying earing characteristics under the
different size scaling factors are attributed to grain and geometry sizes. With the increasing
tendency of A, viz., the increasing grain size and decreasing geometry size, the microstructure
of the sample is equivalent to single crystal case in the extreme scenario. The pronounced
planar anisotropy would take place, which could generate the obvious earing profiles.

Mises stress

+4.863e+03
+4.502e+03

Mises stress  (b)

+5.018e+03
+4.645e+03
+4.272e+03
+3.899e+03
+3.526e+03
+3.153e+403
+2.780e+03
+2.407e+03
+2.034e+03

+3.057e+03
+2.696e+03
+2.335e+03
+1.974e+03
+1.613e+03
+1.252e+03
+8.905e+02
+5.293e+02

+9.151e+02
’ +5.421e+02

2-0°/180° caring type 4-0°/90° caring type

ood 1 ,od 1
A=—=2 (d =50um, t =100um) A===3 (d =50pm, 1 =200um)

Fig. 11. Comparisons of the experimental and simulated earing profiles with the size scaling

factor 1/2 (a) and 1/4 (b).
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4.3 Effect of initial grain orientation on earing evolution

4.3.1 Earing characteristics at macro scale

Since the deformation texture leading to anisotropy plays an important role in the earing
formation, the effect of the starting grain orientations on earing was investigated at macro
scale for prediction of earing profiles subsequently. The initial three types of grain
orientations including Goss {011}<100>, Cube {001}<100> and Brass types {011}<211>,
which belong to the common grain orientations in FCC metallic materials, were employed in
CP simulations to represent the relative earing heights in the cup-drawn TWIP steel samples.
The relative earing height and earing types caused by the abovementioned three initial grain
orientations were simulated and given in Fig. 12 (a). It is noted that there were 6-0°/60°-
earing-type and 4-0°/90°-earing-type being produced influenced by the Brass type and Cubic
type of initial orientations, respectively. Meanwhile, the earing type under the effect of the
Goss was presented a quasi-4-0°/90°-type. In addition, it is observed that the earing profile
generated by the Cubic type orientation exhibits a symmetrical distribution, in contrast with
that calculated by the Goss and Brass types.

The Lankford value (r value) which is defined as the ratio of the true width strain to true
thickness strain was measured as a significant parameter to represent the material anisotropy
at macro scale. As is shown in Fig. 12 (b), the r value of the Cube and Goss types present
trends relatively less than that of the Brass type which indicates that the thickness strain gains

importance at the expense of the width strain under the Brass type.
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Fig.12. Earing characteristics for different initial textures: (a) cup height, (b)

value.

4.3.2 Prediction of earing at micro scale

Compared with the earing characteristics at macro scale, the evolution of earing at micro
scale caused by the abovementioned initial grain orientations are analyzed according to the
slip and twinning mechanisms. Therefore, the interactive influence of the size effect and
crystal texture is considered to explore the orientation-dependent anisotropy.

As shown in Fig. 13 (a), it is observed that the earing profile generated by the Cubic type
orientation exhibits a symmetrical distribution which is similar to that calculated at macro
scale. To articulate the influence of varying grain orientations on earing profiles
quantitatively, the earing rate calculated by CP simulations with Brass, Cube and Goss
orientations are shown in Fig. 13 (b). At micro- and macro scale, the Goss orientation has a
more significant influence on earing height than that of the Brass and Cubic types.
Particularly, it is noted that the earing rate at micro scale is obviously higher than that
calculated at macro scale. The earing behavior can thus be reduced by weakening or avoiding
the strong Goss-type orientations of the TWIP steel sheets. To address this issue, the

evolutions of deformation mechanisms including slip and twin activities were investigated in
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the following sections.
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Fig. 13. Earing characteristics of samples with different initial grain orientations: (a) cup

height and (b) earing rate.

Fig. 14 shows the evolution of the relative activities of various slip, and twinning
mechanisms with different true strains for each orientation. For the Goss orientation, the
asymmetric activated slip system a, exhibited a larger and sustained increasing tendency of
the slip increment than that of the other slip systems, which indicates a, is a dominant slip
system in cup drawing process, as shown in Fig. 14 (a). However, in Fig. 14 (d), only
twinning system u; shows an obvious increasing trend. The twinning increment gradually
reaches the saturated value of 0.025. This illustrates the well-formed cups with good ductility
may be caused by the activation of the slip mode, which provides stable plastic deformation.
Therefore, from the view point of deformation mechanism, the influence of Goss orientation
on the earing shape could be explicated and attributed to the asymmetric activated slip
mechanism rather than twinning due to the amount of slip and twinning activation in the

micro cup drawing process.
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Table 4. Twelve slip systems and twelve twinning systems of TWIP steel.

Deformation Symbols Plane Direction Symbols Plane Direction

a (111)  [o11] b, (111)  [o11]

a; (111) [101] by (111) [101]

Slip systoms a (111)  [170] bs (111)  [110]
cl (111)  [o11] d, (111)  [o11]

o (111) [101] d, (111) [101]

3 (111)  [110] ds (111)  [110]

t (111) [112] u (111) [112]

t (111  [211] U (I11)  [211]

Twinning T2 (111) [121] U3 (111) [121]
systems Vi (111) [211] wi (111) [121]
v (T11)  [121] W) (111)  [211]

V3 (111)  [112] w3 (111)  [112]

As shown in Fig. 14 (b), the slip activity for Cubic orientation during the drawing process is
symmetrically distributed. All the twinning systems are actually active albeit different
twinning increments for each twinning system. Similarly, the twinning activities manifested
less dominant compared to the slip activities in terms of the amount of activation. Therefore,
the symmetric distributed slip activities lead to the earing symmetrically. For the case of
Brass type, the activation and evolution of slip and twinning are similar to that of Goss type.
However, the amount of slip and the twinning increment of Goss orientation are larger than
that of Brass orientation. The earing rate influenced by the Goss orientation is thus higher

than that of Brass, despite the analogous earing positions of Goss and Brass orientations.
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Fig. 14. (a-f) Activated slip and twinning systems of the samples with Goss- Cube- and

Brass-type grain distributions during micro deep drawing process.

To illustrate the evolution of twinning hardening under the initial Goss, Cube and Brass
orientations during the earing process, the twin volume fractions were predicted as a function
of the applied strain and shown in Fig. 15. In addition, the evolution of twin volume fraction

with the orientations of Goss and Brass shows the similar trends to reach the saturated value,
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except the order of magnitude, in contrast to the increasing tendency of the twin volume
fraction with the orientation of Cubic type. It was informative to note that the Cubic
orientation plays a key role in producing much twinning compared to the scenario of the Goss

and Brass orientations.
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0.00 — L
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Fig. 15. Evolution of the twin volume fraction with different initial grain orientations.

5. Conclusions

By using an annealed high strength TWIP sheet as a case study material for micro-deep
drawing, the contributions of grain orientation and size effect to the evolution of earing and
micro deep drawing behavior of the steel and the underlying slip and twinning activities in
the process are quantitatively investigated based on the experiment and numerical simulation.
The influence of the initial grain orientation, grain and geometry sizes on earing
characteristics at micro scale is presented. The main concluding remarks are summarized in
the following:

(1) A physically motivated size-dependent CP model incorporating the ratio of grain size to
geometry size based on surface layer model is proposed to investigate the evolution of earing
considering the size effect in micro deep drawing process and to predict the influence of the

geometrical size and grain orientation on the earing profiles of polycrystalline TWIP steel.

30



(2) By using the elaborately designed micro deep drawing of TWIP micro sheets, the
influence of size scaling factor, which is considered as an approach to representing the SE, on
earing SE is articulated. It is found that the obvious earing profile occurs in the case with the
larger size scaling factor. In addition, the earing shape is strongly affected by the size scaling
factor.

(3) The influence of initial grain orientation including Goss, Cube and Brass on earing profile
is explained that the earing height caused by the Goss type is larger than that of the Cube and
Brass ones. Moreover, the asymmetric distribution of earing profile is induced by the Goss
and Brass orientations, while the Cubic type leads to the symmetric distribution of earing.
This is mainly attributed to the symmetric evolution of slip activities than that of twinning
activities, since the activated quantity of twinning volume fraction is much smaller.

(4) Crystal plasticity modelling is efficient in analysis of micro deep drawing of TWIP steel
and provides an in-depth understanding and insight into the deep drawing process when it is
used together with physical experiment.
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