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A uniform nickel (Ni) coating was bilaterally electrodeposited on the low-carbon steel substrate for the
application of advanced battery shells. Its forming limit was investigated by Hill localized necking theory
coupled with finite element simulation and scanning electron microscopy. The effective stress and effective
strain in the Ni coating and steel substrate are deduced using Hill’s anisotropic yield function. The localized
necking condition is derived by sandwich sheet analysis, and the forming limit strains are obtained by
solving the nonlinear equation of the localized necking condition. Extensive calculations are carried out
using the proposed model. This study exhibits the nickel coating thickness and the normal anisotropic
coefficients of the coating and substrate have little influence on the forming limit curve (FLC) in the left
region of the coated sheet, but the strain hardening exponents of the coating and substrate have much effect
on it. The calculated result matches well with the measured data in uniaxial tension. This investigation is
useful for the preparation of the electrodeposited Ni coating and helpful for the forming operation of the
battery shells.
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1. Introduction

Thin coatings have been applied in industry for a wide range
of engineering purposes. The evaluation and enhancement of
the mechanical reliability of these inhomogeneous structures
have emerged as high priorities in both materials science and
solid mechanics communities. Coated and precoated metals are
resistant to pollution, chemicals, corrosion, and heat and have
been used in engineering for forming special parts (Ref 1-3).
The forming performance of the coating is very attractive be-
cause the coating is very thin and would not fracture or flake as
the coated sheet deforms. Also, in most cases, the coating film
is in contact with dies, and the tensile strength and elongation
of the coating are generally lower than that of the substrate.
Therefore, the formability of the coated sheet depends more on
the coating than on the substrate (Ref 4).

One of the needs of modern sheet metal forming is reliable
knowledge about the formability of a given material in a given
forming process. The forming limit of sheet metal is defined to
be the state at which localized thinning of the sheet initiates
during forming, ultimately leading to a split in the sheet. Form-
ing limit curves are very useful for predicting the formability of
sheet-metal forming processes and evaluating the workability
of sheet metals (Ref 5). The formability of monolithic sheet
materials has been studied extensively in recent decades, and
current interests have led to several theoretical analyses of

sheet metal forming instability based on different models (Ref
6, 7). Strain-based forming limit diagrams (FLD) and stress-
based FLD are currently available (Ref 8). The traditional
strain-based FLD was first proposed by Keeler and Goodwin
and constructed by a large number of combinations of major
and minor strains (Ref 9). Hill (Ref 10) originally proposed
localized necking along a direction of zero-extension and con-
structed the left region of the strain-based FLD. Research de-
voted to study of the left region rather than the right region of
the FLD is limited thus far (Ref 11-13).

A steel sheet with an electrodeposited nickel (Ni) coating
was prepared, and the materials were used in advanced struc-
ture applications after special heat treatment. The materials
were dynamically impacted by projectiles from a 57 mm light
air cannon, and it was found that the Ni electrodeposited steel
sheet had better interface quality than predeposited SPCC made
abroad (Japan) (Ref 14). The stress-strain relations of the elec-
trodeposited Ni coating and the steel substrate were determined
using a JEOL JSM-5600LV (Tokyo, Japan) scanning electron
microscope (SEM) in which the applied tensile force could be
produced by tensile equipment. To study the formability of the
materials for deep drawing of advanced battery shells, in this
paper, the forming limits of the coated sheet in the negative
minor-strain region were investigated with Hill’s plastic insta-
bility theory, using sandwich sheet analysis.

A bilaterally coated sheet may be considered as a kind of
composite material, just like a sandwich sheet. Semiatin et al.
(Ref 15) studied the forming limit of sandwich sheet with
punch-forming experiments on stainless steel clad aluminum.
Recently, Yoshida et al. and Peng et al. (Ref 16, 17) using an
approach based on Hill’s anisotropic plasticity, studied the
forming limits of stainless-steel/aluminum sheet laminates. In
this research, this method is adopted for analyzing a sandwich
sheet for construction of the forming limits of the bilateral
coated sheet and for analysis of the formability of the electro-
deposited Ni coating.
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2. Effective Stress and Effective Strain of the
Coated Sheet

The original form of the Hill’s yield function was given as
(Ref 18):

2f��ij� = F��y − �z�
2 + G��z − �x�

2 + H��x − �y�
2 + 2L�yz

2

+ 2M�zx
2 + 2N�xy

2 = 1 (Eq 1)

where F, G, H, L, M, and N are anisotropic constants of the
materials. These constants can be determined by mechanical
testing.

By selecting the coordinate axes x, y, and z as the principal
stress axes 1, 2, and 3, the effective stress becomes (Ref 19):

� =
�3

2 �F��2 − �3�
2 + G��3 − �1�

2 + H��1 − �2�
2

F + G + H �1�2

(Eq 2)

where �1, �2, and �3 are principal stresses in axes 1, 2, and 3,
respectively.

Similar to the plastic theory of isotropic materials, when
neglecting the elastic strain increment, the relation of the plas-
tic strain increment d�ij with the stress �ij is:

d�ij = d�
�f��ij�

��ij
(Eq 3)

Thus, the effective strain increment is:

d�̄ = �2

3
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(Eq 4)

where �1, �2, and �3 are principal strains in axes 1, 2, and 3,
respectively.

In sheet-forming operations, the stress in the thickness di-
rection is usually less than 5% of the in-plane stresses and is
usually disregarded (Ref 15). Letting the thickness direction be
the third axis, it is assumed �3 � 0, and Eq 2 becomes:
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(Eq 5)

Because the sheet is ordinarily rolled, it is generally in-plane
isotropic and normal anisotropic. Thus, F � G and H/G � H/F
� R; here R is the normal anisotropic coefficient. Let the
principal stress ratio be �, that is, � � �2/�1. Thus, Eq 5
becomes:

� = �3�1 + R�

4�2 + R� �1 −
2R

1 + R
� + �2��1�2

�1 (Eq 6)

Similarly, for the ith layer of the sandwich-coated sheet, the
relation of the effective stress, �(i) with the principal stress in
axis 1 direction, �1

(i) is:

��i� = B�i��1
�i� (Eq 7)

where

B�i� = �3�1 + R�i��

4�2 + R�i��
�1 −

2R�i�
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(Eq 8)

Equations 7 and 8 explain that, in the sandwich of the coated
sheet, the effective stresses in different layers are different.

For the planar isotropic and normal anisotropic monolithic
sheet, similarly with R being the normal anisotropic coefficient,
the effective strain increment may be obtained by Eq 4, now
written as:

d�̄ = �2

3

2 + R

1 + 2R
��d�1�

2 + �d�2�
2 + R�d�3�
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(Eq 9)

Because the material volume remains constant during plas-
tic deformation, d�1 + d�2 + d�3 � 0; that is, d�3 � –d�1 – d�2.
Letting the strain ratio � � d�2/d�1 and substituting these
relations into Eq 9, the effective strain increment is determined:

d�̄ = d�1�2�2 + R��1 + R�

3�1 + 2R� �1 +
2R

1 + R
� + �2��1�2

(Eq 10)

Hence, for sandwich-coated sheet, in the ith layer, the effective
strain increment, d�̄(i) with the first principal strain increment
d�1

(i) has the following relation:

d�̄�i� = C�i�d�1
�i� (Eq 11)

where
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3�1 + 2R�i��
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(Eq 12)

Equations 11 and 12 illustrate that, in the sandwich-coated
sheet, the effective strains are different in each layer.

Based on Eq 3, the relationship between the strain increment
ratio � and the stress ratio � can be determined as follows:

� =
��i��1 + R�i�� − R�i�

1 + R�i� − ��i�R�i�
(Eq 13)

When the forming limits in a sandwich-coated sheet form-
ing process are calculated, given the � value, the stress ratio �
for the ith layer is:

��i� =
R�i� + �1 + R�i���

1 + R�i� + �R�i�
(Eq 14)

3. Forming Limits of the Coated Sheet

The deformation of materials used in sheet forming appli-
cations is most often limited by the onset of instability rather
than fracture. The uniaxial true stress-true strain curve is an
indispensable tool used to gauge stable as well as unstable flow
behavior. The FLD is usually used to characterize the form-
ability of sheet metal. Experimental evidence has shown that
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the material properties, sheet thickness, strain paths, and sur-
face finish are the major factors controlling the formability of
sheet metals (Ref 18).

3.1 Basic Assumptions

To study the forming limit of the coated sheet, the following
general assumptions are made in this research:

• The component is a kind of sheet that is continuous in
nature, uniform, and cannot be compressed.

• The interface has enough strength and will not delaminate
during plastic deformation. Thus, the strains in the differ-
ent components are equivalent.

• The influence on the flow stress for the change in the
component material at the interface is neglected.

In fact, the results obtained using the above assumptions are
demonstrated to agree well with experiments (Ref 15-17, 20).

3.2 Hill Localized Necking Conditions for Coated Sheet

In deep drawing, the instability occurs either as a result of
insufficient blank holder force, which gives rise to wrinkling of
the flange (Ref 21) or as a result of loss of load carrying ability
in the wall, which then leads to localized necking and fracture
(Ref 15). For localized necking in a drawing process, the strain
ratio � is negative, corresponding to the left region of the FLD.

For a strain ratio in the negative region, the forming limit of
a coated sheet may be analyzed using Hill’s localized necking
criteria. The direction of localized necking is the direction of
zero extension (Fig. 1). The condition of the maximum load is
perpendicular to the direction of zero extension,

dPn = �
i

��n
�i�An

�i�� = 0 (Eq 15)

where An
(i) is the cross-section area of ith layer of the coated

sheet in the direction n�. n� is the direction perpendicular to the
direction of zero extension.

�
dAn

�i�

An
�i�

= −d�n

Thus, Eq 15 becomes:

dPn = �
i

An�
�i��d�n

�i� − �n
�i� d�n� = 0 (Eq 16)

In Eq 16, An is the cross-section area of the coated sheet in
direction n�, and �(i) is the ratio of ith layer thickness in total
thickness of the coated sheet. Because the volume of the com-
ponent remains constant during deformation according to our
assumption, and the strains in each layer are equal, �(i) does not
change when the coated sheet deforms. Therefore,

�
i

��i� �d�n
�i�

d�n
− �n

�i�� = 0 (Eq 17)

The angle 	 to the n� direction may be determined when the
strain increment is equal to zero in the direction of zero exten-
sion. Thus:

tg2	 = −
d�2

d�1
= −� (Eq 18)

and

	 = �arctg �−� (Eq 19)

The stress �n
(i) lies in the direction perpendicular to the

localized necking and may be derived using the relation of �n
(i)

with �1
(i) and �2. Thus, we obtain:

�n
�i� =

�1 + ���1 + R�i��

1 + R�i� + �R�i�
�1

�i� (Eq 20)

letting:

D�i� =
�1 + ���1 + R�i��

1 + R�i� + �R�i�
(Eq 21)

and substituting Eq 7 and 21 into Eq 20, we obtain:

�n
�i� = D�i��B�i� 
 ��i� (Eq 22)

In addition, the strain increment in the direction perpendicu-
lar to the localized necking may be derived using the relation-
ship between d�1, d�2, and d�3. That is:

d�n = �1 + ��d�1

� d�1 = d�1
�i� (Eq 23)

Using this equation and Eq 11, and substituting into Eq 23:

d�n =
1 + �

C�i�
d�̄�i� (Eq 24)

By substituting Eq 22 and 24 into Eq 17, the following is
obtained:

�
i

��i�
D�i�

B�i� � C�i�

1 + �

d��i�

d�̄�i�
− ��i�� = 0 (Eq 25)

Fig. 1 Localized necking and maximum load
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The strain hardening power law was adopted for each layer
of the coated sheet. For the ith layer, it is:

��i� = K�i��̄�i�n�i�
(Eq 26)

where n(i) is the strain-hardening exponent of material i, and
K(i) is the strength constant of the material.

Substituting Eq 26 into Eq 25, it can be seen that:

�
i

��i�
D�i�

B�i�
K�i��̄�i�n�i�� C�i�n�i�

�1 + ���̄�i�
− 1� = 0 (Eq 27)

Equation 27 is the localized necking condition for a coated
sheet. By giving the materials parameters and strain path �, the
coefficients �(i), B(i), C(i), and D(i) may be determined. Thus, Eq
27 is a nonlinear equation of unknown parameter �̄(i). For the
coated sheet, Eq 27 contains the coating’s effective strain �̄c

and the substrate’s effective strain �̄s. Combined with assump-
tion b, namely that the principal strains in the coating and
substrate are equal, the nonlinear equation (i.e., Eq 27) may be
solved.

4. Results and Discussion

An electrodeposited Ni coating on low-carbon steel sheet
was prepared in the authors’ laboratory. The steel substrate
thickness was 0.25 mm. The Ni coating was bilaterally depos-
ited on the substrate, and the thickness of the Ni coating is
3-10 �m. The stress-strain relation of electrodeposited Ni coat-
ing was tested in the SEM, in which the applied tensile force
could be applied to the sample using a tensile straining device.
With the method, the stress-strain properties of substrate with-
out coating were first determined. After that, the stress-strain
properties of the coating with substrate were determined. Then
the stress-strain relation of the coating was calculated using
a mechanical model (Ref 22). The test data were fit by
exponential curves using the least squares method. That is,
� � 946.3�0.3696 (MPa) for the low-carbon steel substrate, and
� � 1805.6�0.3570 (MPa) for the Ni coating. In the experiment,
the surface of the specimen was examined using SEM while the
specimen was loaded. In this case, the initiation of microcracks
and the propagation of macrocracks could be observed.

To investigate the forming limits for the coated sheet in the
left region of the forming limit diagram, Eq 27 was solved first.
Equation 11 was then used to transfer the coating’s effective
strain �̄c and the substrate’s effective strain �̄s in Eq 27 into the
principal strain �1. Thus, Eq 27 becomes a nonlinear equation
related to one unknown parameter �1, and it may be solved by
the half-interval method. The unknown root for the principal
strain �1 may be set to the interval [0.001, 3.0], and the con-
vergence precision may be specified as 10−4. For the strain
path, –0.9 < � < 0, the solution is very good. According to the
proposed model, extensive calculations are carried out on Mat-
lab as follows.

Figure 2 is the calculated forming limit curve of the coated
sheet compared with the forming limit curves of the monolithic
Ni coating and monolithic steel substrate. The thicknesses of
the Ni coating and steel substrate are 10 �m and 0.25 mm,
respectively. The calculations of the forming limits for the
monolithic coating and substrate are based on typical formulae
(Ref 13). That is, the limit strains are:

�*1 = n��1 + ��

�*2 = ��*1

for normal anisotropic layers. Here n stands for the strain hard-
ening exponent of the material. The normal anisotropic coef-
ficient for steel substrate is 1.41 (Ref 23).

Because the strain hardening exponent, or elongation, for
the Ni coating is lower than that of low-carbon steel substrate,
the forming limit (curve) of the Ni coating is lower than that of
the substrate. The forming limit (curve) of the coated sheet lies
between them, which can be seen clearly by enlarging the
drawing. But it is very close to the forming limit curve of the
substrate because the substrate is much thicker than the Ni
coating, and the deformation and strength of the coated sheet
mainly depend on the substrate.

The effective strains in the Ni coating and steel substrate are
generally different and the size is concerned with the strain
path (Fig. 3). The strain path is varied when the substrate and

Fig. 2 Forming limit curves of the coating, substrate, and the coated
sheet

Fig. 3 Effective strains under different strain paths
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coating are drawn into the battery shell, which may be seen
from finite-element method simulated results. The procedure
parameters of the punch, die, and the coated sheet used in the
simulation are given in Table 1. Figures 4 and 5 are the simu-
lated effective strains in the steel substrate and Ni coating.
From the simulation results, the maximum effective strains in
the coating and substrate continuously increase with the ad-
vance of the punch, i.e., with the time history. Maximum ef-
fective strains always lie in the die fillet. The maximum effec-
tive strains in the steel substrate with the variation of the punch
stroke are shown in Table 2. The maximum effective strain in
the Ni coating corresponds with that in the steel substrate.

The proposed model may be examined by performing a
uniaxial tensile experiment in the SEM. As mentioned previ-
ously, the initiation of microcracks and the propagation of mac-
rocracks could be observed in the SEM. Thus, the initiation of
the local necking under uniaxial tension may be easily seen.

Figure 6 is a typical photomicrograph of microcrack initia-
tion on the surface of electrodeposited Ni coating. The steel
substrate is not yet fractured. When the tensile load is further
increased, the microcrack develops into a macrocrack, resulting
in the fracture of the coated sheet. The microcrack direction
with respect to the loading direction is measured at 51°, which
is consistent with the Hill zero extension. In uniaxial tension,
� � −0.5 for the strain rate. By using Eq 19, the direction of
zero extension with respect to the loading direction is ±54° 44�.
Thus, the microcrack is produced as a result of local necking.
In the experiment, the thicknesses of the Ni coating and steel
substrate are 3 �m and 0.25 mm, respectively. Consider the
normal anisotropy of 1.41 for the substrate, the limit strain in
tensile direction i.e., �1 is 0.736 using the proposed model. A
value of 0.719 was found through SEM and matches well with
the calculated result. Thus, the proposed model provides rea-
sonable agreement.

Figures 7 and 8 show the effect of the substrate and coating

anisotropy on the FLD of the left region. From the graphs in
these figures, the normal anisotropy of the layers does not
appear to influence the FLD of the left region. This is consis-
tent with the previous results (Ref 24). The normal anisotropy
of the substrate has influence on the substrate’s effective strain
(Fig. 9), but has little influence on the coating’s effective strain
(Fig. 10). This may be because the Ni coating is only 3 �m thick.

The way in which the Ni coating thickness affects the FLD
is shown in Fig. 11. From the calculated data, Ni coating thick-
ness has little effect on its FLD. Strictly speaking, by enlarging
the drawing it was found that the thinner the coating is, the
better the FLD is for the coated sheet. This arises because the
FLD of the Ni coating is lower than that of the steel substrate,
and the thinner the coating is, the closer the FLD of the coated
sheet is to that of the substrate. But the Ni coating cannot be too
thin because it will thin more during the drawing processes
(Ref 22).

What largely affects the forming limit is the strain harden-

Table 1 Test procedure parameters

Diameter
of punch

Punch
fillet

radius

Die
fillet

radius
Blank

diameter
Punch
stroke

Substrate
thickness

Coating
thickness

� 31 mm 5 mm 5 mm � 55 mm 20 mm 0.25 mm 3 �m

Table 2 Maximum effective strain in the steel substrate

Time history, ms 4.8 6 7.4 8.6
Punch stroke, mm 7.5 10 12.5 15
Maximum effective strain 0.139 0.229 0.311 0.727

Fig. 4 Effective strain in steel substrate with a punch stroke of 12.5
mm Fig. 5 Effective strain in Ni coating with a punch stroke of 10 mm

Fig. 6 Micrograph of microcracks initiation in electrodeposited Ni
coating loaded by applied force
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ing exponent, as shown by Fig. 12 and 13. The bigger the strain
hardening exponent of the coating or substrate, the higher is the
forming limit of the coated sheet. The reason this occurs is that
in the same strain path, the higher the strain hardening expo-
nent, the greater the effective strain becomes, which can be
seen in Fig. 14 and 15. Thus, the larger the major strain �1 is
from Eq 11, the higher the forming limit is. From a comparison
of Fig. 7, 8, and 11-13, it can be seen that an effective way to
improve the forming limit of the coated sheet is to improve the
strain hardening exponent of the Ni coating or the steel substrate.

5. Conclusions

A uniform electrodeposited Ni coating was prepared on the
substrate of low-carbon steel, suitable for deep drawing into
advanced battery shells. The formability of the coated sheet
was studied using the forming limit diagram coupled with finite-
element analysis and SEM experimentation and examination. The
main results obtained in the present investigation can be sum-
marized as follows:

• The forming limit of the Ni coating is lower than that of
the steel substrate. The FLC of the coated sheet is between
that of the FLC of the coating and the substrate, and is very
close to the FLC of the substrate.

• The normal anisotropic coefficient of the Ni coating and
steel substrate has no apparent effect on the FLC of the
coated sheet. The Ni coating thickness also has little effect
on it.

• The strain hardening exponent of the Ni coating and steel
substrate has a large effect on the FLC of the coated sheet.
The larger the strain hardening exponent of the coating or
the substrate, the better the forming limit is for the coated
sheet.

• SEM in-situ tensile straining tests show that the proposed
model is valid.
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