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Abstract
In this paper, specimens were first pre-stretched to different pre-strain coefficients (0, 0.4 and 0.8) under quasi-static tensile for
AA6061-O aluminum alloy. Then, the specimens with different pre-strain coefficients were stretched by a high-speed tensile
machine (HTM) at different strain rates (200 s− 1, 400 s− 1 and 600 s− 1). Digital image correlation (DIC) technique was employed
to measure the strains. The results showed that the yield ratio increased significantly with the pre-strain increased. As the pre-
strain coefficient increased, high-speed tensile strain limitation decreased and the total tensile strain limitation increased. A
modified Johnson-Cook (JC) model considering pre-strain coefficient was proposed. Numerical simulations were performed
using LS-DYNAwith the modified JCmodel. The strain field of the specimen taken by the camera agreedwell with the simulated
strain field.
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1. Introduction

Aluminum alloys have enormous industrial applications due
to high strength to weight ratio, good corrosion resistance, and
recycling potential. However, formability of aluminum alloys
was much lower than steels at room temperature which be-
came an urgent problem for aluminum forming process. Seth
et al. [1] proved that at room temperature, the sheet forming
limit could be significantly increased when the sheet material
was subjected to extremely high deformation speeds. Majid
Zia et al. [2] investigated the formability of aluminum sheets
at elevated temperatures by warm electrohydraulic high-speed

forming process. Significant increases in failure strain were
found. Huijuan Ma et al. [3] demonstrated that the uniform
strain and fracture strain augmented with increasing expansion
velocity during electromagnetic ring expansion tests.

However, it was difficult to use high speed forming method
to d i r ec t ly fo rm a shee t in to a des i r ed shape .
Electromagnetically assisted sheet metal stamping (EMAS)
was promising for industrializing. It could significantly im-
prove the forming limit of aluminum alloy, while part shape
fitness was comparable to traditional process. Guangyao Li
et al. [4] studied the formability of AA5182 aluminum alloy
by quasi-static-dynamic tensile test, and the test results
showed that finial elongation of combined quasi-static-
dynamic tensile specimens was larger than pure dynamic
specimens. M.K. Choi et al. [5] developed a combined deep
drawing and electromagnetic sharp edge forming to improve
the formability. Jinxiu Fang. [6] et al. proposed a three-step
stretching EMAS method. This method could increase the
tensile depth of the 5052-T aluminum alloy by more than
two times than that of quasi-static stretching. Jianhui Shang
et al. [7] performed stamping experiments on 6111-T4 alumi-
num alloys using the EMAS techniques. The experimental
results showed that this method could make the draw depth
of the sheet from 44 mm to 63.5 mm compared with the
traditional stamping technology without relying on lubrica-
tion. J. Imbert and M. Worswick [8] pointed out that the

• Specimens of AA6061-O aluminum alloy with different pre-strain
coefficientshave been tested at different high speeds.
• A modified Johnson-Cook model containing pre-strain coefficients (λ)
wasproposed. The expression of constitutive model is σ ¼
Aþ FðBÞ � "n½ � 1þ FðCÞ � ln ˙"�½ � 1þ FðDÞ � lnð1þ λÞ½ � .
• The modified JC model was verified by finite element anal-
ysis and experiment.
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20 mm part radius pre-formed by conventional stamping
could be reduced to 5 mm using a specially designed coil. It
could be seen that the EMAS method had great advantages in
the molding process. However, the development of EMAS
was more complicated and process parameters need to be
carefully designed, which required designers to have in-
depth research on process development. In order to simplify
process development and improve the efficiency of process
development, the finite element analysis (FEA) method was
used for the simulation work of EMAS.

FEA simulation played an important role in predicting
sheet metal forming, reducing product processing and increas-
ing production efficiency. Many researchers had conducted
EMAS analysis by means of FEA simulation [9–11]. In order
to establish an accurate finite element model, it was essential
to build an accurate constitutive model [12–14]. There were
many constitutive models that were widely used to describe
the relationship between the flow stress and strain [15, 16].
Amir Etaati et al. [17] did a series of thermal compression
experiments. The constitutive equation was modified to de-
scribe the flow behavior of materials. The very good agree-
ment between the experimental results and predicted results
indicated that the constitutive equations could be used for
predicting the thermal compression deformation behavior of
materials. Joost Van Slycken et al. [18] studied the mechanical
properties of four different TRIP steels under high strain rate
conditions. Three constitutive models for describing the com-
plex material behavior of TRIP-steels were used. The results
showed that the JC model could better reflect the behavior of
materials. The JC model could clearly express work harden-
ing, strain rate hardening, and temperature softening effect.
Therefore, in many constitutive model studies and simulation
software, JC model was widely used [19–21]. However, the
JC model might deviate from the experimental results for dif-
ferent materials under different conditions. Many researchers
had improved the JC model according to different materials
and different experimental conditions to make the JC model
fitted the experimental data very well [22–24]. Most previous
studies were single tensile constitutive models, but a few stud-
ies focused on constitutive models considering pre-strain. In
the quasi-static-high-speed composite forming process, differ-
ent regions have different quasi-static deformation in the
quasi-static forming stage. For example, in reference [5], there
were different quasi-static deformations in the fillet region.
And then different quasi-static deformations in the high-
speed forming stage corresponded to different constitutive
models. Therefore, the accuracy of the simulation is deter-
mined by the accuracy of the constitutive model.

In this study, the original specimens were firstly stretched
for different lengths by means of quasi-static stretching. Then,
original specimens and pre-strain specimens were stretched at
different strain rates by Zwick/Roell HTM 5020 tester. The
high-speed tensile tests processes of specimens were

photographed by a high-speed camera and strains field were
calculated by DIC system. Then the JC model and modified
JC model were established to describe the flow behavior over
a certain range of strain rate.

2. Experiments

2.1 Materials and specimen preparation

The materials were commercial AA6061-O aluminum alloy
sheets which were cold rolled to 1.2 mm thickness. The sketch
size of the specimen and quasi-static tensile stress-strain curve
were shown in Fig. 1. The tensile direction of all tensile spec-
imens was the sheet rolling direction. The length of the gauge
area was 25 mm and the width was 10 mm. The quasi-static
specimens were stretched by an Instron 5985 universal tester
with a nominal tensile strain rate of 0.001 s− 1.

Specimens were pre-stretched to 0%, 40%, 80% of plastic
strain through an Instron 5985 universal tester at the tensile
speed of 1.5 mm/s. Considering the elastic deformation of the
material, the target pre-strain was presented by Eq. 1.

"p ¼ ð"a � "eÞλþ "e ð1Þ

Where �a is the experiment ultimate tensile strain, �e is the
initial elastic strain, λ is the target pre-strain coefficient, and �p
is the target pre-strain. According to the stress-strain curve
showed in Fig. 1, the initial elastic strain and ultimate strain
were 0.006 and 0.2647, respectively. According to the exper-
imental design, the pre-strain coefficients were equal to 0, 0.4
and 0.8 respectively. Pre-strain coefficients of 0, 0.4 and 0.8
represented pre-strains of 0, 0.109 and 0.213, respectively.
Hence, pre-stretched distances were determined as 0 mm,
2.879 mm, and 5.935 mm.
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Fig. 1 Tensile testing results under quasi-static condition
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2.2 Experimental procedures

The prepared specimens with different pre-strain coefficients
(0, 0.4 and 0.8) were stretched at different strain rates (200 s−
1, 400 s− 1 and 600 s− 1). High speed tensile tests were
employed by HTM, and the whole processes of specimens
were photographed by a camera with DIC system. The exper-
imental process was shown in Fig. 2.

In order to capture the strain data during plastic deforma-
tion with the DIC camera, the suitable speckle points were
spotted on the surface of the specimens by a speckle making
tool. After speckle points were spotted, the specimens were
clamped on the high-speed tensile machine. The lower grip of
the high-speed tensile machine was embedded with a piezo-
electric sensor used to collect the force of the test specimens
during the experiment. Before the experiment begin, the high-
speed tensile machine would be pre-loaded at a speed of
0.1 mm per minute and the peak pre-load force was 400 N
(less than the yield strength of the specimen), which was to
eliminate the clamping gap or the residual force during the
clamping process. The HTM took the hydraulic accumulator
as the power source and the stability of the tension speed was
ensured by adjusting the size of the hydraulic valve. The DIC
camera was triggered by the HTM. In the high-speed tensile
experiment, the DIC camera transmitted the captured photos
to the DIC operation platform via the network cable. Different
tensile speeds corresponded to different frame rate and pixel
resolution (taking the tensile speed of 15 m/s as an example,
the frame rate and the pixel resolution of the cameras were
10000 frames/s and 384 × 264, respectively). The camera con-
trolled the acquisitive frequency of the DAQ acquisition card.

The load signal collected by the DAQ acquisition card was
input to the DIC operation platform.

The DIC camera was used to record the deformation pro-
cess of the test piece, and the data such as strain and displace-
ment of the test piece could be calculated [25, 26]. The DIC
operating platform was used to process photos taken by the
camera. During the stretching of the specimen, the high-speed
camera could capture the entire deformation process of the
specimen. Through the calculation of the DIC software, the
strain field in the gauge area of the specimen could be obtain-
ed. The strain at any point in the gauge area could be obtained.
In this paper, the center position point in the gauge area was
selected as the measurement strain point. The required engi-
neering strain was the strain on the longitudinal direction (ten-
sile direction) of the specimens, and the longitudinal strain of
the specimens corresponded to the longitudinal strain (eyy) in
the software. The strain after neck was not considered.

When the pre-strain coefficient was equal to 0, the center
position point in the gauge area was selected as the measure-
ment strain point. The eyy of the measuring point was the
engineering strain, as shown in Eq. 2. The ratio of the force
collected by the HTM to the initial cross-sectional area of the
specimenwas considered to be engineering stress, as shown in
Eq. 3. Engineering stresses and engineering strains were trans-
formed into true stresses and true strains by Eq. 4 and Eq. 5.

"p ¼ eyy ð2Þ

σe ¼ F
A0

ð3Þ

"t ¼ lnð1þ "eÞ ð4Þ

Fig. 2 The process of high-speed
tensile tests
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σt ¼ σe � ð1þ "eÞ ð5Þ

Where �e is engineering strain,σe is engineering stress,A0 is
the original cross-sectional area of the gauge area, �t is true
strain, σt is true stress.

When the pre-strain coefficient was equal to 0.4 or 0.8,
engineering strain was also the eyy value of the center position
point in the gauge area. Before the neck of the specimen, the
deformation in the gauge region was considered to be uniform
[27]. Even when the pre-strain coefficient was 0.8, the test
specimen had not reached the neck. When the pre-strain coef-
ficient was equal to 0.4 or 0.8, the principle of volume con-
stancy in the gauge area was used. This principle was present-
ed by Eq. 6.

V ¼ A0 � L0 ¼ Apre � Lpre ð6Þ

where V is the volume of the original gauge area,A0 andL0 are
the original cross-sectional area and length of the gauge area,
respectively, Apre and Lpre are the cross-sectional area and
length of the gauge area after pre-stretching, respectively.
Similarly, the engineering stress after pre-stretching was the
ratio of the force collected by the HTM to the cross-sectional
area (Apre ). Therefore, the true stress-strain curve containing
the pre-strain could be obtained.

3. Results and discussions

3.1 Experimental results

Specimens with different pre-strain coefficients were stretched
at different strain rates. The result of stress-strain curves was
shown in Fig. 3.

The yield strength and tensile strength versus pre-strain
coefficient graph was shown in Fig. 4(a). As the pre-strain
coefficient increased, the value of yield strength exhibited a
significant increase in nonlinearity, which was due to the
strengthening of the material caused by quasi-static pre-strain.
In contrast to the yield strength, the tensile strength showed a
nearly linear increase.

Yield ratio were shown Fig. 4(b) under different pre-strain
coefficients. When the pre-strain coefficient was 0, the yield
ratio of strain rate at 600 s− 1 was 0.0329 higher than that of
strain rate at 200 s− 1. Similarly, when the pre-strain coeffi-
cients were 0.4 and 0.8, the yield-strength ratios of strain rate
at 600 s− 1 were 0.0202 and 0.0324 higher than that of strain
rate at 200 s− 1. It could be concluded that the strain rate had a
little effect on the yield ratio under same pre-strain coefficient.
When the strain rate was 200 s− 1, the yield ratio with a pre-
strain coefficient of 0.8 was increased by 90.1% than the yield
ratio with a pre-strain coefficient of 0. Similarly, when the
strain rates were 400 s− 1 and 600 s− 1, the yield ratios in-
creased by 83.7% and 83.1%, respectively. Therefore, pre-

strain could significantly increase the yield ratio of the mate-
rial, which showed that the plasticity of that material deterio-
rated with increasing pre-strain coefficient.

When the pre-strain coefficients of the specimens were not
zero, the total tensile true strains of the specimens included
two parts: quasi-static pre-stretched true strain and high-speed
tensile true strain. Pre-stretched true strain, high-speed tensile
true strain and total true strain were defined as:

"q ¼
Z L1

L0

dL
L

¼ ln
L1
L0

ð7Þ

"h ¼
Z L2

L1

dL
L

¼ ln
L2
L1

ð8Þ

"f ¼
Z L2

L0

dL
L

¼ ln
L2
L0

ð9Þ

WhereL0,L1 andL2 are the length of the original specimen,
the specimen after pre-stretching and the specimen before
necking, respectively. According to the logarithmic method,
the total true strain (�f ) is equal to the sum of quasi-static pre-
stretched true strain (�q ) and high-speed tensile true strain (�h ).
The relationships between total true strain and true stress were
shown in Fig. 5. It could be seen that the true stress of spec-
imens with different pre-strain coefficients was approximately
equal to the true stress without pre-stretched specimens under
the same strain.

According to the material tensile curves, high-speed
tensile strain limitation versus strain rate for different
pre-strain coefficients was shown in Fig. 6. It could be
observed that when the pre-strain coefficient was 0, the
high-speed tensile strain limitation of AA6061-O alumi-
num alloy increased with the increased of strain rate.
Similarly, when the pre-strain coefficients were 0.4 and
0.8, the same rules were also presented.

When the pre-strain coefficient was zero, the total tensile
strain limitation was equal to the high-speed tensile strain
limitation. When the pre-strain was not zero, the total tensile
strain limitation was equal to the quasi-static pre-stretched
strain plus the high-speed tensile strain limitation. Results
were shown in Fig. 7. For example, at a strain rate of 200 s−
1, the total tensile strain limitation with a pre-strain coefficient
of 0.8 was 35.9% greater than the total tensile strain limitation
with a pre-strain coefficient of 0. Similarly, when the strain
rates were 400 s− 1 and 600 s− 1, the total tensile strain limita-
tion with a pre-strain coefficient of 0.8 were 24.1% and 23.4%
higher than the total tensile strain limitation with a pre-strain
coefficient of 0. The experiment results showed that the high-
speed tensile strain limitation decreased with the increase of
pre-strain coefficient, but the total tensile strain limitation in-
creased with the increased of pre-strain coefficient. The total
tensile strain limitation with quasi-static pre-strain was larger
than that of pure high-speed strain, which meant that quasi-
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static-high-speed forming could improve the forming limit of
materials.

Metallographic observations were conducted. The plane of
the microscopic observation area was perpendicular to the
thickness direction of the aluminum alloy sheet. The
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Fig. 3 True stress-true strain curves under pre-strain coefficients: (a) ˙� = 200 s− 1, (b) ˙� = 400 s− 1, (c) ˙� = 600 s− 1

Fig. 4 Yield strength, tensile strength and yield ratio under different pre-strain coefficients: (a) yield strength and tensile strength versus pre-strain
coefficient, (b) yield ratio versus pre-strain coefficient
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observation area of the broken test piece was near the cracking
position. Results were showed in Fig. 8. As could be seen in
Fig. 8(a), the grain size distribution was relatively uniform and
the average grain size was 15.23 ± 7.1μm.Cracked specimens
made from high-speed stretching with 0.8 pre-strain coeffi-
cient had significantly more elongated grains than that of pure
high-speed stretching condition. The result was also consistent
with the conclusion that total tensile strain limitation with
quasi-static pre-strain was larger than that of pure high-speed
strain.

3.2 Johnson-Cook model

The JCmodel clearly expressed the relationship between flow
stress and strain at high strain rates. The original constitutive
model was established without pre-strain. The constitutive
model of origin JC model was shown in Eq. 10.

σ ¼ ðAþ B"nÞð1þ C ln ˙"�Þð1þ T�mÞ ð10Þ
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Fig. 5 True stress-total true strain curves under different pre-strain coefficients: (a) ˙� = 200 s− 1, (b) ˙� = 400 s− 1, (c) ˙� = 600 s− 1
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682 Int J Mater Form (2021) 14:677–689



Where σ is flow stress, ε is the equivalent plastic
strain, ˙"� ¼ ˙"=˙"0 is the dimensionless plastic strain
rate, ˙� is the true strain rate, ˙�0 is the reference strain
rate, and T �m is the homologous temperature. A, B, n, C

and m are the material constants. Aþ B"n , 1þ C ln ˙"�

and 1þ T�m are used to describe the work hardening
effect, the strain rate effect, and the temperature effect,
respectively.
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Fig. 7 Total tensile strain and high-speed tensile strain versus pre-strain percentage: (a) ˙� = 200 s− 1, (b) ˙� = 400 s− 1, (c) ˙� = 600 s− 1

Fig. 8 Microscopic observation of grain size: (a) original sheet, (b) pure high-speed stretching condition, (c) high-speed stretching with 0.8 pre-strain
coefficient condition
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3.2.1 Determination of A, B and n

At the reference strain rate (0.001 s− 1), the JC model could be
simplified to:

σ ¼ Aþ B"n ð11Þ

The value of A in Eq. 11 was the yield stress (MPa) at
reference temperature and reference strain rate. Based on the
true stress-strain date under quasi-static stretching conditions,
the value of A could be derived. Take logarithm operation on
both sides of Eq. 11, and Eq. 11 was equivalent to Eq. 12:

lnðσ� AÞ ¼ lnBþ n ln " ð12Þ

Substituting the value of A and flow stress data at various
strains into Eq. 12, a fitting line of lnðσ� AÞ vs. ln� was
plotted. The value of B could be calculated from the intercept
of the fitting line, and n was the slope.

3.2.2 Determination of C

The effect of temperature on flow stress could be eliminated,
because the experiments were conducted at room temperature
(reference temperature). Therefore, the JC model could be
simplified to:

σ ¼ ðAþ B"nÞð1þ C ln ˙"�Þ ð13Þ

Rearranging Eq. 13 to the following form:

σ
Aþ B"n

� 1 ¼ C ln
˙"

0:001
ð14Þ

Because Aþ B�n is constant under a fixed strain, σ
AþBσn is

linearly related to ln ˙�
0:001 . C was obtained from the slope of

σ
AþBσn � 1 vs. ln ˙�

0:001 plot for a fixed strain at various strain

rates. SinceCwas a constant in the JCmodel, the average ofC
at different strain was the final value of C.

The material constants of JC model for 6061-O aluminum
alloy were given in Table 1. Using the parameters in Table 1,
the comparisons between experimental flow stress values and
predicted stress by JC model was shown in Fig. 9. Obviously,
deviations between predicted and experimented results could
be observed. The constitutive model should be improved for
6061-O aluminum alloy.

3.3 Modified Johnson-Cook model

The effects of strain, strain rate, and temperature on flow stress
were mutually independent in the original JC model.
However, the three influencing factors had new effects on
flow stress [28]. In order to improve the accuracy of the con-
stitutive model, many modified constitutive models had been
proposed. In some previous research, the work hardening ef-
fect was a polynomial or exponential form about strain
[29–32]; the coefficient of strain rate hardening was an equa-
tion for strain and strain rate [33].

The work hardening coefficient B in the original JC was a
constant, which resulted in a bias between the experimental
curve and the JC model curve as shown in Fig. 9. The coeffi-
cient of strain rate hardening was constant in the JCmodel and
the effect of strain rate was shown in Eq. 15. Since A, B, ε, n,
C, ˙"were positive, @σ

@˙� was also positive. Therefore, under the

determined strain, the flow stress gradually increased as the
strain rate increased. According to Fig. 3, the flow stress of the
material increased with the increased of the pre-strain coeffi-
cient. It was believed that the effect of pre-strain on flow stress
was about the function of pre-strain coefficient.

@σ
@˙"

¼ ðAþ B"nÞ � C
˙"

> 0 ð15Þ

According to the above analysis, a modified JC constitutive
model was established to describe the relationships between
flow stress and strain, strain rate, pre-strain. The equation
could be described as Eq. 16.

σ ¼ Aþ FðBÞ � "n½ � 1þ FðCÞ � ln ˙"�½ �
� 1þ FðDÞ � lnð1þ λÞ½ � ð16Þ
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Fig. 9 Flow stress comparisons between the experiments and predicted
result by J-C model when the pre-strain coefficient is zero

Table 1 Parameter of the Johnson-Cook model for AA6061-O

Parameter A (MPa) B (MPa) n C

value 63.44 479.42 0.72436 0.00673
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Where F(B) is the coefficient of strain hardening, F(C) is
the coefficient of strain-rate hardening, F(D) is the coefficient
of pre-strain hardening, λ is pre-strain coefficient. In Eq. 16,
items Aþ F Bð Þ � �n, 1þ F Cð Þ � ln˙�* and 1þ F Dð Þ � lnð1
þλÞ were used to describe the work hardening effect, the
strain rate effect, and the pre-strain effect, respectively.

3.3.1 Determination of the introduced F (B)

When the strain rate and pre-strain coefficient were 0.001 s− 1

and 0, respectively, Eq. 16 could be expressed as follow:

σ ¼ Aþ FðBÞ � "n ð17Þ

As analyzed in Sect. 3.2, the true stress-strain curve of
quasi-static tension deviated from the original JC model.
This deviation was a function of the strain. Therefore, it was
considered that F (B) was an equation of strain, and the equa-
tion could be written as follows:

FðBÞ ¼ B1 � sinðB2 � "þ B3Þ ð18Þ
where B1, B2 and B3 are material constants. Based on the true
stress-strain curve under quasi-static conditions, Eq. 18 was
fitted by means of the regression analysis with the experimen-
tal results. According to the coefficients of the fitting formula,
the values of A, B1, B2, B3, and n were determined.

3.3.2 Determination of the introduced F(C)

Similarly, Eq. 16 could be simplified the following Eq. 19
when pre-strain coefficient was equal to zero.

σ ¼ Aþ FðBÞ � "n½ � 1þ FðCÞ � ln ˙"�½ � ð19Þ

The relationship between F(C) and true strain εwas shown
in Fig. 10. When the strain was zero, the F(C) values at the

strain rate of 200 s− 1, 400 s− 1 and 600 s− 1 were 0.0566,
0.0561, and 0.0597, respectively. However, when the strain
was 0.3, the F(C) values at the strain rate of 200 s− 1, 400 s− 1

and 600 s− 1 were 0.00514, 0.00517, and 0.00544, respective-
ly. In addition, when the strain value was less than 0.12, the
value of F(C) decreased rapidly with the increase in strain, but
when the strain was greater than 0.12, the value of F(C) de-
creased slowly. Therefore, at small strains, the value of F(C)
was greatly affected by strain, and F(C) approached a constant
under a large strain.

The flow stress of the material was not much affected by
the strain rate at the range of 200 s− 1-600 s− 1. Figure 10 also
showed this trend that the value of F(C) changed slightly at
different strain rates. F(C) was only the strain-dependent ma-
terial parameter.

It was considered that the coefficient of strain rate harden-
ing could be expressed as a function of strain and the function
was suitable for different strain rates. The equation could be
written as shown in Eq. 20

FðCÞ ¼ C1 þ C2 � eC3�" ð20Þ
where C1, C2 and C3, are material constants. According to Eq.
20 and Fig. 10, the values of C1, C2, C3, could be determined
directly at the different strain rate. The final values of C1, C2

and C3 were the average of the values of C1, C2 and C3 at the
different strain rate.

3.3.3 Determination of the introduced F(D)

Using the experimental flow stress data at different strains and
Eq. 16, the relationship between F(D) and true strain ε was
shown in Fig. 11. At different strain rates and pre-strain coef-
ficients, the trend of F(D) with strain was the same, and it
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could be seen that a strain of 0.05was the demarcation point of
these curve trends.

It was considered that the coefficient of strain rate harden-
ing could be expressed as a function of strain and the function
was suitable for different strain rates. The equation could be
written as shown in Eq. 21.

FðDÞ ¼ D1 þ D2 � lnð"þ D3Þ ð21Þ
whereD1,D2 andD3, are material constants. According to Eq.
21 and Fig. 11, the final values of D1, D2 and D3 could be
determined directly by averaging the values of D1, D2 and D3

at the different pre-strain coefficients and different strain rate.

The material constants of the modified JC model for
AA6061-O aluminum alloy were given in Table 2.

The predicted values by modified JC model could be made
according to Table 2 and Eq. 16. Comparisons between the
experimental and predicted results by the modified JC model
of AA6061-O aluminum alloy under three different high
strain rates and three different pre-strain coefficients were
shown in Fig. 12. It could be found that the modified JCmodel
could give an accurate and precise estimate of the flow stress.
Therefore, the modified JCmodel could be used in sheet metal
forming simulations.

Table 2 Parameters of the
modified Johnson-Cook model
for AA6061-O

Parameter A (MPa) B1 (MPa) B2 B3 n C1

value 63.44 1303.49 -0.52306 0.48103 0.75069 0.00534

Parameter C2 C3 D1 D2 D3

value 0.04819 -15.16991 -0.25882 -0.38709 0.00476
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Fig. 12 Comparisons between predicted and experimental flow stress cures with different pre-strain coefficients
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In order to quantify the predictive ability of the modified JC
model, the correlation coefficient (R) and average absolute
relative error (AARE) were used. The correlation coefficient
was the amount of linear correlation between experimental
stresses and predicted flow stresses. The average absolute av-
erage error was used to evaluate the deviation of the predicted
flow stresses from the experimental data. The R and AARE
were expressed as:

R ¼
Pi¼N

i¼1 σi
e � σe

� �
σi
p � σp

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPi¼N

i¼1 σi
e � σe

� �2 Pi¼N
i¼1 σi

p � σp

� �2
r ð22Þ

AARE ¼ 1

N

Xi¼N

i¼1

σi
e � σi

p

σi
e

�����
������ 100% ð23Þ

Where σe and �σe are experimental true stress and the
average values of experimental true stress, respectively.σp and
�σp are predicted true stress calculated by employing

corresponding model and predicted true stress, respectively.
N is the number of data employed in the investigations.

The calculated result of R and ARRE for the original JC
model and modified JC model were shown in Fig. 13. The
correlation coefficient for the original JC model and the mod-
ified JCmodel were greater than 0.97. The AARE coefficients
of the original JC model and the modified JC model were
quite different, and the improved model was close to zero.
The comparison between the predictive values and the exper-
imental values implied that the modified JC model was much
more accurate than original JC model.

4. Validation of the numerical model

To verify the accuracy of the modified JCmodel, the commer-
cial finite element code LS-DYNAwas used to perform sim-
ulations of the dynamic test with a pre-strain coefficient of 0.4
and at a strain rate of 200 s− 1. The eight-node 3D element was
used and the finite element model had 4000 elements with an
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Fig. 13 Comparison of R and AARE between predicted values and experimental values of the two models: (a) R versus strain rate column graph, (b)
AARE versus strain rate

Fig. 14 Mesh in gauge section of
finite element model
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element size of 0.5 mm× 0.5 mm× 0.3 mm in the gauge sec-
tion, as shown in Fig. 14

The model was first stretched to 2.879 mm under a dis-
placement boundary. The simulations were performed using
the modified JC model with strain rate of 0.001 s− 1. Then, the
dynain file was derived from the calculation results. Finally,
the model in the dynain file was redefined the material prop-
erties and the stretching velocity field. A speed boundary con-
dition was implemented at the upper surface in the tensile
specimen. The employed velocity was obtained from DIC
technique. The modified JC model (pre-strain coefficient 0.4
and strain rate 200 s− 1) was applied in finite element
simulation.

The comparison of the gauge section between the numeri-
cal simulation and the von-Mises strain field taken by DIC
was shown in the Fig. 15. The results showed that the strain
distributions of the DIC images and numerical simulations at
different time were well matched. The stress-time curves com-
parison of simulation results and the DIC results near the
fracture zone (Point P0 in Fig. 15) was shown in Fig. 16.
The numerical simulation showed good consistency with
DIC measurement. The good agreements of simulation results
and the DIC results confirmed the rationality of the proposed
modified JC model.

5. Conclusions

In this paper, specimens of AA6061-O aluminum alloy with
different pre-strain coefficients (0, 0.4 and 0.8) had been
stretched at different strain rates (200 s− 1, 400 s− 1 and 600
s− 1). Based on this study, the following conclusions could be
drawn.
(1) Under the same pre-strain coefficient, the yield ratio was

not sensitive to the strain rate of 200 s− 1-600 s− 1.
However, the yield ratio could significantly increase with
the increase of pre-strain coefficient, and the maximum
yield ratio could be increased by 90.1%.

(2) The strain limitation of AA6061-O aluminum alloy was
greatly affected by the pre-strain coefficient. The total
tensile strain limitation increased as the pre-strain coeffi-
cient increased, and the maximum total tensile strain lim-
itation increased by 35.9% compared with the pure high-
speed tensile strain limitation.

Fig. 15 Comparison of von-Mises Strain field distribution in the calculation area from DIC and numerical simulation at strain rate 200 s− 1, pre-strain
coefficient 0.4: (a) t = 0 ms, (b) t = 0.5 ms, and (c) t = 1.02 ms
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Fig. 16 Comparison of equivalent plastic strain-time curve of the
calculation area from DIC measurement and numerical simulation near
the region of fracture
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(3) A modified JC model considering pre-strain coefficient
was proposed. The modified model fitted well with ex-
periments, and the max average absolute relative error
was 1.108%.
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