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Abstract Formability of aluminum alloys at elevated temper-
atures are of vital importance to process design and numerical
simulation of aluminum hot stamping. In this paper, the hot
formability of AA7075 was investigated experimentally and
numerically. Firstly, a series of hot uniaxial tensile tests were
performed on a Gleeble 3500 thermomechanical simulator to
determine constitutive relationships of AA7075 at different
temperatures and strain rates. Based on these results, a uniax-
ial damage model was established, and further extended to a
multi-axial continuum damage mechanics (CDM) based mod-
el with the consideration of stress state and strain path effects
for hot stamping. Good agreement between model fitting and
experimental results was achieved. Secondly, hot formability
tests were conducted to investigate deformation characteristics
at elevated temperatures. Finally, a finite element (FE) model
using software ABAQUS with implemented the CDM model
via subroutine was established and validated by correspond-
ing experimentations. The developed FE model was utilized
to investigate effects of process variables on material defor-
mation and damage evolution in detail. It was found that form-
ability can be improved with decreasing forming temperature
and increasing forming speed. In addition, friction has a dom-
inant effect on determining failure location.
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1 Introduction

Higher requirements have been raised by the automotive in-
dustry for achieving the goal of light-weight due to the urgent
demand of improving fuel efficiency and reducing pollution
[1, 2]. Aluminum alloys have the merits of high specific
strength, good impact and corrosion resistance, and rich in
resources, which make them to be an ideal material candidate
for automotive Original Equipment Manufacturers (OEMs).
AA7075, as a typical high strength 7xxx series aluminum
alloy, is gaining popularity to be used to manufacture struc-
tural components in a car body. However, the poor ductility of
AA7075 and serious spring-back in cold stamping restrict the
applications inmanufacturing complex-shape components. To
address above drawbacks, a patented hot stamping process for
aluminum alloys, solution Heat treatment, cold die Forming
and Quenching, (HFQ®), [3–5] was proposed and regarded as
a leading technology. In HFQ®, heat treatment for alloy
strengthening and hot stamping for component manufacturing
are integrated in one operation, which can guarantee the di-
mensional accuracy and reduce the overall cost. In the mean-
time, forming at elevated temperatures increases alloy ductil-
ity significantly making it achievable for forming complex-
shaped components.

Formability of aluminum alloys at elevated temperatures
determined the capability of HFQ®. Many researchers have
investigated formability of aluminum alloys in hot forming
condition extensively. Wang et al. [6] studied effects of blank
temperature and stamping speed on the formability of hot
stamping AA2024. It has been found that formability in-
creased with increasing temperature up to 450 °C, followed
by a sharp decrease with a further temperature raise. The
formability reduction is believed to be caused by the softening
of grain boundaries by solute enrichment and softening of the
matrix around inclusion particles. Fakir et al. [3] numerically
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investigated the formability of AA5754 in HFQ®. Effects of
forming temperature and speed on the thickness uniformity
were studied, the results have shown that a higher forming
speed enabled to improve hot formability of AA5754. Zhou
et al. [7] used an optimization method to study the influence of
process parameters on the formability of AA6111 for hot
stamping an anti-collision side beam structure inside car
doors, and found that the non-dominated sorting genetic algo-
rithm II (NSGA-II) optimization procedure enabled to obtain
optimum process parameters for maximizing formability.
Based on above discussions, temperature and stamping speed
are two critical factors influencing the formability for hot
forming. However, their effects on the formability of high
strength AA7075 sheets lack thorough investigations to date.

Finite element (FE)method is a robust approach to evaluate
feasibility and potential of hot stamping components [8]. To
model the constitutive relationships of alloy at elevated tem-
peratures precisely, advanced material modelling with the
consideration of the viscoplastic flow behavior [9, 10], dislo-
cation evolution and damage [11–13] is essential. Wu et al.
[14] investigated the flow behavior of AA7050 using hot com-
pression tests. The characteristics of stress strain curves were
determined by the coupled influences of work hardening, dy-
namic recovery and dynamic recrystallization. Ma et al. [15]
studied the damage evolution of AA6111 during hot deforma-
tion using hot tensile tests, and found that the occurrence of
damage was mainly caused by the nucleation, growth, and
coalescence of micro-voids. A damage constitutive model
for AA6111 was established based on the damage evolution.
For hot stamping aluminum alloys, Lin et al. [16] proposed a
unified dislocation-driven based viscoplastic material model.
Using this model, Fakir et al. [3] and Mohamed et al. [4]
established constitutive models for AA5754 and AA6082,
respectively. Good agreements have been observed between
the fitting and hot uniaxial tensile results. Furthermore, Lin
et al. [17] proposed a novel continuum damage mechanics
(CDM) model based on the plane stress assumption, which
enables to predict the shapes of forming limit curves (FLCs)
for aluminum alloys under hot stamping condition. In this
model, material failure was considered as the accumulation
of micro-damage. Shao et al. [18] has developed a new design
enabling to determine FLCs of AA6082 in hot stamping. The
new test rig utilized Gleeble thermos-mechanical simulator to
achieve an accurate temperature and strain rate control.

To this extend, the study of constitutive modeling for hot
stamping 7xxx series aluminum alloy is relatively few. In
addition, the effects of stress state, strain path, temperature
and strain variations were not considered. Therefore, form-
ability and constitutive modeling for AA7075 at elevated tem-
peratures need to be studied to evaluate the process feasibility
of HFQ®. In this paper, hot uniaxial tensile tests were per-
formed on a Gleeble 3500 thermomechanical simulator to
investigate the hot tensile deformation behaviors and damage

characteristics of AA7075, based on the obtained experimen-
tal results, a unified uniaxial viscoplastic damage model was
developed. Furthermore, a multi-axial CDM model consider-
ing different stress state, extended from the uniaxial material
model, was established. Finally, the developed CDM model
was implemented into FE simulations via a user-defined sub-
routine to numerically assess the formability of AA7075 at
elevated temperatures in detail.

2 Experimental method

2.1 Material

The material used was AA7075 in T6 condition with a thick-
ness of 2 mm. The chemical composition is given in Table 1.

Table 1 Chemical composition of AA7075-T6

2.2 Uniaxial hot tensile tests

Uniaxial hot tensile tests were performed to obtain the stress
strain behaviors and ductility performances of AA7075 at dif-
ferent temperatures and strain rates. Specimens were ma-
chined at the rolling direction and dimensions of specimen is
shown in Fig. 1a. The gauge length with a uniform tempera-
ture distribution was 10 mm, and the width of gauge zone was
10 mm.

Fig. 1b shows the schematic temperature profile of hot
tensile tests. The whole procedure can be described as follows:
Initially the specimen was heated to 450°C at a rate of 20 °C/s,
and further heated to the solution heat treatment (SHT) tem-
perature, 480 °C, at a heating rate of 5 °C/s, and soaked for
600s to guarantee a sufficient dissolution of original precipi-
tates. Then the solution heat treated specimen was quenched
to the target deformation temperature at a cooling rate of 50
°C/s and soaked for 10s to achieve the uniform temperature
distribution within specimen. Finally, the specimen was
uniaxially stretched to fracture. The specimens were iso-
thermally deformed at different temperatures of 400, 450,
and 500 °C and different strain rates of 0.1, 1, and 10 s-1.
The obtained stress strain data were used for modeling the
uniaxial damage constitutive relationships presented in the
following section.

Table 1 Chemical composition of AA7075-T6

Element Si Fe Cu Mn Mg Cr Zn Ti Al

Wt. % 0.07 0.22 1.4 0.04 2.2 0.19 5.4 0.02 Remain
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2.3 Hot formability tests

2.3.1 Experimental test rig and specimen design

Fig. 2 shows the experimental test rig used for determining the
isothermal formability of AA7075 in hot stamping condition.
The test rig was designed using a hemispherical punch with a
diameter of 100 mm. To achieve an isothermal and elevated
environmental temperature, heating rods were inserted into
the top die and blank holder to heat the test rig to target tem-
peratures. Thermocouples were attached in the dies and blank
holder respectively to control the tool temperatures. The
punch, top die and blank holder material selected stainless
steel (06Cr25Ni20), with a maximum working temperature
600 °C. The whole test rig was mounted on a 60-ton hydraulic
press, where the top die was fixed to the ram, and the punch
was located on the machine bed, as shown in Fig. 2b.

Fig. 3 shows the geometry and dimension of specimen of
hot formability tests. Specimens were cut at the rolling direc-
tion from as-received material same with those of uniaxial
tensile tests, and gridding with a dimension of 2×2 mm was
etched on the specimen using electrochemical corrosion for
measuring principal strains.

2.3.2 Test procedure

In terms of the procedure of hot formability test, firstly, the
AA7075 specimen was solution heat treated at 480 °C for 10

mins in a furnace, and the test rig was heated to deformation
temperature 450 °C using the built-in heating rods simulta-
neously. After the solution heat treatment, the heated speci-
men was quickly transferred to the test rig and positioned on
the blank holder. Once the specimen temperature reached the
deformation temperature, the top die moved downwards and
clamped the specimen with the blank holder at a constant
force 6KN. The draw beads on the blank holder constricted
the material flow of specimen in the flange. Then, the clamped
specimenwas deformedwith different die strokes at a constant
speed of 20 mm/s until necking occurred. Punch and the spec-
imens were well lubricated using graphite for the contact
areas. Flow chart of the hot formability tests was shown in
Fig. 4.

3 Material constitutive model

3.1 Establishment of uniaxial damage model

To model the constitutive relationships of aluminum alloys, a
unified dislocation-driven material model considering materi-
al hardening and dislocation recovery [16] was used. The
uniaxial constitutive equations were given in Eqs. (1) to (5).
To formulate the damage evolution, a continuum damage me-
chanics based damage formulation was used [4] to reflect the
formation and accumulation of damage during the dynamic
process of plastic deformation.

(a) Dimension of the hot uniaxial tensile specimen (all dimensions are in mm)

(b) Temperature profile for the hot uniaxial tensile tests 

Fig. 1 Specimen design and
temperature profile for the
uniaxial hot tensile tests.
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ε:p ¼ σ= 1−ωð Þ−R−k
K

� �n

ð1Þ

R
: ¼ 0:5Bρ�0:5 �ρ

: ð2Þ

�ρ
: ¼ A 1−�ρð Þ ε:pj−C�ρn2

�� ð3Þ

ω: ¼ η1ε
:
p
η2= 1−ωð Þη3 ð4Þ

σ ¼ E 1−ωð Þ εT−εp
� � ð5Þ

In this equation set, Eq. (1) represents the viscoplastic flow
rule of material, where ε:p is the plastic strain rate, σ is the flue
stress, ω is the damage factor, n is the viscosity exponent, and

Fig. 3 Dimension of the specimen for the hot formability tests Fig. 4 Temperature profile of hot formability tests

(a) Schematic of hot formability test rig (all dimensions are in mm)

(b) Experimental test rig 

Fig. 2 Experimental test rig for
hot formability tests
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R is the hardening coefficient, which is expressed as a function
of normalized dislocation density, ρ [19], as shown in Eq. (2).
The detailed explanation of normalized dislocation density
was illustrated by Lin et al. [20]. Eq. (3) represents the evolu-
tion of normalized dislocation density, the first term represents
working hardening and the second term represents recovery
during deformation. Eq. (4) represents the damage evolution.
In the uniaxial hot forming condition, damage factor ω is
related to strain rate and deformation temperature. It is as-
sumed that, the damage factor equals to zero at the initial state
of the material and accumulates with the proceeding of defor-
mation.When 70% of the cross-section area was damaged, i.e.
ω = 0.7, it is assumed that failure occurs. Eq. (5) represents the
Hook’s law, the effective flue stress is corrected by damage
factor for plastic deformation.

In this equation set, K, k, A, B, C, n, η1, η2, and E are
temperature dependent material constants defined in Eq. (6)
[21], and n2, η3 are temperature independent constants.

K ¼ K0exp QK

.
RT

� �

k ¼ k0exp Qk

.
RT

� �

B ¼ B0exp QB

.
RT

� �

C ¼ C0exp −QC

.
RT

� �

A ¼ A0exp −QA

.
RT

� �

n ¼ n0exp −Qn

.
RT

� �

E ¼ E0exp QE

.
RT

� �

η1 ¼ η10exp −Qη1

.
RT

� �

η2 ¼ η20exp Qη2

.
RT

� �

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:

ð6Þ

3.2 Establishment of multi-axial CDM damage model

For hot stamping aluminum alloy thin sheets, plane stress
assumption is normally used as the normal stress in the thick-
ness direction is assumed as zero. The stress state and strain
path of material varies with the proceeding of deformation
which requires to extend the above uniaxial model to a
multi-axial model [22]. Hence, a multi-axial CDM material
model, proposed by Lin et al. [17], was utilized considering
effects of effective stress, maximum principal stress and hy-
drostatic stress on the damage. Therefore, the damage formu-
lation based on the plane stress state were established to re-
place the damage equation for uniaxial case.

The relationship between multi-axial flow rule and uniaxial
flow rule can be described as Eq. (7) according to the
dissipation function [17]:

ε:pij ¼
3

2

Sij
σe

ε:pe ð7Þ

Where ε:pij is the plastic strain rate tensor, ε
:p
e is the effective

plastic strain rate, σe is effective stress, Sij is the deviatoric
stress tensor.

Considering the plane stress state effect, the damage equa-
tion of Eq. (4) need to be modified to Eq. (8)

ω: ¼ Δ
α1 þ α2 þ α3ð Þφ

α1σ1 þ 3α2σH þ α3σe

σe

� �φ

η1ε
:
p
η2= 1−ωð Þη3Þ�

ð8Þ

Where σ1, σH, and σe represent maximum principal stress,
hydrostatic stress and effective stress, respectively, α1, α2, and
α3 are corresponding weighting parameters, representing the
contribution of each stress parameter on the damage. φ is a
plane-stress damage exponent, representing the effect of
plane-stress state on damage evolution. Δ is the correction
factor representing the measurement error of necking between
uniaxial tensile tests and formability tests [17].

Finally, the CDM unified damage constitutive equations
extended from the uniaxial damage constitutive equations
can be summarized as:

ε: pe ¼
σe= 1−ωð Þ−R−k

K

� �n

ε: pij ¼
3

2

Sij
σe

ε: pe

R
: ¼ 0:5B�ρ−0:5 �ρ

:

�ρ
: ¼ A 1−�ρð Þjε:pj−C�ρn2

ω: ¼ Δ
α1 þ α2 þ α3ð Þφ

α1σ1 þ 3α2σH þ α3σe
σe

� �φ

ðη1ε:pη2= 1−ωð Þη3Þ

σij ¼ Eijkl 1−ωð Þ εij−εpij
� �

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ð9Þ

Where Eijkl is the material elastic matrix.

3.3 Analysis of the material constitutive model

Material constants of the uniaxial damage model were deter-
mined using a Genetic Algorithm (GA) based optimization
methodology [23] by fitting hot uniaxial tensile test results
in Section 2.2, and the obtained constants are given in Table 2.

Table 2 Determined values of material constants in uniaxial
material model

Fig. 5 shows the comparison of computed material model
fitting (solid curves) and experimental true stress strain results
(symbols). As can be seen in this figure, the flow stress in-
creases with increasing strain rate due to strain harding, and
decreases with increasing temperature due to decrease of yield
stress [17]. Flow stress decreases dramatically at the end of
deformation due to the damage softening. Good agreement
between model fitting and experimental results was achieved.
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Fig. 6 shows effects of deformation temperature and strain
rate on the damage evolution. It can be seen from this figure
that damage accumulated with the increase of true strain.
Initially, damage factor equals to 0, indicating that the material
is homogeneous without damage. Then, the damage accumu-
lates with increasing true strain due to the nucleation and
growth of micro-cracks occurs simultaneously [24]. Finally,
with the coalescence of micro damage to microcrack, damage
factor rapidly increases to 0.7 at the ultimate tensile strain,
indicating the failure of material. In Fig. 6a, at a constant
temperature 450 °C, the rapid increase of damage occurred
in a smaller strain at a lower strain rate 0.1 s-1 compared with
that of 10 s-1. Similarly, in Fig. 6b, at a constant strain rate 1 s-1,

the rapid increase of damage occurred in a smaller strain at a
higher temperature 500 °C compared with that of 400 °C.
Similar trends can be found in reference [4].

As illustrated in [17], the determination of material con-
stants for the damage parameters of the extended CDM mate-
rial model requires experimental FLC data for AA7075 in hot
stamping condition. In this study, an offset methodology pro-
posed by Mohamed et al. [25] was utilized. Firstly, the mate-
rial constants governing the FLC shape was obtained by
fitting the FLC at room temperature. In this fitting, the
temperature-dependent material constants were converted to
temperature-independent to switch off viscoplastic feature of
aluminum alloys in hot stamping condition. Then, the

Table 2 Determined values of
material constants in uniaxial
material model

K0 (MPa) k0 (MPa) B0 (MPa) C0 (s
-1) E0 (MPa) QK (J/mol)

1.050 0.224 1.5 3968 3892 21910

Qk (J/mol) QB (J/mol) QC (J/mol) QE (J/mol) QA (J/mol) Qn (J/mol)

21300 25580 14910 13269 50123 5755

A0 n0 n2 η10 η20 Qη1

9868 11.5 1.8 1.23 0.885 11020

Qη1
η3

622 8.8

(a) 450 °C 

(b) Strain rate 1 s-1

Fig. 5 Comparisons of the hot uniaxial tensile results (symbols) and
material model fitting (solid curves) for different temperatures and
strain rates.

(a) 450 °C 

(b) Strain rate 1s-1

Fig. 6 Effect of deformation temperature (a) and strain rate (b) on the
damage factor evolution.
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obtained constants,Δ, α1, α2, α3, and φ were used combining
those constants determined by hot uniaxial tensile results.
Finally, the constants of multi-axial material model were ob-
tained, and the established material model can be used to
predict FLCs for different temperatures and strain rates.

Using this offset method, Table 3 gives the values of FLC
of AA7075 for cold stamping [26]. Fig. 7 shows the compar-
ison of computed (solid curves) and the experimental (symbol
dots) FLC results for AA7075 at room temperature, and the
predicted FLCs for different temperatures and strain rates. It
can be seen form this figure that good agreement was
achieved, indicating a good prediction accuracy of the CDM
model. Fig. 7a shows that the FLCs have been elevated with
decreasing deformation temperature from 500 °C to 400 °C.
This phenomenon was in consistent with the uniaxial tensile
experimental result, which has a larger ultimate tensile strain
in the temperature 400 °C. Fig. 7b shows that the FLCs have
been elevated with increasing strain rate from 0.1s-1 to 10 s-1,

even though the effect of strain rate on the shape of FLCs was
very small.

Table 3 Material constants for plane stress damage
parameters

4 FE model and simulation set-up

To further investigate hot formability of AA7075, finite ele-
ment simulations were performed using software ABAQUS/
Explicit. Material model and strain hardening model are de-
fined by the developed CDM constitutive equations, which
are implemented in ABAQUS software via user-defined sub-
routine VUMAT. Fig. 8 shows the FE model and simulation
test rig of hot formability tests. The geometry and dimensions
in this FE model was consistent with the experimental test rig
in Section 2.3.1. Tools were modelled as analytic rigid bodies
to improve the simulation efficiency considering the huge
strength difference between cold die and hot blank, while
specimen was modelled as a deformable plastic body. The
specimen was meshed using S4RT thin shell elements with
five integration points in the thickness direction, and there was
a total of 6400 elements. Mises yield criterion was used.

In the FEmodel, specimen was divided into two regions. In
the region with a radius of 63mm, blank material was free to
be deformed. While for the region with a radius greater than
63mm, blank was fixed to act as draw bead used in the

Table 3 Material
constants for plane stress
damage parameters

Δ α1 α2 α3 φ

0.6 0.4 -0.04 0.05 8

(a) Strain rate 1s-1

(b) 450 °C 

Fig. 7 Predicted FLCs of AA7075 for different temperatures and strain
rates in hot stamping condition

(a) Schematic of the FE model 

(b) Simulation mesh 

Fig. 8 FE model and simulation test rig for the hot formability test

Int J Adv Manuf Technol (2017) 92:3299–3309 3305



experiment to improve simulation efficiency. Friction coeffi-
cient between aluminum sheet and punch was set as 0.1 [27],
while friction coefficient for aluminum sheet clamped by the
blank holder and die was set as 0.3. Coulomb friction model
with the penalty formulation was selected as the interface
friction model. Blank holder force was set as 20 KN to restrict
the material flow into the die cavity. Temperatures of tools and
blank were set at 400, 450, and 500 °C, respectively.
Considering the isothermal feature of hot formability tests,
heat transfer between tools and blank was ignored, only
thermal radiation and thermal convection to the environ-
ment temperature were considered. The punch speed was
set to 20 mm/s.

5 Result and discussions

5.1 FE validation

The developed FE model was validated by normalized thick-
ness and strain distributions. The normalized thickness t, is
equal to t/t0, where t is the thickness after deformation and t0 is
the intital blank thickness. The thickness values were mea-
sured from a symmetric line of a cross-section sectioned
across the center at the rolling direction, as indicated in

Fig. 9a, using digital vernier caliper. Fig. 9a shows the com-
parison of normalized thickness distribution between experi-
mental results (solid symbols) and computed results (solid
lines). These results were obtained from simulated shape and
experimental part with a punch stroke of 35 mm. The
stamping speed was 20 mm/s and the used friction coefficient
was 0.1.

Besides the comparison of normalized thickness distribu-
tion, maximum strain was also used to validate the FE model.
Grid automatic analysis software AutoGrid was used to ana-
lyze the maximum strain along the symmetric line. Fig. 9b
shows the comparison of maximum strain of simulated and
experimental parts at a punch stroke of 50 mm with a friction
coefficient of 0.1, and the used stamping speed was 20 mm/s.
It can be seen from the figure that thickness distribution and
maximum strain distributions of the two parts was were in
good correlation. Hence, the developed FE model was accu-
rate enough to reflect the deformation characteristics of hot
formability tests, and to be used further investigate effects of
process variables on the material deformation.

(a) Comparison of normalized thickness distribution of a
hot formed part, where solid symbols represent exper-
imental results and solid curve represents computation
results

(b) Maximum strain verification for the FE model

(a) Comparison of normalized thickness distribution of a hot formed part, where
solid symbols represent experimental results and solid curve represents 

computation results 

(b) Maximum strain verification for the FE model 

Fig. 9 FE model verification
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5.2 Process variables effect

Fig. 10 shows the effect of temperature (400 °C, 450 °C,
500°C) on the thickness distribution within the deformation
zone at a punch speed 20 mm/s and friction coefficient 0.1.
These results were obtained from simulated part with 45 mm
punch stroke. It can be seen from this figure that minimum
thickness occurred at a distance, about 30 mm in the arc
length, from the specimen center due to the effect of friction
[28]. Localized thinning occurred approximately at the same
positions for all temperatures. By changing temperature form
400 °C to 500 °C, the minimum thickness decreased from

1.56 mm to 1.51 mm, and the punch stroke decreased from
53mm to 45mm. Meanwhile, thickness uniformity under 400
°C was better than that at a higher temperature. For AA7075,
the damage factor was temperature sensitivity, this made the
damage factor accumulated earlier at a higher temperature.
Furthermore, material is stronger and strain hardening effect
is greater at lower temperatures. Hence, the deformation of
AA7075 after SHT in hot stamping can obtain a better form-
ability at a lower temperature.

Fig. 11 shows the effect of punch speed (20mm/s, 100mm/
s, 200 mm/s) on the thickness distribution at a temperature of
500 °C and friction coefficient of 0.1. These results were ob-
tained from simulated part with 45 mm punch stroke. It can be
seen from this figure that the trend of thickness distribution in
the center zone (-35mm<arc distance<35mm) was the same
for all speeds, while the thickness distribution in the region
with arc distance greater than 35mm was overlapped.
Localized thinning occurred approximately at the same posi-
tion with arc distance of 30mm. The slope of linear fitting for
maximum strain and deformation time is considered as the
strain rate, and strain rates corresponding to punch speed 20
mm/s, 100 mm/s, and 200 mm/s are 0.19 s-1, 0.93 s-1, and 1.86
s-1, respectively. Since strain hardening effect was greater at a
faster strain rate, higher strain rate was better to improve form-
ability of AA7075.With increasing punch speed from 20mm/
s to 200 mm/s, punch stroke increased from 45mm to 48mm,
and minimum thickness increased from 1.51mm to 1.56mm.
Therefore, the formability under punch speed 200 mm/s was
better than that under 20 mm/s and 100 mm/s, indicating that
formability of AA7075 was better at higher punch speed.

Fig. 12 shows the effect of friction coefficient (0.01, 0.1,
0.3) on the thickness distribution at a punch speed of 20 mm/s
and temperature of 500 °C. These results were obtained from

Fig. 10 Effect of temperature on the thickness distribution (400 °C,
450 °C, 500 °C)

Fig. 11 Effect of punch speed on the thickness distribution (20 mm/s,
100 mm/s, 200 mm/s)

Fig. 12 Effect of friction coefficient on the thickness distribution (0.01,
0.1, 0.3)
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simulated part with 45 mm punch stroke. In the condition of
friction coefficient 0.01, the maximum localized thinning oc-
curred in the center of the specimen, with a minimum thick-
ness of 1.30mm. While in the condition of friction coefficient
0.3, the maximum localized thinning occurred at a distance of
35 mm from the center of the specimen, with a minimum
thickness of 1.22mm. Location of the maximum localized
thinning moved from the center of specimen to the outer edge
with increasing friction coefficient from 0.01 to 0.3, which
indicates that the location of necking can be affected by fric-
tion. Furthermore, maximum punch stroke was also affected
by the friction coefficient. Maximum punch strokes under
friction coefficient from 0.01 to 0.3 were 43mm, 45mm, and
41mm, respectively, formability under friction coefficient of
0.1 was the best of the three. Meanwhile, thickness uniformity
under friction coefficient of 0.1 was better than that at 0.01 or
0.3. Therefore, it can be concluded that formability in hot
stamping condition was affected by friction coefficient, a rea-
sonable friction coefficient can be used to improve the
formability.

5.3 Computed damage evolution

Fig. 13a shows the computed results for damage evolution of
aluminum sheet at different locations during deformation at a
temperature of 500 °C. The used friction coefficient was 0.1,
and punch speed was 20 mm/s. Normalized time T/Tf was
used to express different time moments during deformation,
where T represents the current time and Tf represents the final
deformation time. At the beginning of deformation, the dam-
age factor was zero, which represents the perfect microstruc-
ture without damage in the material. Then, with the occur-
rences of nucleation, growth, and coalescence of micro-
damage during deformation [15], damage factor in the
aluminum sheet gradually grew linearly (T/Tf < 0.5). At
the time T/Tf = 0.3, the maximum damage was only 0.013,
which occurred near the center of the specimen. With increas-
ing deformation time, damage accumulated and maximum
damage factor gradually moved from the center of specimen
to the periphery of the specimen due to the friction effect. At
last, at the distance of 30mm to the center of the specimen, the
damage factor rapidly grew to 0.7, indicating necking was
experienced at this location.

Fig. 13b shows the computed results for damage distribu-
tion along the symmetric line at different moments. At the
time T/Tf = 0.8 and T/Tf = 0.9, the maximum damage factor
of the specimen was only 0.093 and 0.136, respectively, far
below the necking criteria, damage factor equaling to 0.7.
Furthermore, it can be found that just before the failure
of material (0.9 < T/Tf < 1), a small increase of deforma-
tion resulted in a significant increase of damage factor,
and the increase of damage factor during the later defor-
mation time (0.9 < T/Tf < 1) was much larger than that

during earlier deformation time (0 < T/Tf < 0.9). It can be
concluded that, once necking was experienced at a specif-
ic location, localized deformation was concentrated there
and quickly developed to crack. Hence, for hot stamping,
blank deformation should be controlled within uniform
deformation range before necking.

6 Conclusion

Based on the above results in this paper, a series of conclu-
sions can be drawn as follows:

(1) The hot uniaxial tensile test results have shown that,
the formability was improved with decreasing defor-
mation temperature and increasing strain rate in hot
stamping condition.

(a) Damage evolution for different positions

(b) Damage distribution at different deformation time

Fig. 13 Computed damage evolution (temperature of 500 °C, friction
coefficient 0.1, and punch speed of 20 mm/s)
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(2) A set of CDM unified damage constitutive equations for
hot stamping AA7075 was established based on hot uni-
axial tensile test results.

(3) A FE model with the implemented CDM model was
established and validated by corresponding results.

(4) Process variables effects were numerically investigated
using developed FE model. The formability was im-
provedwith decreasing forming temperature and increas-
ing forming speed. In addition, friction has a dominant
effect on determining failure location.
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