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Strain rate is an effective parameter in characterization of ductile materials. In
this work, the influence of strain rate on damage evolution in copper is investi-
gated through analytical approach, experiment, and numerical simulation. In
the analytical approach, a modified damage model is proposed to take account
of the effect of strain rate on damage parameter based on Continuum Damage
Mechanics (CDM). A new technique is used for evaluation of damage evolution
in tensile dog bone specimens using a Split Hopkinson Tensile Bar (SHTB). The
results of high strain rate tests are used to validate the modified damage model.
The proposed model is based on Bonora ductile damage model in which the
effect of strain rate is incorporated. The numerical simulations are performed
by implementing the proposed model in the finite element commercial code,
ABAQUS/Explicit using VUSDFLD subroutines. A reasonable agreement was

observed between the experimental data and the proposed damage model.

1. Introduction

The damage evolution in ductile materials has been
the subject of many investigations over the past
few decades. From micromechanical and meso-scale
point of view, the damage in ductile materials is
caused by void nucleation, growth, and coalescence [1].
The micro-mechanical theories (Gourson-Tvergaard-
Needleman (GTN) [2, 3] and Rousselier [4, 5]) and
Continuum Damage Mechanics ((CDM) Lemaitre [6],
Voyiadjis [7] and Bonora [8]) are the two well-known
methods which are widely used for the study of damage
evolution in metals.

Most researchers employ CDM to investigate the
damage evolution in particular for ductile metals [6-
10]. The reduction of Young’s modulus in loading-
unloading tests (stiffness degradation test) is one of
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the well-known methods to evaluate the damage evo-
lution [8, 11]. According to the method, the damage
evolution (D) is defined as D = 1 — (E/Ey), where Ey
and FE are the initial and current Young’s modulus, re-
spectively. Damage parameter varies between zero and
one; 0 < D <1 [6].

Bonora [8] proposed a new nonlinear damage model
to predict the ductile fracture based on CDM. In the
Bonora damage model (please see section 4 for the
details), a nonlinear function is suggested which con-
tains five damage parameters (threshold strain, frac-
ture strain, initial damage, critical damage, and dam-
age exponent). Bonora et al. [12] studied the effect of
stress triaxiality on the ductile damage of Swedish and
ARMCO iron by notched and plain specimens. They
proposed a new model to predict spall fracture in a
plate-impact test.
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Bonora et al. [13] defined a new damage dissipa-
tion function to make the Bonora damage model to
be applicable for shear-controlled damage as well. Pei
et al. [14] combined mechanical behavior and fatigue
performance through micro-structural investigation to
study damage evolution of IN718 alloy under mono-
tonic and cyclic loading conditions. They also investi-
gated the forging effect on the damage evolution. They
proposed the phenomenological damage model based
on Bonora’s model by determining loading-amplitude
related parameter.

Guo et al. [15] applied a damage coupled elastic-
plastic constitutive model considering multi-linear
hardening relation to predict the behavior of turbine
blade for Low Cycle Fatigue (LCF) conditions. They
employed Runge-Kutta (RK) method for solving the
process of damage accumulation. Yadollahi et al. [16]
used a micro-mechanical damage model to determine
the tensile damage evolution of Additive Manufac-
tured (AM) 316L stainless steel. They defined micro-
structural features (e.g. porosity) as internal state vari-
ables to predict the monotonic stress-strain behavior.

Kumar and Dixit [17] investigated the damage of
steel (IS 2062: 2006GR E410W A) and proposed a
new damage model with few parameters. However,
the identification of the constants of their model was
more complex than the other models such as Bonora
[8], Chandrakanth and Pandey [18] and Thakkar and
Pandey [19] models.

The strain rate is an important parameter in mate-
rials behavior particularly in metal forming processes
such as stamping, hydroforming, explosive forming,
electro hydro forming and powder compaction etc [20-
24]. Split Hopkinson Pressure Bar (SHPB) or Split
Hopkinson Tensile Bar (SHTB) is the most well-known
device to investigate the effects of strain rate on dy-
namic behavior of material.

Bonora et al. [25] used hourglass-shaped rectangu-
lar tensile specimen to study the behavior of SA537
C11 Steel at low strain rates. They found that in low
deformation rates, variation of strain rate has no effect
on damage measurement.

Sari Sarraf et al. [26] employed an X-ray tomog-
raphy analysis and predicted the damage evolution
based on Rousselier damage model considering differ-
ent hardening models (modified Johnson-Cook [27],
Voce-modified Johnson-Cook [28, 29] and Khan and
Liang [30]) at different strain rates ranging from 0.001
to 100 s~1. Husson et al. [31] proposed a nonlinear
damage model by considering strain rate, temperature
and micro-structure effects. Their model depends on
fracture strain and critical damage, while it is not sen-
sitive to threshold strain.

Jafari et al. [32] developed a new technique to in-
vestigate the strain rate effects on ductile damage evo-
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lution. They determined the damage evolution based
on material stiffness reduction. They showed that the
strain rate has considerable effects on the damage evo-
lution, but the way the strain rate affects the damage
evolution is not known well enough.

The main objective of this study is to modify the
Bonora damage model to take account of the effects of
high strain rate on damage evolution of the pure cop-
per. A new experimental technique [32] is employed to
measure the damage evolution in high strain rate and
quasi-static tensile tests. From the experimental varia-
tion of damage parameter versus the equivalent plastic
strain obtained at different strain rates, the effects of
strain rate is evaluated and is incorporated into the
Bonora damage model. The modified Bonora model
is implemented in a user material subroutine, VUS-
DFLD, in the finite element code ABAQUS/Explicit.
The model is validated by using the experimental re-
sults.

2. Material and Test Device

In order to evaluate the effect of high strain rate on
damage evolution, the specimen used by Jafari et al.
[32] was employed for tensile dynamic tests accom-
plished using a split Hopkinson bar. The specimen
comprises two segments: real and dummy. The speci-
men assembly and real view shown in Fig. 1 consist of a
specimen and a locker marked by 1 and 4, respectively.
The specimen itself consists of a dummy segment and a
real segment indicated by 2 and 3, respectively. At the
impact, the dummy segment is broken to release the
impact energy to prevent any damage to the SHPB
testing device in dynamic tests. The locker is used to
adjust the amount of elongation that the real segment
of specimen is designed to undergo. By controlling
the specimen’s elongation, the damage evolution can
be controlled under dynamic loading conditions. After
the specimen is elongated to the desired level, the real
part of specimen is subjected to a conventional uniax-
ial tensile test under quasi-static loading condition (for
more details refer to [32]) and the damage evolution is
determined using material stiffness degradation test.

As stated before, damage is caused by void growth
in a ductile material. In low ductile materials, dam-
age evolution is hard to be detected and be measured
by conventional tests such as cyclic tests. Therefore,
a material with high ductility, pure copper, was em-
ployed in this study. In order to increase its ductility,
the copper was annealed at 600°C for 2h and cooled in
a furnace at a cooling rate of 25°C/h. The chemical
compositions of the pure copper obtained using (X-ray
fluorescence) XRF at room temperature are given in
Table 1.
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Fig. 1. Isometric and real view of the specimen including the real and dummy segments.

Table 1

Chemical composition of pure copper
Element Cu Co Fe Pb Ni Zn Sn P Al Impurities total
Quantity (%) base 0.03 0.02 0.02 0.02 0.01 0.01 0.003 0.002 0.02

The schematic and the general view of the SHPB
is depicted in Fig. 2. As the figure indicates, the two
strain gauges mounted at the middle of the incident
and transmission bars are used to measure the stress
waves travelling in the bars as the result of collision
of the striker and the incident bars. From the strain
gauges outputs, the stress-strain curve of the material
can be obtained. More details can be found in [33].

As mentioned before, the specimen is subjected to
two tests: SHTB and SANTAM. In the first test, the
specimen is subjected to tensile loading using SHTB in
a way that the real segment of the specimen undergoes
a specific Plastic deformation without being fractured
and the dummy part of the specimen fails to release
the energy of the impact. In the second test, the al-
ready deformed real part of the specimen is subjected
to quasi-static tensile testing to measure the elastic-
ity modulus for damage analysis. Typical specimens
before and after test are shown in Figs. 1 and 3, re-
spectively.

3. Material Model

Material model is an important requirement in any nu-
merical simulation of damage using a commercial soft-
ware. There are a variety of material models avail-
able in the literature. Ignoring the effect of tempera-
ture, typical models, which consider strain rate and are
highly popular in simulation of materials deformation,

are: (i) Johnson-cook (JC) model [34], (ii) the modified
JC (mJC) model [35], (iii) Khan-Huang-Liang (KHL)
model [30]. JC model is used in the current study to
define the material model of the pure copper as follows:

o = (C1 + CpeC2) {1—!—6’4111 <€P)] (1)

€0

where C ... 4 are the material’s constants and e, &,
&o denote the equivalent plastic strain, the equivalent
plastic strain rate, and the reference strain rate. Fig.
4 shows stress-strain curve of the pure copper at the
strain rate of 630s~!.The constants of the material
are identified from the true stress-strain curve using
a curve fitting technique (SOLVER of the Microsoft
Excel software is used as an iterative nonlinear opti-
mization algorithm [36]). The (Rsq) of the fitting is
0.92 which is acceptable. The results are given in Ta-
ble 2.

4. Ductile Damage Models

4.1. Bonora’s Damage Model

As stated above, Bonora damage model was modified
to take account of strain rate effects. In Bonora ductile
damage model [8] the effective stress (oeys) is defined

as follows:
g
Ueff = 1 _ D

(2)
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Fig. 2. Schematic and real view of incident and transmission bars of SHPB.
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Fig. 3. Typical specimen after high rate test.
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Fig. 4. A comparison between the experimental

stress-strain curves obtained by experiment (dashed
lines) and predicted by Johnson-cook model (solid
lines) at ¢ = 630s~ 1.

Table 2

The constants of JC model.
Cl 02 03 04
104.7 203.4 0.47 0.046

Dummy part

where, o and D are stress and damage parameters,
respectively. Damage parameter is defined as follows:

FEy— FE
= — 3
= 3)
In which Ey and E are the initial and the current
Young’s modulus, respectively. Bonora [8] considered
the strain equivalence hypothesis to develop his model
and suggested a damage potential function (Fp) as:

! (_Sz> ] (Der

where Y, Sy, D., p, @ and n are the damage energy re-
lease rate, material constant, critical damage, effective
equivalent accumulated plastic strain, the damage ex-
ponent, and the material hardening exponent, respec-
tively. For the uniaxial loading case and after using
the specified function and some mathematical simplifi-
cation, the damage variable is obtained as follows:

In (2)
Eth

where €, €. and 4, are plastic strain, critical strain
and threshold strain, respectively. In Bonora damage

D

a—1

_D)(T)
p)

So
1-D

Fp = (4)

D (5)

D1 —
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model, four constants (D, «, &, and &) are ob-
tained from the variation of damage parameter versus
plastic strain curve using a curve fitting technique.
Determination of Young’s modulus from loading-

unloading test, is accompanied by some errors due to
clip gauge slip. Bonora et al. [37] used finite element
simulation and corrected the current Young’s modulus
for ductile metals by suggesting a calibration function
depending on the engineering strain as follows:

= exp lp 1

E=K (AZ)AO 7D (6)
where K°*P(Al), ly, Ao, and f(Al) are the slop of ex-
perimental force-displacement curve, reference gauge,
reference area, and calibration function, respectively.
The calibration function is defined as:

[T p—

(1 + €eng)? @

where €.,4 is the strain at the point where the extrap-
olation of each unloading straight line intercepts the
horizontal coordinate axis for each unloading line (see
Fig. 5). Typical stress-strain curve obtained from a
loading-unloading test for pure copper is shown in Fig.
5.

200 F

100

Stress (MPa)

50 Eong

0 0.1 0.2 0.3 0.4 0.5 0.6
Strain (mm/mm)

Fig. 5. A cyclic loading-unloading tensile test for pure
copper.

By measuring the Young’s modulus in each cycle
of loading-unloading curve variation of Young’s mod-
ulus versus plastic strain was obtained. The results
for quasi-static test are shown in Fig. 6. Variation of
damage parameter versus plastic strain was then ob-
tained using Eq. (5). The results are illustrated in
Fig. 7. As the figures suggest, by increasing plastic
strain, Young’s modulus decreases, while damage in-
creases with the increase of plastic strain. From Fig.
6 and using a curve fitting technique, the constants of
the Bonora damage model defined by Eq. (5) were ob-
tained. The results for pure copper are given in Table
3.
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Fig. 7. Damage parameter vs plastic strain in quasi-
static test for pure copper.

Table 3

The constants of Bonora damage model for quasi-static loading.
Dcr Eth Ef (0%
0.32 0.0318 0.56 0.7

As mentioned before, the effect of strain rate was
ignored in Bonora damage model. In order to assess
the accuracy of the Bonora model, damage parameter
was calculated using Eq. (5) (Bonora model). A com-
parison between the damage parameter obtained by
experiment for 4 different strain rates of quasi-static,
630, 1115, and 1700s~! and predicted by Bonora model
is shown in Fig. 8. As the figure suggests, damage
parameter varies with strain rate. The error in the
damage parameter for different strain rates and due to
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neglecting the effect of strain rate in Bonora model is
presented in Fig. 9. As the figure implies, the damage
parameter predicted by Bonora damage model agrees
reasonably well with the experimental results for quasi-
static loading. However, the accuracy of the model di-
minishes significantly as the strain rate increases, so
that for the strain rate of 1700s~!, this discrepancy
amounts to 50% which cannot be ignored.

04
BBonora's model
NQs

03 | B¢&'=630 (1/5)

@e'=1115 (1/s)
2e'=1700 (1/s)

Damage parameter
(=]
3]

0.1

0.06 0.12

Plastic strain (mm/mm)
Fig. 8. A comparison between the damage parameter
obtained by experiment for different strain rates and
predicted by Bonora damage model.
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Fig. 9. The error in damage parameter for different
strain rates due to neglecting the effect of strain rate
in Bonora model.

4.2. Modification of Bonora Damage Model

As stated before, most of the damage models such as
the one defined by Eq. (5) (Bonora damage model)
ignore the effect of strain rate. In this section the ef-
fect of strain rate on damage evolution is investigated
by examining the strain rate dependency of the con-
stants of the Bonora’s damage model defined by Eq.

132

(5). Variation of damage evolution versus plastic strain
for different strain rates is shown in Fig. 10. By using a
curve fitting technique, the constants of Bonora’s dam-
age model can be determined from Fig. 9. Due to the
physical definition of threshold strain (g4,) [8], this pa-
rameter is not sensitive to strain rate and is constant,
e, = 0.0318. Moreover, the fracture strain (ef) can
be measured from the stress-strain curve obtained from
SHPB test for different strain rates. The two remaining
constants (critical damage and damage exponent) are
computed from the curve fitting of damage parameter-
plastic strain diagram for different strain rates. The
results are provided in Table 4. As the table indicates,
the critical damage and damage exponent are signifi-
cantly sensitive to strain rate. Now, this rate depen-
dency can be cast into an empirical relation leading to
modification of Bonora model. In fact, the modified
Bonora damage model is defined by Eq. (5) except
that its two constants, critical damage and damage ex-
ponent, are strain rate dependent.
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Fig. 10. Variation of damage parameter versus plastic
strain obtained from experiment and predicted by the
Bonora damage model for different strain rates.

Table 4
Fracture strain, critical damage and damage exponent at differ-
ent strain rates.

g (s7h) £y D, o

Quasi-Static 0.56 0.32 0.70
630 0.54 0.38 0.75
1115 0.51 0.42 0.80
1700 0.48 0.46 0.85

Variation of critical damage, D.., and the dam-
age exponent, «, versus the logarithmic dimension-
less strain rate is depicted in Fig. 11. As the figure
indicates, by increasing the logarithmic dimensionless
strain rate, the critical and damage exponent increase.
As the figure suggests, a linear trend governs the re-
lation between the two constants and the logarithmic
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dimensionless strain rate. The relation can be defined
as follows for the two constants:

Dggn = D?TS (al log (€> + ag)
€0

adn = Q@5 (b1 log (;) + bg)
0

where € and € are the strain rate and reference strain
rate, respectively. Furthermore, ai,as,b;, and by are
material constants which can be obtained from Fig. 11.
The results are given in Table 5.
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Fig. 11. Variations of damage exponent and critical
damage parameter vs logarithmic dimensionless strain
rate for pure copper.

Table 5
The values of material constants of Eqgs. (8) and (9) for pure
copper.

a1 a2 by bo

0. 576 -0.429 0.329 0.148

Eventually, by substituting Egs. (8) and (9) in
Bonora’s damage model the modified Bonora damage
parameter (Dgyy) can be defined as follows:

Qdyn

m(;)
th
In| Zf—

Eth

where D™ and o™ are critical damage and damage
exponent in dynamic loading defined by Egs. (9) and
(10). In addition, E?y" is the dynamic fracture strain
measured from stress-strain curves obtained from the
SPHB tensile tests. A comparison between the damage
parameters predicted by the modified Bonora’s dam-
age model and obtained from experiment for different
strain rates is shown in Fig. 12.

Dayn = Dggn (10)
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Fig. 12. Comparison between the damage parameters
predicted by the modified Bonora’s damage model and
obtained from experiment for different strain rate, a)
630s~1, b) 1115 571, and ¢) 1700s~ .

The error in damage parameter predicted by the
modified Bonora model for different strain rates is
shown in Fig. 13. As the figure demonstrates, the level
of error of damage parameter predicted by the modi-
fied Bonora damage model (considering the effect of
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strain rate) has decreased significantly compared with
that predicted by the original Bonora model (ignoring
the effect of strain rate) and shown in Fig. 9. It can
easily be worked out from Fig. 9 and 13 that the mean
error (for the three strain rates) has decreased from
30% for the original Bonora model to around 7% for
the modified Bonora model. This discrepancy shows
that the effect of strain rate on damage evolution in
ductile materials such as the pure copper used in this
work is quite considerable and cannot be ignored.

20

[Ae'= 630 (1/s)

16 ¢ Be= 1115 (1/s)

Be'= 1700 (1/s)

12 r

Erorr (%)

0.12 0.17
Plastic strain (mm/mm)

0.23

Fig. 13. The error in damage parameter predicted by
the modified Bonora model for different strain rates.

The accuracy of Egs. (8) and (9) was examined by
conducting two new tests at the strain rates of 910, and
1450 s~!. The results of the two new tests are com-
pared with the results of the tests used for determining
the constants of Egs. (8) and (9) in Fig. 14. As the fig-
ure indicates, there is a reasonable agreement between
the critical damage and damage component predicted
by the equations and obtained by the experiment sug-
gesting that Egs. (8) and (9) are valid for the range of
strain rate considered in this work.

The validity of the modified model, Eq. (10), was
examined by making a comparison between the dam-
age parameter obtained by experiment and predicted
by the modified Bonora damage model for the strain
rates which have not been used for determining the
constants. The results are illustrated in Fig. 15. The
constants used in the model, Eq. (10), were the same
as those given in Table 5 for Egs. (8) and (9). Again, a
reasonable agreement between the experiments and the
modified Bonora damage model is seen in the figure.

5. Numerical Implementation

In order to validate the proposed model (Eq. (10)), it
was implemented in ABAQUS finite element software
using a user subroutine called VUSDFLD.

The finite element model used in the simulations
and the dimensions of the specimen are depicted in
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Fig. 16, where axisymmetric analysis is considered for
the simulations. As it is seen, the model is quite simi-
lar to the specimen-locker assembly illustrated in Fig.
1. In addition, the finite strain and large deforma-
tion with Lagrangian update assumptions are consid-
ered in the simulations. Two steps adaptive re-meshing
throughout of the gauge length is also employed to in-
crease the accuracy of results during high rate defor-
mation. The specimen’s model comprises 664 elements
and 801 nodes adopted after mesh convergence analy-
sis. Moreover, the locker was assumed rigid to suppress
any deformation other than that in the specimen. The
boundary conditions were defined as they appeared in
the experiments. In the simulation, the left hand side
of specimen (transmit bar) was fixed and the velocity
was applied on the right hand side of specimen (inci-

dent bar).
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Fig. 14. A comparison between the critical damage
obtained from experiments (symbols) and predicted by
Egs. (8) and (9) (lines) for different strain rates.
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Fig. 15. Comparison between experiments data (sym-

bols) and modification Bonora model (lines) for differ-

ent strain rates.
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)

Calculate damage (D g,

Yes

Fig. 17. Flowchart of the simulation and VUSDFLD subroutine.

It is obvious that the center line must be fixed in y
direction because of axisymmetric simulation. The nu-
merical solution strongly depends on the finite element
mesh used in the analysis. In the numerical study, the

number of elements was increased step by step from
330 to 664 element after which no change was observed
in the results. Therefore, a mesh comprising 664 ele-
ments was considered in the finite element model of the
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specimen in the simulations. The flowchart of the sim-
ulation and VUSDFLD subroutine operation is shown
in Fig. 17.

As stated before, Bonora damage model was mod-
ified to take account of strain rate effects on material
damage evolution. This was accomplished by estab-
lishing the relations between the damage parameters of
Bonora model and strain rate. The strain rate depen-
dent damage parameters were then implemented into a
Fortran based user subroutine. Fig. 18 shows the dam-
age contours at three strain rates of 630s—!, 1115571,
and 1700s~'. As the figure suggests, the damage pa-
rameter increases with strain rate.

The critical damage obtained from the modified

Damage

0372
0.345
- 0319
- 0292
— 0.265
- 0.239
0212
0.186
0.159
0.133
0.106

(a)

TR [T
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Bonora model and predicted by numerical simulation
are given in Table 6. Additionally, the damage pa-
rameter for different plastic stain and strain rate are
provided in Table 7. As the Table suggests, a reason-
able agreement between the numerical simulations and
the modified Bonora damage model is seen in the table.

Table 6
Critical damage for different strain rates.

Critical damage

Strain rate (1/s)

Modified model VUSDFLD
630 0.360 0.372
1115 0.420 0.417
1700 0.460 0.458

0.080

AT I I T T T T T T T T T T T TV 1Y

0.053
0.027
0.000

Damage

(b)

0417
0.387
0.357
0.328
0.298
0.268
0.238
0.208
0.179
0.149
0.119
0.089
0.060
0.030
0.000

Damage

(c)

0458
0425
0.393
0.360
0.327
0.294
0.262
0229
0.196
0.164
0.131
0.098
0.065
0.033
0.000

Fig. 18. Damage contours in the real segment of specimen at the strain rates of a) 630 s=!, b) 1115 s~!, and

c) 1700 s~ 1.
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Table 7
Damage parameter for different strain rates and plastic strain.
Strain rate (1/s)
Plastic strain (mm/mm) 630 1115 1700
Experiment VUSDFLD Experiment VUSDFLD Experiment VUSDFLD

0.061 0.067 0.061 0.090 0.083 0.105 0.920

0.121 0.125 0.142 0.182 0.170 0.212 0.195

0.168 0.194 0.180 0.218 0.197 0.274 0.248

0.229 0.215 0.221 0.254 0.262 0.297 0.284

6. Conclusions

In this paper, the Bonora damage model was modi-
fied by considering the effect of strain rate on material
damage evolution. It was shown that two parameters of
Bonora damage model, critical damage parameter, and
damage exponent are dependent on strain rate. The
dependency was defined by nonlinear relations. The
two parameters were obtained from quasi-static and
dynamic stress-strain curves using a curve fitting tech-
nique. In order to validate the modified model, it was
implemented in ABAQUS/Explicit subroutines (VUS-
DFLD). A reasonable agreement was obtained between
the experimental measurements and numerical predic-
tions using the VUSDFLD subroutine. The numeri-
cal and experimental results showed that damage in-
creased with strain rate.
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