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Abstract

Ductile fracture of metal often occurs in the plastic forming process of parts. The establishment of ductile fracture cri-
terion can effectively guide the selection of process parameters and avoid ductile fracture of parts during machining.
The 3D ductile fracture envelope of AA6063-T6 was developed to predict and prevent its fracture. Smooth round bar
tension tests were performed to characterize the flow stress, and a series of experiments were conducted to charac-
terize the ductile fracture firstly, such as notched round bar tension tests, compression tests and torsion tests. These
tests cover a wide range of stress triaxiality (ST) and Lode parameter (LP) to calibrate the ductile fracture criterion. Plas-
ticity modeling was performed, and the predicted results were compared with corresponding experimental data to
verify the plasticity model after these experiments. Then the relationship between ductile fracture strain and ST with
LP was constructed using the modified Mohr-Coulomb (MMC) model and Bai-Wierzbicki (BW) model to develop the
3D ductile fracture envelope. Finally, two ductile damage models were proposed based on the 3D fracture envelope
of AA6063. Through the comparison of the two models, it was found that BW model had better fitting effect, and the
sum of squares of residual error of BW model was 0.9901. The two models had relatively large errors in predicting the
fracture strain of SRB tensile test and torsion test, but both of the predicting error of both two models were within
the acceptable range of 15%. In the process of finite element simulation, the evolution process of ductile fracture can
be well simulated by the two models. However, BW model can predict the location of fracture more accurately than
MMC model.
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1 Introduction

AA6063 aluminum alloy is an Al-Mg-Si alloy with
excellent plasticity and machinability. It is widely used
in the automobile, construction and energy industry.
The plastic forming processes are commonly classi-
fied into hot working and cold working. Cold working
is generally performed at room temperature and leads

*Correspondence: hetao@sues.edu.cn

! School of Mechanical and Automotive Engineering, Shanghai University
of Engineering Science, Shanghai 201620, China

Full list of author information is available at the end of the article

@ Springer Open

to an improvement in the mechanical properties and a
decrease in plasticity due to work hardening. In fact, cold
working can easily result in ductile damage, meaning it
is critical to investigate the damage forming mechanism
at room temperature [1, 2]. It is the main means to study
the damage forming mechanism of metal by establishing
mathematical model [3].

The stress state of a point is usually represented by
stress triaxiality (ST) and the Lode parameter (LP).
From the microscopic point of view, the ductile damage
is caused by the nucleation, growth, and aggregation of
micro-voids under a high ST. Under a lower ST, the shear
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band is the main leading cause of ductile fracture [4, 5].
Based on this damage formation mechanism, three types
of damage models are constructed: (1) failure criterion,
(2) porous plasticity theory, and (3) phenomenological
damage model [6].

For the first type of model, the damage is obtained by
integrating the internal stress variables. Crockroft and
Latham deemed that the maximum tension stress is the
main factor in the failure of materials, and the Crockroft-
Latham ductile failure criterion was established based on
this [7]. Chen et al. [8] believed that the equivalent stress
is also one of the factors that leads to material failure,
and based on the work of Crockroft and Latham, a nor-
malized Crockroft-Latham ductile fracture criterion was
thus established. Meanwhile, in accordance with various
applications, different ductile failure criterions have been
established. For example, the Brozzo model [9] and the
Oyane model [10] were used to predict sheet metal form-
ing and round bar drawing. While the failure criterion is
simple, it cannot predict the complex deformation path
and large plastic deformation.

In terms of the second approach, Gurson first intro-
duced the void volume fraction f into the Mises yield
criterion and established the Gurson plastic potential
[11]. Following this, Tvergaard et al. [12] established the
modified Gurson plastic potential by considering the
effects of the nonuniform stress field around the voids on
the softening behavior of the material. Needlemen et al.
[13] held a view that the nucleation of the void conforms
to the normal distribution controlled by strain, and the
nucleation of the void will lead to a change in the void
volume fraction f. Through the research of above authors,
the so-called GTN constitutive model which takes into
account the nucleation, growth and convergence of the
voids was established. Following further research on
the void evolution mechanism, a number of more accu-
rate GTN constitutive models have been developed. The
advantage of this model is that it is more accurate for the
damage prediction under a relatively low ST. However,
its many parameters make calculations complicated and
sensitive to mesh size.

For the third approach, the phenomenological damage
model was first used to solve engineering problems. Phe-
nomenological damage models can be divided into two
types: coupled and uncoupled damage models. Accord-
ing to the continuum theory, Lemaitre coupled the equiv-
alent stress & with the damage factor D to describe the
dissipation potential in the deformation process, and
established a coupled phenomenological damage model
[14]. Later, it was found that the application condition
of Lemaitre’s damage model was limited by the range of
ST. Considering this, Xue established the relationship
between the damage factor D and ST and LP, and revised
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the Xue phenomenological damage model [15]. He et al.
coupled the damage variable D with dislocation density,
grain size and recrystallization fraction, and established
the damage constitutive equation of 52100 bearing steel-
balls [1].

Given that the coupled phenomenological damage
model requires numerous experiments to calibrate the
parameters, large number of researchers have estab-
lished the uncoupled phenomenological damage model.
According to the uncoupled phenomenological damage
model, there is a linear relationship between the damage
parameter D and plastic strain. The expression of damage
parameter D and equivalent plastic fracture strain & is as
follows:

D(e,) = / T (1)

0

where  is ST, and @ is LP. Therefore, it is essential to con-
struct a 3D fracture envelope in the space (Ef,n,g) for
uncoupled damage. Bai-Wierzbicki first constructed the
3D fracture envelope in the space (Ef, n, 5), which defines
the fracture strain as a function of ST and LP [16]. The
Mohr—Coulomb model was formed based on the maxi-
mum shear stress to predict shear damage. Bai-Wierz-
bicki used the relationship between principal stress and
ST and LP to transform the Mohr—Coulomb model into
the MMC model [17]. Working on the basis of the MMC
model, Lou et al. established the concept of ST thresh-
old and proposed that when the ST is lower than the
threshold, ductile fracture will not occur [18]. Elsewhere,
Mohr et al. transformed the Mohr—Coulomb model into
the space of ST, LP and equivalent plastic strain &, devise
the mixed stress/strain version and established the KHSP
fracture criterion [19].

The phenomenological damage model parameters are
calibrated from experimental fracture tests. For a precise
calibration of a ductile fracture criterion, fracture experi-
ments covering a wide range of stress states must be per-
formed [20]. The fracture of materials with positive ST
can be obtained by using smooth round bar (SRB) ten-
sion test, notched round bar (NR) tension test, and plate
tension test [21-23]. The fracture of materials with nearly
zero ST can be obtained by the torsion and notched tube
tension tests [24, 25]. The fracture of materials with nega-
tive ST can be obtained by a cylindrical compression test.

The phenological damage models of aluminum alloys
have been reported. Lou developed a weight function of
an uncoupled shear ductile fracture criterion and applied
it to model the ductile fracture of AA6082-T2 [26]. Many
researchers used the phenomenological damage model
to the cold deformation of aluminum alloys. Mirnia et al.
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Table 1 Chemical composition of AA6063

Al Si Fe Cu Mn Mg Cr Ni Zn
Wt% 044 0.93 3.50 0.59 1.02 0.03 0.005 0.38

used the MMC3 ductile fracture criterion of AA6061-T6
to simulate the damage formation of aluminum alloy disk
during hydraulic bulging [27]. Aebek et al. used the mod-
ified KHSP ductile fracture criterion, modified extended
MMC, and Lou (2014) models of AA2024 alloy to investi-
gate the damage formation during small punch tests [28].
However, a 3D fracture envelope has not yet been con-
structed for AA6063 alloy.

In this paper, the fracture characteristics of AA6063
under different deformation conditions were studied,
and two uncoupled phenomenological damage models
based on MMC and BW ductile fracture criterion was
established to describe the effect of ST and LP on plas-
tic damage. By comparing the two types of phenological
damage models, the prediction ability of the different
ductile fracture criterion for AA6063 were assessed. To
obtain a wide range of ST variation, tension, torsion, and
compression tests were conducted to determine the rela-
tionships between the fracture strain and ST with LP. The
relationship between the stress state and fracture strain
is determined by finite element (FE) simulation. The 3D
fracture envelope was calibrated by the GA optimiza-
tion technique using the relationship between ST, LP,
and fracture strain. The developed damage model was
implemented into Abaqus 6.14 for the FE simulation. The
accuracy of the model was verified by the specific force—
displacement curve and the distribution of the damage
field. Finally, the two models were compared in terms of
fitting quality and damage prediction ability.

2 Experiments

2.1 Material Description

AA6063-T6, which is an Al-Mg-Si alloy with medium
strength and heat treatment, was used in these experi-
ments. It is widely used in the construction and transpor-
tation industry, and its chemical composition is shown in
Table 1.

2.2 Experimental Process

To observe the fracture of the specimen under as many
different stress states as possible, various fracture tests
were designed in the initial stress state space, as shown
in Figure 1. The tests included tension, torsion, and com-
pression tests. The plasticity and fracture behavior of the
material under high ST were obtained by the SRB ten-
sion tests. The design of the SRB tension test piece was
based on GB/T 228-2002, as shown in Figure 2(a). To
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Figure 2 Shapes and dimensions of the samples of the
room-temperature fracture tests: a SRB and NR tension test, b torsion
test, and ¢ compression test
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obtain the effect of different ST on ductile fracture, dif-
ferent notched specimens were designed according to Eq.
(2) [16]:

nzé—i—ﬁln(l—l—%), 2)

where # is the ST, R is the radius of the neck in the
notched bar specimen, and « is the radius of the smallest
cross section.

Figure 2 shows the shape and dimension of the sam-
ple of the room-temperature fracture test. The smallest
cross-sectional diameter of the three types of NR was 5
mm, and R in Eq. (2) were 20 mm, 10 mm, and 5 mm,
respectively. The dimension and shape of these speci-
mens are shown in Figure 2(a). The gauge lengths of SRB
and NR were both 25 mm. The SRB and NR tension tests
were carried out with a speed of 0.25 mm/s until the
specimen was broken.

Because the hydrostatic pressure of the material is
close to 0 in the pure shear state, shear tests were carried
out to obtain the ductile fracture at low ST. Through the
torsion test, the specimen reached a pure shear state. The
shape and dimension of the torsion specimen are shown
in Figure 2(b). MTS809 axial torsional test system was
used in this experiment. The test speed was 0.1 rad/s, and
the gauge length was 50 mm.

Figure 2(c) shows the compression test specimens. To
study the effect of height-to-diameter ratio on the plas-
ticity and ductile fracture of materials, two ratios were
considered (1.5 and 1). Through the compression test of
the cylinder, the damage evolution and repair under neg-
ative ST were studied. To reduce the friction between the
cylindrical specimen and experimental equipment, the
lubricant was used before the experiment. To maintain
the quasi-static condition, a compression speed of 0.015
mm/s was used.

2.3 Experimental Results

Macroscopic fracture surfaces were investigated to study
the fracture mechanism of specimens. Figure 3 displays
the macroscopic fracture phenomena of different tension
specimens. The macroscopic fracture surface of these
specimens with high initial ST mainly presents the “cup
cone” shape. The cup-cone fracture has a macroscopic
appearance with numerous dimples in the central inte-
rior area of the fracture surface and an oblique appear-
ance at the outer surface. The cup-cone fracture is caused
by the dominant effect of the tension stress in the center
region of the fractured surface [29].

Figure 4 shows the force—displacement relationships
of SRB, NR5, NR10, and NR20. The softening stage of
the material can be seen from the image. The SRB can
be regarded as a notched bar with an infinite notch

Page 4 of 13

SRB NRS NR10 NR20

Figure 3 Fracture phenomena in the tension test
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Figure 4 Force—displacement relationship of tension specimens

radius. It can be seen from Figure 4 that the fracture
elongation increases with the increase in notch radius,
while the peak load increases with the decrease in
notch radius. The load of the curves decreases obvi-
ously after necking. Most experimental results show
that the ST increases evidently when necking occurs
[23, 24]. The increase in ST will affect the plasticity of
materials. This is because of the fact that the regions
with high triaxiality tend to have the characteristics of
small plastic deformation and large volume deforma-
tion, which will lead to the release of more elastic strain
energy at the points with high ST. When more elastic
strain energy is released, the stress will be concentrated
at this point, which will hinder the metal flow and will
lead to a decrease in metal plasticity [30]. Therefore,
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specimens with different height-to-diameter ratios

as Figure 4 shows, the NR5 with the largest initial ST
was the first to enter the softening stage and to fracture,
while the slowest to enter this stage and to fracture was
the SRB with the minimum initial ST.

Figure 5 shows the force—displacement relationship of
specimens after cylindrical compression tests with dif-
ferent height-to-diameter ratios. It can be seen from Fig-
ure 5 that the bearing capacity of the cylinder with the
height-to-diameter ratio of 1 is stronger than that of the
specimen with the height-to-diameter ratio of 1.5. Due
to the friction between the specimen and test equip-
ment, the specimen has a severe nonuniform deforma-
tion, resulting in a drum shape of the specimen. Due to
the increase in the cross-sectional area and the inhibition
of void nucleation under negative ST, the load-bearing
capacity of the specimen increases. Thus, the force—dis-
placement curve continuously increases.

b

Figure 6 Torsion test: a Torque-rad relationship of the torsion test. b
Fracture phenomena in the torsion test

Figure 6(a) shows the torque—twist angle curve __ 500
obtained from the torsion test under a rate 0.1 rad/s, and £
Figure 6(b) shows the morphology of the fracture surface Z 400
of the specimen. It can be observed that the fracture sur- §
face is very smooth without any macroscopic cracks due c/za 300+
to the shear stress acting along the cross section in the =
pure shear state. Compared with the tension fracture test %
with high ST, the specimens fracture along the direction g 200+
was perpendicular to the maximum tension stress, while £
in the torsion fracture test with low ST, the specimens ::3" 100 A Engineering
fracture along the direction of maximum shear stress. True
0 T T T
3 Stress-strain Relationship 0.00 0.05 0.10 0.15 0.20
We assumed that the material is isotropic and conforms Engineering/true strain
to the Von Mises yield criterion. Firstly, the engineering Figure 7 Engineering and true stress—strain until the ultimate
stress—strain curve in Figure 7 was calculated according tension stress curve of AAG0G3
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to the SRB force—displacement curve in Figure 4. Accord-
ing to the stress—strain curve in Figure 7, Young’s modu-
lus of elasticity was 14611 MPa. The true stress—strain
curve in Figure 7 was calculated until the ultimate ten-
sion strength, thereby excluding the effects of damage
when fitting the hardening model in Section 4. In the
true stress—strain relationship, the reduction of the cross
section of the specimen under tension is considered. As
such, the load on the unit cross section of the specimen
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Figure 8 Tension of SRB: a force—displacement response from
experiments and simulation; b equivalent stress—equivalent plastic
strain curve of AA6063

Table 2 Parameters required for the plastic model
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increased, which led to the true stress—strain curve being
higher than the engineering stress—strain curve.

The commercial software Abaqus 6.14 was used to sim-
ulate the SRB tension test. The geometric model is shown
in Figure 8(a). To simplify the calculation, only the part
of the specimen within the gauge distance was simulated.
The mapped mesh was created using an 8-node linear
hexahedron element with a reduced integration size of
0.5 mm. The corrected curve of the equivalent stress and
equivalent plastic strain (stress—strain relationship) was
determined using the true curve in a multi-linear form by
the trial and error method. It obtained the correct equiv-
alent stress and equivalent plastic strain relationship (Fig-
ure 8(b)) by comparing the force—displacement curves
from the experimental and simulation results until they
matched, as shown in Figure 8(a).

4 Plasticity Model

The Von Mises yield criterion is used to describe the flow
criterion of a metal. The strain hardening behavior of
metals is described by the power hardening law:

o =A + Be”, (3)

where A, B, and #n are material constants obtained by fit-
ting the experimental data in Figure 8(b). Additionally,
due to the needs of the ductile fracture model in Sec-
tion 5, the Swift hardening law was used to fit the experi-
mental data as following [31]:

=K+ (g+75)", (4)

where K is a material constant, g is a prestrain-like mate-
rial constant, and m is the strain hardening exponent.
Through the results of the SRB tension test, the plastic-
ity parameters required for the plastic model in Table 2
were obtained by fitting the data in Figure 8(b). The frac-
ture experiments were simulated using these parameters.
These FE simulations, described in the following, were
done using Abaqus/Explicit with the power harden-
ing law. All simulations were replicated in the same way
using C3D8R 8-node bilinear axisymmetric quadrilateral
and hourglass control. The critical elements were usu-
ally selected where the equivalent plastic strain is larger,
and the damage is easy to occur. Based on previous find-
ings [32, 33], the critical element of specimen was usu-
ally selected on the element with the largest equivalent
plastic strain before fracture, and the selection of critical

E (MPa) A (MPa) B (MPa)

K (MPa) E, m

14611 365.6 383.8

0.648

597.2 0.037 0.145
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Figure 9 The finite element mesh with critical elements: a SRB, b
NR20, ¢ NR10, d NR5, e cylinder with a height-to-diameter ratio of 1.5,
f cylinder with a height-to-diameter ratio of 1.0, and g torsion test

elements is shown in Figure 9. Since the real mesh size is
very small, the grid division in Figure 9 is used as a sche-
matic diagram to clearly indicate the location of critical
elements. After the simulation, the stress states of the
critical elements selected on the model were extracted
from the FE model to obtain the stress states of the speci-
mens in other tests.

The force—displacement curves of SRB from simula-
tions compared with the corresponding experiments
are shown in Figure 8(a). The force—displacement curve
obtained from the experiment is consistent with the sim-
ulation results. Additionally, necking can be observed in
the simulation result. The variation of ST and LP with
equivalent plastic strain extracted from the critical ele-
ment is shown in Figure 10, where LP remains 1 while ST
increases. This indicates that the critical element is con-
tinuously elongated along the axial direction [23].

The force—displacement curves of NR from simula-
tions compared with the corresponding experiments
are shown in Figure 11(a). The simulation results of the
softening stage are not consistent with the experimental
data because the plastic model considers only the hard-
ening law. The location of critical elements for obtaining
stress state variables was at the axes in the notched region
where the crack occurred, as shown in Figure 9(b—d).
The variation of ST and LP with equivalent plastic strain
is shown in Figure 11(b). It can be seen that the growth
rates of the ST of specimens with different notched radii
are similar.

The simulation of the compression test was performed
as an axisymmetric case. Punches and sets were regarded
as a discrete rigid body. The force—displacement curves
from simulations compared with experiments are shown
in Figure 12(a). The force—displacement curves obtained
from the experiments agree well with the simulation
results for both height-to-diameter ratios. The location of
critical elements for obtaining stress state variables was
in the middle of the axes, as shown in Figure 9(e)—(f). The
variation of ST and LP with equivalent plastic strain is
shown in Figure 12(b).

The torque-rad curve obtained from torsion test is
shown in Figure 13(a). The torque-rad curve obtained
from the experiments is consistent with the simulation
results. The location of critical elements was on the outer
surface in the model, as shown in Figure 9(g). The vari-
ation of ST and LP with plastic strain is shown in Fig-
ure 13(b). It was found that ST and LP approach zero,
which leads to the failure of the specimen by shear stress.
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5 Ductile Fracture Criterion

ST is dimensionless variable that describes the stress
state of a point in a continuous medium by the ratio of
stress invariants and is defined as follows:

Q

m

n=—= (5)

where 0,, and & are the mean stress and equivalent stress.
Another important parameter is LP, which is related to
the third stress invariant as follows:

60

0=1-—, (6)
T

3v3 1

cos (30) = 5 U )3/2
2

7)

where J, and J; represent the second and third stress
invariants.

In this paper, two phenomenological models were used
to predict the ductile fracture of AA6063 in cold defor-
mation. The damage prediction ability of two different
ductile fracture criterion was verified for AA6063 under
different loading conditions. The MMC criterion was
derived from the Mohr—Coulomb criterion. The expres-
sion of the fracture strain as a function of stress state is as
follows [23]:

_ =N V3K L} cos (_—”> o
& (n,0) = & | 4o (ni Lsin <6gg>) :
(8)

where ¢; and ¢y are constants that need to be calibrated
by experiments, K and m are constants from the Swift
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hardening law. Another fracture model was the BW
model [16]. This function is based on three limiting cases:
f, 8}), 8}“ which respectively correspond to the LP of —1,
0, and 1. From the early studies for these three limiting
cases, the effect of ST on plastic strain can be written as
[33] :

é}+) = Dle_Dzn, )
g = Dae P, (10)
&) = Dse ¥, 11)
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Table 3 ST, LP and fracture strain of AA6063-T6 for room
temperature

Specimen ST LP Fracture strain
Tension on smooth round bar (SRB) 06839 09975 0.6259
Tension on notched round bar 0.7172 09975 04857

(NR20)
Tension on notched round bar 0.7898 09963 0.4533

(NR10)
Tension on notched round bar (NR5) 0.8738  0.9937 0.3998
Torsion on round bar 0.1395  0.0129 0.5269
Compression on cylinder (H:D=1.5) 03450 —0.9943 No fracture
Compression on cylinder (H:D=1) 03672 —0.9955 No fracture

Therefore, Eq. (12) can be written as [19]:

_ — 1 B B ~ .
£1(1) = [ (P17 4 Do) - Do
1

T3

(Dle_ZDQ" + D5e_D6'7) 0 + Dse Pan,

(12)
where D1, D5,D3,D4,Ds5 and Dg are constants, which
need to be calibrated by experiments.

It can be seen from Figures 10, 11(b), 12(b), and 13(b)
that ST and LP vary continuously during specimen defor-
mation (Table 3). To accurately calibrate the ductile frac-
ture criterion, the integral mean values of ST () and LP
(0) were calculated by Eq. (13) and Eq. 14:

€

1
Nave = — | nde (13)
ef
0
&f
_ 1 -
Ouve = — [ Gde (14)
Ef ]

GA optimization technique was used to calculate the
parameters of Egs. (8) and (12) in MATLAB. The cal-
culated model parameters are shown in Table 4. The
3D fracture envelope of the MMC and BW models are
depicted in Figure 14(a) and (b), respectively. It can be
seen that the 3D fracture envelope of both models agree
well with the results of tension and torsion tests.

The fitting effects of different models were evaluated by
R? using Eq. 15:
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Table 4 Material constants of ductile fracture criterion
MMC G G
0.083 306.6
BW D, D, D, D, D, D,
1.148 1.108 0479 1.533 0.863 1.795
0.20
I BW
5 MMC
0.16 1 -
4 Torsion test A 5
> 50.12-
2 g
23 . S
g€ - Tension test on =
s RB and NRB 3 0.08 1
-2 —
-
3
: 0.04
0 " 0.00
e SRB NR20 NRI0O NRS Torsion
Figure 15 Comparison of prediction errors between the BW and the
MMC
a
where é{ and 5{ are the fracture strain obtained via the
5 ductile fracture test and the corresponding fracture strain
obtained via the FE simulation, respectively. The sum of
the squared residuals, R*, of the MMC and BW models
- 4 are 0.8882 and 0.9901, respectively. It shows that the BW
3 Torsion test model fits better compared with the MMC model, may
g' _ be related to the number of parameters in the model.
C Tension test on To compare the prediction ability of the two models,
% the prediction error of the two models were calculated
2

Figure 14 Fracture locus: a MMC model and b Bai-Wierzbicki model

(15)

R — Z (1 _ ‘;j{(nave: :ave) > ,

i (nave; 9ave)

according to Eq. 16:

é{(nawnéave) - g{(nave: éace)
‘%{ (naver éave) .

9 =

(16)

Figure 15 shows the comparison of the prediction
errors between the two models, with the results indicat-
ing that, on the whole, the prediction ability of the two
models is similar. While the two models returned several
errors in the SRB tensile test and torsion tests, there were
fewer errors with the other ductile fracture tests. This
may because of the serious necking of the specimen in
the SRB test, which led to the inaccurate measurement
of the fracture strain. Secondly, the ductile fracture strain
under shear conditions is less which results in the inaccu-
rate prediction ability of the models for specimens with
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2.0 Modified Mhor-Coulomb
—— Axisymmetric tension
- - - Torsion

1.5- Bai and Wierzbicki

Axisymmetric tension
i~ — —Torsion

Tension test on
SRB and NR

Fracture strain
o
1

0.5 Y

Torsion test

0.0 T T T
-0.5 0.0 0.5 1.0

Stress triaxiality

Figure 16 Relationship of fracture strain and ST

low and medium ST. The prediction ability of the two
models was similar for the fracture strain of the NR ten-
sile test. However, the BW ductile fracture criterion was
superior to that of the MMC in predicting the fracture
strain in the SRB tensile test and the torsion tests.

Since the LP hardly varies in axisymmetric tension
and pure shear tests, the relationship between tension
fracture strain or shear fracture strain and ST can be
obtained when the LP is 1 or 0, respectively, in Figure 16.
It can be found that the fracture strain will decrease with
the increase in ST under any deformation condition.
According to Bai-Wierzbicki [16, 17], when the ST is low
n < —0.33, the material is in a negative hydrostatic stress
state. In this stress state, the nucleation and growth of the
voids will be restrained, which makes the occurrence of
ductile fracture very unlikely. However, at a higher ST
n > 0.4, the material is in a high-ST stress state, wherein
the fracture of the material is caused by the nucleation,
growth, and propagation of the voids. In this stress state,
the material is highly prone to form the ductile fracture.
Therefore, under any deformation condition, the fracture
strain will decrease with the increase in ST. The shear
fracture strain is smaller than the tension fracture strain
as a whole. This indicates that cracks are more likely to
occur during shear deformation. The experimental data
points are close to the curve of the BW model.

6 Fracture Prediction

The developed approaches were implemented into
Abaqus 6.14 for FE simulation to verify the damage
model further and observe damage distribution. Two
developed approaches were applied to simulate two
selected tests (SRB, NR20), respectively.

Force (kN)

0 T T T
0 1 2 3 “

Displacement (mm)
a

Value-D

(F49: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01

+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

b

Figure 17 Application of the MMC model: a experimental and
computational force-displacement responses and b field of damage
parameter

6.1 Application of the MMC Model

There are force—displacement responses from simula-
tions compared with experiments in Figure 17(a). The
solid curve was obtained by FE simulation, and the scat-
tered points show the experimental data. Better predic-
tion in the weak stage was achieved by the MMC model
compared with the results without considering dam-
age effects in Figure 11(a). However, compared with the
experimental results, the fracture of the specimen in the
simulation occurred earlier than that in the experiment.
The crack of SRB initiated at the center of necking and
propagated horizontally at first in Figure 17(b). The crack
of NR20 initiated in the middle of the thickness at the
notched region and propagated horizontally.

6.2 Application of the BW Model
The results of the BW model were similar to those of the
MMC model. The BW model was more accurate than
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+1.667e-01
+8.333e-02
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Figure 18 Application of the BW model: a experimental and
computational force—displacement responses and b field of damage

parameter

the MMC model in predicting the fracture point on the
force—displacement curve in Figure 18(a). Through the
analysis of the damage field shown in Figure 18(b), it
was found that the damaged area for the BW model was
slightly smaller. The prediction ability of the two mod-
els for the damage of AA6063 was similar, although the
accuracy of the BW model was slightly higher than that
of the MMC model.

7 Conclusions

(1) The mechanisms of ductile fracture were inves-
tigated in various loading conditions. The initial
ST of experiments varies from —0.33 at cylindri-
cal compression tests to 0.67 at NR5 tension tests.
The specimens with high ST tend to failure due to
tension stress, while the specimens tend to failure
along the direction of the maximum shear stress
with the decrease in ST.
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(2) The plastic model of AA6063 was established via a
SRB tensile test. By combining the ductile fracture
test with the FE simulation, the ductile fracture cri-
terion of AA6063 were established for both the BW
model and the MMC model.

(3) The 3D fracture envelope was represented by two
models: the MMC model and the BW model. Com-
pared with the experimental results, the two models
can describe the softening phenomenon of materi-
als due to the initiation and propagation of dam-
age. The fitting effect and the prediction ability of
the BW model were slightly better than those of the
MMC model. While the fracture location predicted
by the two models was different than the actual sit-
uation, the accuracy of the BW model was higher
than that of the MMC model.
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