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Evaluation of varying ductile fracture criterion for 7075 aluminum alloy
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Abstract: As one of the principal failures, ductile fracturing restricts metal forming process. Cockcroft-Latham type fracture
criterion is suited for ductile fracture in bulk metal-forming simulation. Finding a way to evaluate the ductile fracture criterion (DFC)
and identify the relationship between DFC and deformation conditions for a strain-softening material, 7075 aluminum alloy; however,
it is a non-trivial issue that still needs to be addressed in a greater depth. An innovative approach is brought forth that the
compression tests and numerical simulations provide mutual support to evaluate the ductile damage cumulating process and
determine the DFC diagram. One of the results shows that for a fixed temperature, the maximum cumulated damage decreases
regularly with increasing strain rate. The most important result shows that DFC of 7075 aluminum alloy at temperatures of 573—723
K and strain rates of 0.01—10 s ' is not a constant but a change in a range of 0.255—0.453, thus it has been defined with varying
ductile fracture criterion (VDFC) and characterized by a function of strain rate and temperature. According to VDFC diagram, the
exact fracture moment and position during various forming processes will be predicted conveniently, in addition to which, the

deformation domains with lower fracture risk corresponding to higher VDFC can be identified.
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1 Introduction

Aluminum alloy has some advantageous properties
that make them an excellent choice for a number of
applications. Severely deformable aluminum alloy
mostly exhibit narrow deformation windows in terms of
temperature and strain rate, which generally can be
defined by processing maps [1]. An important concern in
aluminum alloy forming processes is whether the desired
deformation can be performed without any fracture in
workpiece. In industrial practice, however, the empirical
know-how of the designer is decisive for the
fracture-free quality of the products, but often requiring
very costly trial-and-error [2]. Thus, there is a critical
need for predicting and preventing fracture, which is a
major feature of the forming process and the quality of
the products. Most bulk metal-forming processes may be
limited by ductile fracture, e.g., the occurrence of
internal or surface fracture in the workpiece. If it is
possible to predict the conditions within the deforming
workpiece which lead to fracture, then it may be feasible

to choose appropriate process conditions and to modify
the forming processes in order to produce sound products
[3].

The material damage state in industrial processes
can be simulated by implementing damage model into
finite element software. The occurrence of ductile
fracture is often a limiting factor in metal forming
processes. Therefore the damage degree, that is, the
fracture tendency can be characterized as the ration of
damage value and ductile fracture criterion (DFC).
Historically, DFC is based on the experimental work that
utilizes a deformation process that is related to actual
industrial applications [4]. So far, the fracture criterion
such as Cockcroft-Latham type [5] is suited for ductile
fracture in bulk metal-forming simulation. Usually, DFC
is considered a constant of material, like yield stress,
stress limit. Cockeroft and Latham have not expounded
whether DFC depends on the temperature and strain rate
[1-7].

The main research objective is to analyze and
uncover the response of DFC to deformation conditions
for 7075 aluminum alloy. An innovative concept of
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forth as the
essential intermediate quantity to determine DFC. As for
the innovative approach, the compression tests whether
there are cracks, numerical simulations provide mutual
support to determine the varying ductile fracture criterion
(VDFC). Without a doubt, VDFC of 7075 aluminum
alloy is convenient to predict the exact fracture moment

damage sensitive rate is brought

and position during various forming processes.
2 Experimental

The chemical compositions (mass fraction, %) of
7075 aluminum alloy used in this study were Zn 5.5, Mg
2.2,Cr2.2,Cul.7,Si04, Fe 0.3, Mn 0.1, Al (balance).
Before the experiment, the homogenized ingot was
scalped to diameter of 10 mm and height of 12 mm with
grooves on both sides filled with machine oil mingled
with graphite powder as lubrication. On a computer-
controlled, servo-hydraulic Gleeble 1500 machine, the
specimens were resistance heated at a heating rate of 1
K/s and held at a certain temperature for 180 s to ensure
a uniform starting temperature and decrease the material
anisotropy. All the sixteen specimens were compressed
to a true strain of 0.9163 (height reduction of 60%) at the
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temperatures of 573, 623, 673 and 723 K, and the strain
rates of 0.01, 0.1, 1 and 10 s . During the compressing
processes the variations of stress and strain were
monitored continuously by a personal computer
equipped with an automatic data acquisition system. The
true compressive stress—strain curves of 7075 aluminum
alloy deformed at four temperatures and four strain rates

are shown in Fig. 1.
3 Conditions for damage computation

3.1 Cockcroft-Latham’s DFC

In order to design an optimum plastic forming
process without failure, a ductile fracture criterion is
highly important and necessary. Numerous criteria have
been developed for ductile fracture prediction in metal
plastic deformation. Cockcroft and Latham [7—11], based
on cumulative damage theory, developed a damage
computation module based on a critical value of the
tensile strain energy per unit volume, which has been
applied successfully to a variety loading situations. It has
been used to assess the degree of working imposed on
aluminum alloy in such process as extrusion, rolling and
upsetting by tools. Cockcroft-Latham’s damage [7-9]
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Fig. 1 True stress—strain curves of 7075 aluminum alloy at different strain rates and temperatures: (a) 0.01s™'; () 0.1s™; (c) 1 s %;
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can be expressed as an amount of work that the ratio (D)
of maximum tensile stress op to effective stress o
carries out through the applied equivalent strain & in a
metal-working process, i.c.,

_[&Or
D_jo Edg (1)

where &; is the total equivalent strain corresponding to
fracture failure, and the maximum damage value, Dy, 1S
named ductile fracture criterion. The DFC value, Dy, is
dependent on the material metallurgical properties such
as grain size, grain form and non-metallic inclusion
content. By comparing D with Dy, the risk of material
failure during processing is assessed.

In order to calculate D by FE simulation, Eq. (1) has
to be converted to an appropriate discrete expression
which is convenient for FE code, i.e.,

D= JOEf ch Jtt OT 24 = o-TgAt

(2)
where £ is the equivalent strain rate, # is the total time
corresponding to fracture failure, and At is the variable
time increment used in the FE analysis.

As several series of billet samples had been
compressed at different deformation temperatures and
strain rates, the true stress—strain data collected resulted
from the performance of simulations through an
integration method using the subroutine in the DEFORM
platform.

3.2 Way to determine Cockcroft-Latham type DFC
From Fig. 1, it can be seen that 7075 aluminum
alloy is a typical strain-softening alloy. As is well known,
for strain-hardening alloy the fracture criterion can be
determined by directly comparing the simulation with the
destructive experiments in terms of the critical
deformation level. However, for strain-softening alloy
the ductile fracture criterion cannot be determined
directly because it is difficult to find visible cracks on the
surface of deforming billet and the stress—strain curves
do not present fracture points. Thus, finding an indirect
way to evaluate the ductile damage criterion and identify
its applicability and reliability, however, is a non-trivial
issue that still needs to be addressed in greater depth.
According to the cumulative damage theory, the
damage value a moment ago is less than that a moment
later during a compressing process. Therefore, the
maximum value seems to appear at the last simulation
step. As the cumulation characters maybe contribute to
finding the critical damage wvalue. It is necessary to
analyze the damage cumulating process. Thus, an
innovative concept about the sensitive rate of
Cockcroft-Latham damage (as Eq. (3)) in plastic
deformation (Rye,) is brought out and defined as the ratio
of the damage increment at one step (AD) to the

accumulated value (D). It is supposed that if the
maximum damage value will keep increasing in a very
small growth rate near to zero, it means that fractures
have appeared [7]. Thus, the fracture time, that is,
fracture strain or fracture height reduction will be
identified and determined.

AD
Rstep = D_ (3)

acc

The emergence of the assumptions above responds
to Kachanov’s explaination of damage [12—-14].
Kachanov explained the one-dimensional surface
damage variable by considering a damaged body and a
representative volume element (RVE) at a point M
oriented by a plane defined by its normal 7z and its
abscissa x along the direction 7 (as shown in Fig. 2)
[12]. The value of the damage D(M,#,x) attached to the
point M in the direction 7 and the abscissa x is

Sp,

DM ,n,x)=
( ) 5S

C)
where s, is the area of intersection of all the flaws
with the plane defined by the normal 7 and abscissa x;
S'is the total area at the intersection plane.

Fig. 2 Damaged RVE in damaged body

Damage D is bounded as 0<D<D., where D, is a
critical damage corresponding to the decohesion of
atoms. D=0 represents the undamaged RVE material, and
D=D, represents the rupture failure in the remaining
resisting area. As rupture failure occurs, damage D will
keep increasing in a growth rate near to zero or equal to
zero with increasing deformation strain. This means that
the damage will not be sensitive to deformation.

4 Computation results

4.1 Cumulating process of ductile damage

FE analyses of upsetting deformation and damage
value under the same process condition with the tests
were carried out. Figure 3 shows the damage distribution
at the last step (height reduction of 60%) at temperature
of 573 K and strain rate of 0.01 s '. From the simulation
results of all the isothermal hot compression tests at the
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temperatures of 573, 623, 673 and 723 K, and the strain
rates of 0.01, 0.1, 1 and 10 s™', it can be seen clearly that
the maximum damage value always appears in the region
of upsetting drum corresponding to the higher strain,
stress and strain rate, while the minimal value appears in
the middle region. From outside to inside in diameter, the
damage extent decreases sharply.

Damage DJIT ;ﬁ;
A:0

£: 0.0385

C: 0.0770

eolle

E:0.154 | B

Fo193 M\ ¢

Gt )0

H:0.270 GG F7

10308

Fig. 3 Damage distribution at last step (height reduction of 60%)
at temperature of 573 K and strain rate of 0.01 s~'

Based on the simulation results, the incremental
ratios of Cockcroft-Latham type damage during the
whole upsetting process at different temperatures and
strain rates were evaluated and shown in Fig. 4. It can be
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seen that the damage increases non-linearly as the
compressive true strain decreases from 0 to —0.3, then it
increases nearly linearly. Comparing these curves with
one another, it is found that, with the strain rates of 1, 10
s! for a fixed true strain, the maximum cumulated
damage decreases with increasing temperature, while
with the strain rate of 0.01 s or 0.1 s, it is not
apparently regular. In contrast, for a fixed temperature,
the maximum cumulated damage decreases regularly
with increasing strain rate (see Fig. 5). In further, it can
be summarized that the changes of strain rates have a
more significant effect on the cumulated damage, that is
to say, the damage cumulating process is more sensitive
to strain rate.

4.2 Evaluation of varying ductile fracture criterion

(VDFC)

In order to evaluate the ductile fracture criteria, the
fracture occurrence and the damage value at fracture
time are necessary to be made certain. Based on the
damage cumulating processes shown in Fig. 4, the
sensitive rates of Cockcroft-Latham damage (as Eq. (3))
in plastic deformation (Ry.p) at different temperatures
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Fig. 4 Maximum damage varying during compressing process at different temperatures and strain rates: (a) 0.01s '; (b) 0.1 s"; (c) 1
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Fig. 5 Relationship between maximum damage and strain rate
at end of compressing process

and strain rates were calculated and shown in Fig. 6. It
can be seen that, for all the deformation conditions, R,
decreases to the trough point rapidly before true strain of
0.05-0.08, then it has a slight increase in true strain of
0.08-0.1, after which it decreases to zero by slow degree

0.54
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in true strain range of 0.1-0.92. The zero point has been
added a tolerance 0—0.03 in this study, and it is assumed
as the fracture time in tolerance is limited.

As the fracture time has been determined, the
fracture analysis step and the correspondent DFC can be
evaluated. The contour plot and response surface of DFC
in Fig. 7 show the effects of temperature and strain rate
on the ductile fracture criterion of 7075 aluminum alloy.
As can be seen in Fig. 7, the ductile fracture criterion is
not a constant but a change of 0.255-0.453, thus it can
be defined a function of strain rate and temperature (see
Table 1) with varying ductile fracture criteria. There is a
ridgeline between the point at 573 K and 0.01 s™' and
point at 723 K and 10 s ' in the scatter diagram, on the
both sides of which, DFC value decreases significantly.
In addition, there are two peak values on the ridgeline
under the deformation conditions of 595-645 K and
0.1-0.01 s™', 660—690 K and 0.333-0.355 5. It is worth
explaining that the forming process will be safer under
the conditions corresponding to higher DFC. Therefore,
it can be educed that cracks will appear most easily
under the deformation conditions of 573 K and 10 s™'
corresponding to the lowest DFC.
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Table 1 Approximate analytical formula for VDFC of 7075
aluminum alloy

VDFC Exponent Remark

a=0.38702583,

z=a+bcos(x")+
b=0.019536333,

ccos(y")+
¢=—0.0063588333,
dcos(2x")+
d=—0.015811667,
ecos(x")cos(y")+ 0.039334 x": Scaled 0 to
e=0.
feos(2y™M)+ ’ y": Scaled O to
=0.022916667,
gcos(3x")+ Error=0.027646133

g=0.0012166667,
h=—0.004638,

i=—0.0079186667,

j=—0.0025429167

hcos(2x")cos(y")+
icos(x")cos(2y")+
Jjeos(3y")

5 Conclusions

1) By the approach of compression tests and
numerical simulations, the ductile damage cumulating
process and DFC diagram were evaluated. One of the
results shows that for a fixed temperature, the maximum
cumulated damage decreases regularly with increasing

strain rate. The DFC of 7075 aluminum alloy at

temperatures of 573—723 K and strain rates of 0.01-10

s ' is not a constant but a change in a range of

0.255-0.453.

2) The varying ductile fracture criterion (VDFC)
was characterized by bivariate cosine series function of
strain rate and temperature, the corresponding contour
plot and response surface. According to the VDFC
diagram, the exact fracture moment and position during
various forming processes will be predicted
conveniently, in addition to which, two deformation
domains with lower fracture risk are identified as
595-645 K and 0.1-0.01 s', and 660-690 K and
0.333-0.355s .
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