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ABSTRACT

This paper presents the ductility characterization for a medium carbon steel, for two microstructural conditions, that has
been evaluated using the continuum damage mechanics theory, as proposed by Kachanov and developed by Lemaitre.
Tensile tests were carried out using loading-unloading cycles in order to capture the gradual deterioration of the elastic
modulus, which may be linked to the ductile damage increase with increasing plastic strain. The mechanical parameters
for the isotropic damage evolution equation were obtained and then used as inputs for a plasticity-damage coupled nu-
merical algorithm, validated through numerical simulations of the experimental tensile tests. A comparison between the
SAE 1050 steels studied and two carbon steel alloys (obtained from the literature), provided some basic understanding
of the influence of the carbon level on the evolution of the damage parameters. An empiric relationship for this set of
parameters, which can provide useful data for preliminary studies envisaging prediction of ductile failure in carbon

steels, is also presented.
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1. Introduction

Ductile fracture is the failure of a solid material due to
nucleation, coalescence and growth of cavities induced
by plastic deformation. There are several ways, from em-
piric relationships [1,2] to porous media stiffness model-
ing [3], developed to study this phenomenon in order to
predict when a workpiece will fail under a given stress-
strain state.

Kachanov, in 1958 [4], first proposed a continuum
damage variable to represent the surface density of cavi-
ties in a given infinitesimal volume element. By the 70’s,
researchers embraced the idea and developed a theory
based on the framework of irreversible processes ther-
modynamics to model the evolution of this damage vari-
able and how it affects mechanical properties, such as
elastic modulus and stresses, leading to the eventual fail-
ure of a material [5]. This theory, called Continuum Dam-
age Mechanics (CDM), is complementary to Fracture
Mechanics, since it is concerned about the nucleation and
growth of cavities until they reach a critical size turning
into a macroscopic crack, whose propagation in a solid
media is studied by the latter.

For damage evolution caused by large plastic defor-
mation, Lemaitre and Chaboche developed the first and
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simplest model [6-10], which considers a linear evolution
of isotropic damage with plastic strain in a uniaxial stress
state condition. This model was later expanded by other
authors, adding new capabilities such as dealing with ani-
sotropic damage [11], or with non-linear damage evolu-
tion [12-16].

Recently, medium carbon steel heat-treated to obtain
spheroidized cementite in its microstructure is being used
as raw material for sheet forming processes, due to its
better formability properties [17]. Due to large plastic
strains imposed to this kind of manufactured parts, cracks
and other defects observed are mostly related to ductile
damage evolution.

With this motivation, in this work the ductile fracture
of SAE 1050 steel was studied, for two different micro-
structural conditions namely: lamellar ferrite-pearlite and
spheroidized cementite, under the continuum damage
mechanics point of view. Experimental characterization
of isotropic damage evolution was carried out and nu-
merical simulations were performed in order to predict
failure.

2. Continuum Damage Mechanics Model for
Ductile Fracture

The continuum damage variable introduced by Kachanov
is defined as the relationship between the sectional area
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of voids 4, and the overall sectional area 4, of a
given surface in a volume element. Assuming the hypo-
thesis of isotropic deterioration of the material, the dam-
age can be written as:

poh g Aw
4 A

where A, is the effective resisting area. It may be ob-
served that this definition is the same one as the micro-
void area fraction used is some micromechanical theories,
such as McClintock’s [18]. The damage variable can
assume any value between 0 and 1, covering from a vir-
gin state to a completely damaged one, although real
materials will fail when the damage reaches a critical
value D, <1, when the effective area can no longer re-
sist the applied load, leading to the formation of a mac-
roscopic crack.

In his model, Lemaitre assumes the hypothesis of
strain equivalence, which states that the damaged mate-
rial will have the same constitutive behavior of the virgin
material, replacing the stress tensor o by the effective
stress tensor & , defined as:

)

o
) @

One important consequence of this assumption is that
one can define an effective elastic modulus of a damaged
material, giving an indirect way to measure the damage
in a solid, by monitoring the evolution of the Young
modulus with increasing strain:

5:

E
D=1-— ®

where E is the effective elastic modulus and E is the
elastic modulus for the undamaged material.

Using as basis the thermodynamic of irreversible
processes [19], CDM treats the damage as an internal
thermodynamic state variable, and so its evolution can be
derived assuming the existence of a potential of dissipa-
tion ¢ and an associated variable ¥, named damage
strain energy release rate and defined as [10]:

02 ?
Y- E(1+v)+3(1—2v) In (@)
2E(1-D)" |3 Ty
where Ty :1/2/3"0-”" is the von Mises equivalent
stress, o is the deviatoric stress tensor, v is the
Poisson’s ratio and o, =(1/3)#r (o) is the hydrostatic
stress. Further, Lemaitre [10] shows that the damage
evolution can be written as:
o¢

D=-—"(1-D)p )

with p :\/2/_3"5?" defined as the accumulated plastic
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strain and ¢’ being the plastic strain tensor. The choice
of a proper potential of dissipation that can represent
experimental results is the core of any CDM maodel. In
Lemaitre and Chaboche’s model, the hypothesis of iso-
tropic damage, existence of a strain threshold for damage
initiation and linear evolution of the damage with the
accumulated plastic strain leads to the following equation
for damage evolution:

0 forp<p,

D=1{_ 6
?Yp forp=p, ©

where p, is the accumulated plastic strain threshold
and S is the damage resistance parameter, which are ma-
terial dependent properties. For the uniaxial stress state,
and assuming that the elastic strain can be neglected in
comparison to the total strain, the accumulated plastic
strain can be considered equal to the principal strain. The
damage increases until it reaches a critical value D,
which can be calculated with the following equation
[10]:

ch & _ 2
DC=R—{ (1 D)} U]

4 O-eq

where D, is the critical damage for the uniaxial stress
state and can be measured in a tensile test, o, is the
ultimate tensile stress and

R = [(2/3)(1+v)+3(1—2v)(o-H/O'eq )2}

is called triaxiality factor, which accounts for the differ-
ence between the actual stress state and the perfectly
uniaxial stress state.

This model was later implemented in the Abaqus/Ex-
plicit solver using the VUMAT subroutine [20] following
the numerical algorithm proposed by Lee and Pour-
boghrat [21].

3. Experimental Procedure

In order to determine mechanical properties and damage
parameters, standard tensile tests were carried out for
specimens of SAE 1050 steel for the lamellar and for the
spheroidized microstructures. Three specimens for the
hot rolled ferrite-pearlite material and nine specimens for
the spheroidized material were tested.

The spheroidized material has been cold rolled, with a
thickness reduction of 50% and subsequently annealed at
700°C for 13 hours in a 100% H, atmosphere, to obtain
the characteristic spheroidized microstructure. The
specimens were machined from a 1.0 mm thickness sheet
(spheroidized material) and from a 2.0 mm thickness
sheet (hot rolled material. The neck section had 75 mm
length and 12.5 mm width, as shown in Figure 1.
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Figure 1. Workpiece dimensions, in mm, for the tensile test.

The damage variables were calculated using the varia-
tion of the elastic modulus, so several loading-unloading
cycles were needed in order to measure this property
with strain increase. The tests were performed in an In-
stron 3369 universal testing machine, with a 50 kN load
cell. Each cycle began with a 1 mm crosshead displace-
ment followed by an unloading until the force attained 50
N. The crosshead velocity was fixed at 2 mm/min. The
strains were measured through a clip gage extensometer
with 50 mm gage length. Sampling frequency was 5 Hz.
Figure 2 illustrates the experimental setup.

Figure 3 shows the true stress-strain curves for both
types of tested specimens. The loading-unloading cycles
shown were used in the evaluation of the elastic modulus,
measured always during the unloading path, following
recommendations by Lemaitre [10]. The drop in the true
stress, as pictured in this figure, can be linked to the
fracture initiation. To represent the work hardening be-
havior of the material, Ludwik equation [22] has been
used, as presented by Equation (8). The material con-
stants are given in Table 1.

oy (5"):0'0+K(g")n (8)

The evolution of the elastic modulus is shown in Fig-
ure 4 for the tested materials (including the pure iron
results [23] and other carbon steels [24,25] obtained from
the literature). It may be observed that the elastic
modulus decreases with increasing carbon level. Also,
there is a significant non-linear drop in the elastic
modulus for small strains, followed by a linear evolution.
Lemaitre’s model considers that the damage does not
occur for a strain below the critical value, and will grow
with a constant rate after that value. For this reason, fol-
lowing the same procedure of Celentano et al. [24], any
elastic modulus degradation below the linear part of the
curve will be neglected. This transition coincides with
the transition of the elastic regime to the plastic behavior
of the material. Therefore, yielding strain will be consid-
ered as the damage strain threshold and the elastic
modulus, at this point, will be assumed to be the one for
the undamaged material.

The damage evolution, measured trough Equation (3),
is shown in Figure 5 for both studied alloys. Critical
damage D, is taken as the damage value prior to the
non-linear increase in damage, just before fracture. The

Copyright © 2012 SciRes.

(b)
Figure 2. Experimental setup for the tensile tests.

other parameter to be evaluated is the damage resistance
S, calculated trough Equation (9), which is obtained by
manipulating Equation (6) and assuming that in the ten-
sile test the material is under a perfectly uniaxial stress
state.

2
O,

S= § ©
2E(1- D) (dD/de)

To obtain the value of S, several experimental points
must be taken from Figures 3 and 5 for different strains.

Table 1 summarizes the mechanical and damage pa-
rameters identified for SAE 1050 steel for both micro-
structural conditions.

It must be pointed out that these parameters can be
used as inputs for finite element simulations of the tensile
test.

4. Numerical Simulations

Lemaitre’s model was implemented in Abaqus/Explicit
finite element solver using a VUMAT subroutine aiming
at the coupling of isotropic plasticity with damage, based
on the stress integration algorithm called operator-split.

For each time step, the incremental strain was consi-
dered as being fully elastic, and then the corresponding
stress tensor was evaluated. The von Mises criterion,
coupled with damage, was used to determine if the mate-
rial is indeed below the yielding condition:

O-E
1_3) <o, (8") 9)
If Equation (10) is not satisfied, then a plastic correct-
ing procedure must be used to calculate the plastic in-
crement and ensure the consistency condition. Details of
this plastic corrector can be found in Lee and Pour-
boghrat [22]. After this calculation, stresses, the damage
variable and the plastic strain are updated for the next
step. Further details may be obtained in Tsiloufas [26].
The tensile test was simulated using an imposed lon-
gitudinal displacement on the right end of the specimen,
with the same 2 mm/min velocity as for the experimental
procedure. Boundary conditions of restricted transversal
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Figure 3. True stress-strain curves for SAE 1050 steel. (a) Spheroidized alloy, (b) Hot rolled alloy.

and normal displacement were imposed for both ends of
the specimen, simulating the jaws of the tensile test
equipment. The mesh in the test region is formed by
4500 solid hexahedral elements, with 8 nodes, linear in-
tegration and 0.5 mm length.

Copyright © 2012 SciRes.

Figure 6 shows the resulting true stress-strain curves.
The numerical simulations could properly reproduce the
work hardening behavior of the tested materials, however
the difference between the effective stress

Gy = 04 /(1= D) , that is measured through the load cell

eq_
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Figure 4. Elastic modulus evolution for SAE 1050 steel and comparison with pure iron and other carbon steels [23-25].
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Figure 5. Ductile damage evolution versus true strain for SAE 1050. (a) Spheroidized alloy, (b) Hot rolled alloy.

Table 1. Mechanical and damage parameters for SAE 1050

steel

Spheroidized  Hot rolled

E (GPa) 138 139
V() 0.29 1.29
oo (MPa) 290 506
. (MPa) 595 1073
K (MPa) 520 998
N() 0.41 0.33
S (MPa) 1.97 4.79
ep () 0.022 0.005
D () 0.19 0.13

Copyright © 2012 SciRes.

in the experiments, and the real stress o,,, must be
pointed out. This may be explained by observing the ma-
terial work hardening curve in terms of the real stress
reaching saturation, due to the damage increase, which
diminishes the material’s area of resistance.

In more detail, damage evolution is shown in Figure 7.
It may be observed that damage does not evolve in a lin-
ear way, as expected by Lemaitre’s theory. This can be
explained observing Figure 8, which shows the evolu-
tion of the triaxiality factor R,. Lemaitre’s model con-
siders that the stress state in a tensile test is perfectly
uniaxial, which is not true, as the value of R, grows for

MSA



750

Ductile Fracture Characterization for Medium Carbon Steel Using Continuum Damage Mechanics

600
500
o ol
g pz M
% 400 hks s ssunniing /-G
/8
'_

w

[=]

(=]
T

200
b
100 o Experimental points
Numerical simluation - effective stress
Numerical simulation - real damaged stress
n T T T T T
) 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4
True strain €
(a)
1200
[ o
0.0 /01
{666 69 5 .00 @)Mq
8 00 /
o /
800 “%
© 600
1]
1%
<
ﬁ ?/
(]
2
~ 400
200 2 .
o Experimental points
Numerical simluation - effective stress
Numerical simulation - real damaged stresg
0 T T = T
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

True strain €

(b)

Figure 6. Strain hardening curves for SAE 1050. Experimental and numerical results. (a) Spheroidized alloy, (b) Hot rolled

alloy.

strains higher than 0.15.

Figures 9 and 10 shows the damage contour evolution
for both alloys, along with a picture of the fractured ex-
perimental specimen. The fracture in the experimental
test does not occur in the middle part of the sample, be-
cause any imperfection in the manufacturing of the work-
piece or in the setup of the experiment may change the
fracture position. It may be observed that damage is lo-

Copyright © 2012 SciRes.

calized in the region near to the fracture, which is ex-
pected, since the localization of the strain occurring in
the necking zone is the main responsible for the damage
accumulation.

5. Damage Behavior for Carbon Steel Alloys

Using data from Refs. [24,25], Figure 11 summarizes the
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Figure 8. Evolution of the triaxiality factor for both tested materials.

damage evolution in a tensile test for SAE 1020 and for
1045 steels and those of the present research. It is possi-
ble to notice that the strain threshold for damage initia-
tion decreases and the damage growth increases with
increasing carbon levels. The reason behind this fact can
be associated to the microvoid formation in ductile frac-
ture, which nucleates and grows at the interface between
the ferrite matrix and the harder second phase particles
[27], whose amount is proportional to the carbon level.
Also, the microstructure seems to act mostly on the value
of the critical damage, since for both tested SAE 1050
steels, damage initiates and increases in a similar fashion,

Copyright © 2012 SciRes.

although they present different critical damage values.

For practical/industrial purposes, it is interesting to
suggest a curve fitting for both damage resistance S and
the damage strain threshold ¢,, as a function of the
carbon level for SAE 10XX steels. Results are shown in
Figure 12. A power law of the form y =ax” +¢, with
constants given in Table 2, has been chosen because of
good agreement with experimental points.

These curves can be used as guidelines for numerical
simulations in industry as a first approximation in a basic
project. The uniaxial critical damage D,  can be calcu-
lated using the empiric relationship of Lemaitre [10]:
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Table 2. Power law constants for damage parameters as a
function of carbon level for SAE 10XX steels.

Property a b c
Damage resistance S (MPa) -537.2 4.97 20.2
Damage strain threshold &, -252.5 10.3 0.220
Sy
D, =1--L (10)
s

where s, is the engineering fracture stress and s, is
the ultimate tensile engineering stress, both parameters

Copyright © 2012 SciRes.

easily provided by steel manufacturers. A comparison
between the estimated and the measured value for uniax-
ial critical damage is shown in Table 3.

Although these guidelines can be useful, a parameter
characterization procedure similar to the one here pre-
sented is highly recommended, for a more precise result.

6. Conclusions

In the present work, a continuum damage characteriza-
tion study using loading-unloading cycles during tensile
testing was performed for SAE 1050 steel for two micro-
structural conditions: heat-treated spheroidized cementite
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Table 3. Measured and estimated uniaxial critical damage
for SAE 1050 steel.

Spheroidized  Hot rolled
Ultimate engineering stress s, (MPa) 480 790
Fracture engineering stress s, (MPa) 400 900
Estimated critical damage D, 0.17 0.12
Calculated critical damage D;.. 0.19 0.13
Error in critical damage estimation 10.5% 7.7%

and lamellar ferrite-pearlite (hot rolled). Damage itself
was indirectly measured by means of the degradation of
the elastic modulus. Mechanical parameters for modeling
the work hardening, behavior and the damage evolution
were evaluated for the Lemaitre’s ductile damage model.

A numerical algorithm was written to account for the
coupling between damage and isotropic plasticity, and
implemented in Abaqus/Explicit solver by means of a
VUMAT subroutine. Then, simulations of the tensile test
were performed, providing good agreement with experi-
mental results. The difference between effective stresses
and the real stresses acting on a damaged volume ele-
ment is presented. Numerical damage evolution was not
linear with strain, as would be expected. The explanation
lies on the stress-state, which ceases to be perfectly uni-
axial for a strain higher than about 0.15.

Although damage mechanics cannot describe macro-
crack formation that takes place just prior to fracture,
using such a model together with experimental charac-
terization procedure seem to be a useful manner for pre-
dicting the initial stages of a ductile failure phenomenon.
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