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Abstract

In situ tensile tests were carried out during X-ray microtomography imaging of three steels: a single phase ferritic steel, a dual phase
steel and a fully martensitic steel. Cavity growth was first quantified in the different samples as a function of strain and triaxiality. The
Rice and Tracey model, a version of this model corrected by Huang, and a third version accounting for the cavity shape were then used to
predict void growth evolution. It was experimentally demonstrated that for steels Huang’s correction is a real improvement to the ori-
ginal Rice and Tracey model. Some differences in the void growth kinetic are discussed, accounting for the microstructure and the

mechanical behavior of each steel.

© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

A better understanding and modeling of damage phe-
nomena in high strength steels is needed to improve the
ductility and properties of these materials. We focus on
damage development in a dual phase (DP) steel, one of
the most widely used high strength steels. DP steels are
composed of a ferritic (soft) matrix containing martensitic
(hard) islands. To better understand the fracture of these
complex “composite” steels we study the development of
damage in the two constituents (ferrite and martensite)
separately.

Ductile damage, which leads to the fracture of most
metallic materials at room temperature, is a process driven
by plastic deformation. It is commonly agreed that this
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process can be divided into three steps. Void nucleation
occurs first and is usually associated with the presence of
a second phase, such as particles or inclusions. Cavities
frequently nucleate inside the particle or at the
particle-matrix interface [1-3]. In a second step the applied
plastic deformation induces the growth of the primary
nucleated cavities. This phenomenon has, for example,
been observed during in situ tensile tests by scanning elec-
tron microscopy (SEM) [4]. The third step, coalescence of
the nucleated and grown cavities, finally results from the
localization of the deformation and the appearance of a
crack in the ligament between the cavities. This final step
leading to fracture of the material has recently been
investigated by Weck et al. [5,6].

Many damage models focus on cavity growth. The first
broad family of developed void growth models were simple
analytical approaches for isolated voids in a perfectly
plastic infinite matrix (see McClintock for cylindrical voids
[7] and Rice and Tracey (RT) for spherical voids [8]). This
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latter model has been widely used to predict damage
growth [6,9-18]. A version of this model accounting for
the shape change has also been developed [8,19]. The RT
model was later revisited by Huang [20]. These models have
been extended by subsequent studies in order to take into
account interaction between neighboring voids [21,22] or
strain hardening [9,23,24]. A second broad family of more
complex void growth models consists of constitutive mod-
els for porous elastoplastic or viscoplastic media. The most
used of these models is the Gurson approach [25], which
has led to various extensions [26-32].

In order to be validated these models outputs must be
compared with experimental results. The approach of
Worswick et al. [33] is an attempt at this validation. Their
approach includes the three damage steps, i.e. void nucle-
ation, void growth and void coalescence, in a general mod-
eling framework and compares each of the three steps with
experimental measurements based on the observation of
the surface of their samples. Surface observations are
experimentally questionable when the quantitative nature
of the results is the issue, due, for example, to sample prep-
aration artifacts and, more importantly, to stress relaxation
close to the surface (see, for example, Fougeres and co-
workers [34,35]).

This paper aims at providing some quantitative experi-
mental measurements of the growth step of damage during
ductile deformation of steels. For this we used X-ray
absorption microtomography, one of the most reliable
experimental techniques available, to obtain quantitative
three-dimensional (3-D) information on damage [34,36].
Damage in three steels, a fully ferritic, a fully martensitic
and a DP steel, was studied by X-ray microtomography
during in situ tensile testing of smooth and notched speci-
mens. Quantitative data obtained by this method were then
used to validate the different versions of the RT model pre-
dicting volume increase and shape change.

2. Experimental methods
2.1. X-ray tomography

X-ray microtomography can now be routinely used for
the imaging and quantification of damage in ductile
materials [35-37]. The tomography set-up used in the pres-
ent study was located in the ID15A beam line at the Euro-
pean Synchrotron Radiation Facility (ESRF) in Grenoble,
France (more details on the set-up are given in Maire et al.
[37]). The tomograph achieves a spatial resolution of 2 um
and a voxel size of 1.6 um’® [38]. A dedicated in situ tensile
machine described in detail elsewhere was mounted on the
rotation stage of the tomograph [39]. Several microtomog-
raphy scans were performed before and during deforma-
tion until fracture of the sample. The strain rate was set
to 107> s~!. During the tomography data acquisition the
mobile grip was stopped and maintained at a fixed posi-
tion. Continuous tensile experiments in tomography are
now available [40], but it was demonstrated that the step-

by-step procedure used here gives quantitative results sim-
ilar to those obtained using a continuous loading proce-
dure [41].

2.2. Materials

The three different steels (DP, ferritic and martensitic
steels) were cut from 3 mm thick sheets obtained by hot
rolling and thermal treatment. Image analysis of optical
micrographs of polished surfaces indicated that the DP
steel contains about 11% martensite.

Three kinds of specimen shapes, inspired by Bron et al.
[42], were cut into each type of steel: a smooth sample; a
2.5 mm radius notched sample (large notch); a 1 mm radius
notched sample (small notch). The geometries of the sam-
ples are given in Fig. 1. Each initial geometry induced a dif-
ferent initial triaxiality, allowing study of the effects of this
key parameter on damage. Only the central area (1.4 mm in
height) was imaged during the present study.

2.3. Macroscopic measurements

We have already used X-ray microtomography in order
to visualize and quantify damage in DP steel [37,43]. The
same procedure was used in the present study. Recon-
structed volumes were median filtered. Then they were sim-
ply thresholded to differentiate the void phase from the
steel phase. On the macroscopic scale the area of minimal
cross-section S was first measured to calculate an average
value of the true strain in the minimal section of the spec-
imen ¢, at each step using Eq. (1):

e = In (%) (1)

So being the area of the initial cross-section. Note that this
expression implies that the effect of porosity on the volume
change during straining was excluded.

The minimal cross-section S was also used to evaluate
an average value of the true stress in the minimal section:
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Fig. 1. Tensile samples used: (a) smooth specimen; (b) 2.5 mm radius
notched specimen; (¢) 1 mm radius notched specimen; (d) 3-D view.
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F being the measured force during the tensile test.

The curvature radius R,,,;., and the radius of the mini-
mal section ¢ were measured in order to determine the
average stress triaxiality 7 in the center of the minimum
cross-section, using the Bridgman formula [44] as reas-
sessed by Wierzbicki and Bao [45].
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The relevance of these calculated values of ¢,. and T
was evaluated using finite elements (FE) simulations. The
results of the simulations, detailed in Appendix A, show
good agreement with the local strain calculated from Eq.
(1) and with the stress triaxiality calculated from Eq. (3).

2.4. Microscopic measurements

In a second processing step the central area of the tensile
specimen was selected for damage quantification. This sub-
region was chosen to be a cubic volume of 300 pm?, as indi-
cated in Fig. 2a, which shows a transparent view of the
external shape of the sample as well as the location of the
cavities. It can be assumed that this central sub-region
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undergoes the highest stress triaxiality state and the highest
strain during the tensile test. The size was chosen to be suf-
ficiently large for the elementary volume to be representa-
tive but also sufficiently small for the strain and
triaxiality to be spatially constant inside this sub-volume.
The external shape of three different cavities located inside
the sub-region are plotted as a function of deformation in
Fig. 2b, showing that in the first steps of deformation cav-
ities remain roughly spherical and only become ellipsoidal
later, during the tensile test.

3. Results
3.1. Macroscopic measurements

The force-displacement curves acquired during the
in situ tensile test performed on the smooth specimen of
each steels are given in Fig. 3a. The slight force relaxation
visible on these curves is due to the step-by-step procedure
(the displacement was maintained constant and then the
force relaxed during the tomographic scan). Fig. 3b shows
the tensile true stress of the steels studied as a function of
the local tensile true strain. These curves are in agreement
with expectations for these materials in terms of strength
and ductility. The very high strength and strain shown in

Cavity
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Cavity Cavity
2 3

§ | ) &)

2R 3

Fig. 2. 3-D views of volumes obtained by tomography: (a) whole sample, with the outer surface shown in light gray and the outer surface of the cavities in
dark gray; (b) three chosen cavities selected in the center of the sub-region where the morphology of the cavities was quantified (in the cube shown in (a)) at

the center of a DP steel sample at various steps of deformation.
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Fig. 3. Mechanical behavior of the three steels in tension: (a) force—displacement; (b) true stress—local true strain.
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Fig. 4. Triaxiality evolution as a function of the strain in the minimal
section during the tensile test in different specimens.

Fig. 3b are due to the processing performed at a very local
scale in the present paper. Note also the stress drop at the
very end of each curve in Fig. 3b, indicating the onset of
macroscopic coalescence.

The evolution of triaxiality during the tensile test of each
specimen is calculated from Eq. (3) and is given in Fig. 4.
These measured values will later be used in the void growth
models. This graph shows two anticipated tendencies: the
triaxiality is higher for the smaller notch radius and evolu-
tion of the triaxiality is mainly controlled by the plastic
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strain (evolution is the same for martensite and DP with
a 1 mm notch radius). Note that machining of the ferritic
1 mm notch sample was not as perfect as that of the other
samples (because ferrite is soft and thus difficult to
machine) so this curve deviates slightly from these two gen-
eral conclusions.

3.2. Microscopic damage measurement

The volume (number of voxels) of each cavity in the sub-
volume was measured and its equivalent diameter was then
calculated assuming a spherical shape. Cavity dimensions
in the tensile and transverse directions were also measured
to assess the shape change. The absolute error in this mea-
surement is constant (of the order of one voxel). As a con-
sequence, the relative error in measurement of the
dimensions depends on the dimensions themselves: it is
rather large (100%) when the cavities nucleate (due to the
very small size), but then quickly becomes negligible as
the cavities grow. Both tomogram processing and cavity
analysis were performed with the ImagelJ software package
[46].

Tracking cavities from one strain step to the next, as in
Fig. 2b, proved to be extremely tedious. It can be achieved
automatically when the number of objects is constant. This
has been used, for instance, in Nielsen et al. [47] and Toda

(b) ferritic steel
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Fig. 5. Evolution of the average void diameter for different numbers of examined cavities: 1, the 20 largest, the 50 largest, and the entire population. The

comparison is shown for (a) DP steel, (b) ferrite and (c) martensite.
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et al. [48]. In our case, however, the number of objects to be
tracked is constantly changing. Tracking was manually
performed for a small number of selected cavities for one
sample of each material only. These selected cavities were
easier to track than others because they were among the
largest in the sub-volume.

Another strategy was then adopted to quantify growth
more easily and more extensively for all samples. Measure-
ment of the size of the N largest cavities of a population is
straightforward [37]. It can be a good measurement of the
void growth if these N largest cavities remain the same at
each deformation step. This was quantified in the present
study for N =20 and N = 50 and this was compared with
the evolution of the average diameter of the entire popula-
tion and with the previously mentioned measurement of
the three “manually” tracked particles. The results are plot-
ted in Fig. 5. The evolution of diameter closest to the
growth measured on single large pores was obtained when
using the 20 largest cavities. This experimental strategy has
thus been used in the next section.

Regarding these results, two additional remarks can be
made.

e The mean equivalent diameter calculated using the
entire population remains almost constant in these
steels because of the nucleation of new porosities
(this has already been measured and explained for
DP steels in Maire et al. [37]).

e Void growth acceleration is observed close to the
end of the tensile test, due to void coalescence occur-
ring close to the point of fracture of the sample. It
corresponds to the value of strain where the stress
drop occurs, already mentioned when commenting
on Fig. 3b. A local coalescence event between two
cavities is qualitatively observable in, for example,
Fig. 2b (for cavity 1 at ¢,. = 0.8).

In order to characterize evolution of the cavity shape the
aspect ratio given by Eq. (4) was calculated for the 20 larg-
est voids for each deformation step.

W — Dtensile (4)

Dtmnsverse
where D,,sire and D,,qpsverse are the void dimensions in the
tensile direction and in the transverse direction (average of
the two transverse dimensions), respectively. The evolution
of W is plotted in Fig. 6 for the three steels studied. Note
that whatever the steel, voids are initially isotropic. An
optical micrograph taken immediately below the fracture
surface of the DP steel specimen is given in Fig. 7. It shows
that the main void nucleation mechanism is decohesion of
the ferrite-martensite interface. Immediately after nucle-
ation cavities probably have a prolate shape. The size of
the voids is very close to the voxel size, so it is experimen-
tally difficult to precisely measure the value of D, at the
beginning of deformation. As a consequence, cavities arti-
ficially appear to be spherical after nucleation. In the case

3 T - :

—&8— DP steel /
25 —a&— ferritic Ste_el

—6— martensitic steel 2t

W - 20 largest cavities
[4,]

Fig. 6. Evolution of the aspect ratio of the 20 largest cavities in smooth
specimens of DP steel, ferrite and martensite.

Fig. 7. Optical micrography of a fractured specimen of DP steel. Voids
appear in black, ferrite in light gray and martensite in dark gray.

of the DP steel and the ferrite specimens cavities become
more and more elongated, while voids in the martensite
sample remain slightly prolate during the entire tensile
deformation.

4. Modeling and discussion
4.1. Prediction of the equivalent diameter

The RT model [8] is one of the original void growth
models. It predicts the growth of an initially spherical cav-
ity in an infinite, rigid, perfectly plastic material subjected
to a uniform remote strain field. Assuming a fully isotropic
void growth, the variational analysis of Rice and Tracey
leads to the following expression for the average rate of
growth:

dR 3
= ORTEXP (5 T> de (5)

where R is the actual radius of the cavity, ¢ is the equivalent
plastic strain, and o7 is a constant.

A value of ar7 = 0.283 was first computed by Rice and
Tracey [8], later reassessed by Huang using additional
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Table 1
Values of the parameters oz7 and oy 4G required to fit the models to the experimental data.

Ferrite DP steel Martensite

XRT CHUANG XRT CHUANG ART XHUANG
Smooth sample 0.20 0.22 0.45 0.55 1.3 1.6
Notched sample R = 2.5 mm 0.50 0.55 1.4 1.6
Notched sample R = 1 mm 0.21 0.22 0.52 0.55 L.5 1.6

velocity fields [20]. Huang obtained the same result but
with oz depending on the triaxiality for 7' < 1. The expres-
sion for the average rate of growth was found to be:

dFR = ayuang T exp <% T) de (6)
where aypang = 0.427.

These models were employed to fit the experimental evo-
lution of the average equivalent diameter using the 20 larg-
est cavities. The values of 7 and ¢ used were those
experimentally measured in the previous section and
reported in Fig. 3. A simple fit using the precalculated val-
ues of « led to a discrepancy between the measured and cal-
culated evolution of R in the case of the three materials
tested because these initial values were computed for a per-
fectly plastic matrix. Thus we apply a more pragmatic
approach, already used by Pardoen and Delannay [9],
Kumar et al. [17] and Taktak et al. [18]. The experimental
data for the different materials with different initial triaxial-
ity states were fitted to the two models (initial RT and
Huang) by changing the value of a. The results of this fit-
ting procedure are given in Table 1. It is shown that what-
ever the model used the values of the constant « required to
fit the experimental values are not equal to the initial values
found by Rice and Tracey or Huang. In the case of the RT
model the values differ for each material and for each spec-
imen geometry (except for the ferrite samples). In the case
of the Huang version of the model the values differ only for
each material but remain the same whatever the sample
geometry. It is then demonstrated that the Huang correc-
tion improves the RT model by capturing the effect of tri-
axiality induced by the change in specimen geometry.
Huang’s predictions are plotted in Fig. 8 in comparison
with the equivalent experimental measurements. The agree-
ment is good for each material and initial triaxiality.

4.2. Prediction of the cavity shape change during the growth

As mentioned in Section 3, cavities in DP steel and in
ferrite tend to evolve into a more ellipsoidal shape, as
opposed to cavities in martensite, which remain roughly
spherical during tensile deformation. This modification in
void shape can be taken into account in the modeling using
the general analysis of RT [8,19]. The rate of change of the
void radii is:
dR, dR

7=7+(1+EV)d8k (7)

where 1+ E} is a void shape growth parameter and k the
considered direction (i.e. in the tensile or the transverse
direction).

The right side of Eq. (7) is composed of two terms. The
first term dR/R is the void growth rate assuming a spherical
cavity. Its initial expression is given in Eq. (5). The void
shape change is controlled by the second term in Eq. (7)
(1+ Ep)de. Initially 1+ Ep was found to be constant
and equal to 5/3. Using void cell calculations, Worswick
and Pick [49] showed that this parameter could vary
according to the equivalent deformation, the stress triaxial-
ity, the initial volume fraction of porosity and the strain
hardening exponent.

In order to use this model the transverse deformations ¢,
and &, were measured on the tomographic scans. These
measurements showed that the transverse strain was half
of the longitudinal one, so, using our notation:

Eloc
&x = & = Epansverse = — B (8)

Using the Huang expression for the void growth rate
given in Egs. (6) and (7) the rate change in the void radii
in the tensile and transverse directions can be expressed as:

dR ensile 3

—ZR “ = duan T *exp (5 T) deje + (1 4+ Ey)de,e )
dR ransverse 3 1

tT = OCHUANGTl/4eXp <§ T) dSlm. — 5 (1 + Ey)dﬁh,c

(10)

Egs. (9) and (10) were used to predict the void shape
change during tensile deformation in the smooth and
notched specimens of DP steel and ferrite. The values of
oyuane determined in Section 4.1 were used for each mate-
rial and the parameter 1 + Ey, assumed to be constant, was
taken as a fitting parameter. The predicted evolutions of
the void diameters obtained using this approach are com-
pared with the experimental data in Fig. 9 and the values
of the parameter 1+ E} used for the fit are found to be
equal to 1 in the DP steel specimens and equal to 0.8 in
the ferritic steel, i.e. significantly smaller than the 1.6667
predicted by the theory. Note that 1 + E}-= 0 for the mar-
tensitic sample where the cavities remain isotropic.

4.3. Discussion

The differences between the o4 v Values found for the
steels studied and that initially proposed by Huang are



7570 C. Landron et al. | Acta Materialia 59 (2011) 7564-7573

(a) DP steel (b) ferritic steel

o 30 T s 30 T T r :
@ B  smooth Qo A smooth Ny
S o5+ ®m  R=25mm S 25+ 4 R=1mm
3 . R=1mm o Huang a=0.22
= Huang o=0.55 o Huang a=0.22
8 20 Huang a=0.55 ® 20
2 Huang o=0.55 [
8 8
8 8
Q&'{ og
0 0.2 0.4 0.6 0.8 1 0 02 04 06 08 1 12 14 16 18 2

Ejoc €i0¢

(c) martensitic steel

25
3 ©  smooth
= ® R=2.5mm
5 20+ ® R=imm
o Huang o=1.6
b7} ~——— Huang a=1.6 D
‘19-’, 15 F Huang a=1.6 4
)
o
(}l 10 7
3
= 6 1
o
Q
o

0 :

0 0.2 0.4 0.6
€io¢

Fig. 8. Comparison of the prediction of the Huang model and evolution of the mean diameter of the 20 biggest cavities measured in (a) DP steel, (b) ferrite
and (c) martensite.
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directions of the 20 biggest cavities measured (a) in a smooth DP steel specimen, (b) in a R =1 mm notched DP specimen and (c) in a smooth ferrite
specimen.
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easily justifiable. The underlying assumptions of Huang’s
correction are the same as those for the RT model [8,20].
These models predict the isotropic growth of an initially
spherical void in an infinite and perfectly plastic matrix.
These assumptions were not fully respected in the materials
investigated. The differences in the void growth kinetics of
the three steels studied, characterized by the different values
found for oy 4ng, can be explained by the different natures
of each material.

In the ferritic steel the oy g Value was found to be
lower than the theoretical one. The most probable cause
is strain hardening, which is not included in the model.
The effect of isotropic strain hardening on void growth
has already been studied [9,23,24], where it was shown that
hardening reduces the void expansion rate.

In the DP steel the oy e value is higher than in the
fully ferritic steel, indicating faster growth with strain.
The main difference between the two steels is the presence
of a second hard phase inside the DP steel: cavities nucleate
close to the martensite islands. These islands prevent the
pores from growing in the transverse direction, which is
not the case in the ferritic steel samples. Cavities then tend
to grow faster in this constrained environment, as shown
numerically [50]. Furthermore, with the void density being
higher in DP steels, cavities are closer to one another. Con-
sequently, each cavity undergoes more interactions with its
neighbors. Void interaction is another reason for faster
growth [21,22].

The significant increase in the oy 4y Value in the mar-
tensite is more difficult to explain. Two assumptions can be
made. The first concerns the shape of the voids. In this kind
of steel nucleated cavities tend to be more oblate and take
the form of microcracks. An aspect ratio of about 0.6 was
incidentally measured in Fig. 6. It has been demonstrated
that for geometrical reasons such a shape leads to faster
void growth [51]. The second possible explanation is
related to the nature of strain hardening of the material
itself. In martensite a large part of strain hardening is kine-
matic hardening [52]. It has already been observed in the
ferritic steel that isotropic strain hardening leads to a
reduction in void growth. Several studies of the kinematic
strain hardening effect [28,53] have shown the opposite
effect compared with isotropic hardening, i.e. kinematic
strain hardening induces void growth acceleration. Note
that kinematic hardening should have a less significant
effect than isotropic hardening, i.e. cavity growth should
remain faster in a perfectly plastic matrix than in a matrix
with kinematic strain hardening.

Concerning the change in void shape in the ferritic and
DP steels, the values of the parameter 1 + Ey found for
each material were close to the same. That can be explained
by the fact that in the DP steel void growth occurs mainly
in the soft phase, i.e. the ferrite, as numerically calculated
[54]. The slight difference might be due to the presence of
martensite islands. As mentioned earlier, the martensite
islands prevent the cavities from growing in the transverse
direction, leading to more prolate voids and inducing a

higher value of 1 + E in the case of the DP steel. The val-
ues of 1+ Ey are found to be lower than that initially
determined, indicating that cavities tend to be less prolate
in these steels than in a non-hardening matrix. These exper-
imental observations are in disagreement with numerical
results from Worswick [49], Ragab [55] and Pardoen [56],
which indicated that higher isotopic hardening leads to
more prolate cavities.

5. Conclusions

Using in situ tensile tests during X-ray tomography it
was possible to obtain quantitative information about
damage, in particular about void growth. Concerning this
damage stage, we have shown by comparison with careful
“manual” single void measurements that study of the mean
diameter of the 20 largest pores in the population gives an
accurate measurement of the growth of single voids. We
have also observed that the void shape changes during
the tensile test: cavities, initially spherical, become prolate
in the case of ferritic and DP steels.

This experimental data was then used to validate the
Huang correction of the RT model on voids having an ini-
tial size of a few microns and growing to a size of 30 pum.
Thanks to the different triaxiality states, we have shown
that accounting for the triaxiality in the initially constant
agr parameter is a real improvement in this void growth
model. The general analysis of the RT model accounting
for the change in void shape has also been validated. How-
ever, some differences in the growth kinetics have been
observed for the different steels. These differences are clo-
sely linked to the steel microstructure and mechanical
behaviors (flow stress and strain hardening mechanisms),
which are not explicitly taken into account in these simple
analytical models.
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Appendix A:. Validation of the values of ¢,,. and T using
finite elements simulations

The average values of the local deformation ¢, and of
the stress triaxiality 7 calculated from Egs. (1) and (3) were
used in the RT and Huang models to predict void growth
in the studied steels. In order to evaluate the accuracy of
using these values for the local deformation and the triax-
iality in the center of the specimen FE simulations were
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Fig. Al. Comparison of the “experimental” value of ¢, and that
calculated using the numerical simulation.
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Fig. A2. Comparison of the “experimental” value of the triaxiality and
that calculated using the numerical simulation.

performed using the commercial code Abaqus and the
open source mesh generator Gmsh [57]. Tensile tests on a
smooth specimen and on a notched specimen (with
R,y = 1 mm) were simulated. The matrix of both speci-
mens is modeled as an isotropic J2 material, with the hard-
ening law given by experimental results for DP steel (see
Fig. 3). The local effective strain &,,, and stress triaxiality
T iy, are extracted from the element located at the center of
the minimum section of each specimen. The values
obtained from the numerical simulations are compared in
Figs. Al and A2, respectively, with those calculated from
the experimental data and using Eqgs. (1) and (3). Concern-
ing deformation, the agreement between the analytical
solution and the numerical simulation is very good for
the notched sample. In the smooth specimen the value cal-
culated for ¢, is lower than that given by the simulation,
particularly for values of strain higher than 0.5, but the dis-
crepancy between the two is rather small. Concerning the
stress triaxiality, the same conclusion can be drawn: using
the value T calculated using Eq (3) and the experimental
measurement of the shape of the sample gives an estima-
tion reasonably close to the numerical simulation in our
case.
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