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ABSTRACT

Void clustering effect is investigated by performing uniaxial tensile test
on commercial 95% aluminum alloy XTral 728 by strategically placing
an additional hole. Incorporating additional void induces strong stress and
strain localization and reduces incipient coalescence strain approximately
17%. Also, two different cluster orientations with respect to applied loading
and hole spacing ratios have been considered. The experimental revealed
that material ductility is significantly decreased with increasing hole
spacing ratios and for certain cluster orientation. To evaluate existing void
coalescence models, numerical simulations are also performed and found
that existing models overestimate the incipient coalescence strains for
considered three-void cluster.
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1. Introduction

Void clusters are closely spaced voids nucleated form
cluster of inclusion in structural metals. Presence of clus-
ters in structural metals enhance void interaction and
thereby void growth and coalescence [1]. Magnusen et al.
[2] examined a tensile specimen containing random and
regular arrays of holes and found that the specimen con-
taining random arrays are less ductile than regular arrays
[2]. Bandstra and Koss [3] showed numerically that strain
localization behavior within microstructure that contains
void cluster is remarkably higher than those containing
uniformly spaced voids [3]. Dubinsky and Koss [4] exam-
ined experimentally the dependence of ductile fracture
on the size and distribution of voids. They physically
modeled random and regular arrays of equal sized holes
within tensile specimen of 1100-0 Al sheet and 7075 Al
plate and sheet and observed that increasing hole spacing,
which decrease the degree of hole clustering, increases both
strength and ductility and conversely, decreasing the hole
size causes a minor increase in both strength and ductility
[4]. Thomson et al. [5] considered three linear clustered
particles embedded in a three-dimensional unit cell under
triaxial loading conditions and observed that orientation
of cluster with respect to the major loading direction has
significant influence on failure strain [5]. Zhang and Chen
[6] considered the effect of stress state on void coalescence

by employing unit cell containing a void cluster and pro-
posed a coalescence criterion in which critical void volume
fraction is expressed in terms of stress triaxiality [6].

These studies addressed void coalescence behaviour
within linear cluster; they did not consider non-linear
cluster which is asymmetric to the surrounding material.
Geltmacher et al. [7] observed that three-void clus-
ter accelerates void growth and coalescence in certain
microstructures [7]. Colapietro et al. [8] also monitored
that fracture surface of Cu containing equiaxed particles
shows many equiaxed dimples with three-fold symmetry.
They developed a specimen containing three blind-end
holes with hemispherical ends to model three-void clus-
ter and found characteristic three-fold symmetry upon
specimen fracture. They suggested that three-void clusters-
oriented transverse to tensile axis accelerate void growth
and coalescence; therefore, three-void cluster is a special
case of interest [8]. Based on the experimental result of
Colpietro et al. [8], Bandstra and Koss [9] performed a
finite element simulation of the experiment and observed
that the void growth rate within the cluster is sensitive
to strain hardening and noticed that a load limit devel-
ops within the inter-void ligament [9]. Later, Bandstra
and Koss [10] performed a three-dimensional finite ele-
ment analysis of RVE containing a cluster of three closely
spaced voids within a plane normal to deformation axis to
examine the sensitivity of void growth and coalescence to
strain hardening, stress state and inter-void spacing. They
showed that coalescence is accelerated by increasing stress
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Fig. 1. Schematic of the specimen geometry used for the
experiments. Note: Two different orientations of void cluster

with respect to the loading direction.

triaxiality and decreasing strain hardening and inter-void
spacing within cluster [10].

In the present work, three-void clusters are studied.
Two different spacing ratios and two different orientations
with respect to principal loading direction are considered.
Finite element simulations of the experiment were per-
formed. The use of the digital image correlation technique
in the experiments enabled tracking of the local defor-
mation in the ligament. The experimental and numerical
results are compared and found to be in good agreement.
The numerical results have been used as a framework to
evaluate existing void coalescence models.

2. Experimental Method

The tensile testing experiments were performed using
100 mm long and 30 mm wide, and 7 mm thick XTral
728 metal plate containing void clusters. These macro-
scopic holes are assumed to behave like micro-voids
within the real microstructure during void coalescence.
Two inter-hole spacing ratio (χo = 0.4 to 0.5) and two
cluster orientations (referred to as “regular orientation”
and “rotated orientation” in Fig. 1) are considered in the
present work.

The plane strain condition between manufactured holes
is necessary for appropriate void coalescence modelling.
Thomason [11] stated that the constraint factor for plane
stress plastic deformation between two holes is much lower
than those encountered for similar plane strain and three-
dimensional conditions. He analytically showed that for
the plane stress condition, plastic deformation localises
between the holes immediately after the first small incre-
ment of plastic deformation, and only small levels of void
growth would be required to initiate void coalescence.
Therefore, the plane stress condition is not suitable for

modelling void coalescence, and the plane strain condition
is enforced in the present work by specifying the required
condition on the specimen design.

The specimens were made 100 mm long and 30 mm
wide. The length was chosen so that there would remain
enough gripping area when mounted in Instron machine
and the applied load could be assumed as far-field with
respect to the void cluster. The width of the specimen
was selected 30 mm to ensure minimum edge effects (no
interaction between void cluster and specimen edge was
observed). Also, the hole diameter was selected by keeping
the spacing ratios constant (0.4 and 0.5) between the voids
for two different cluster orientation. The hole diameter
was calculated for two spacing ratio values, χ0 = 0.4 and
0.5 and constant thickness/ligament length = 5 (specimen
thickness 7 mm and ligament length 1.4 mm) to main-
tain Thomason’s [11] plane strain condition. The ligament
length was kept constant (1.4 mm) throughout the exper-
iment to ensure that the thickness/ligament-length ratio
effect would not have any impact on coalescence strain.
Griffin [12] numerically showed that to model void coales-
cence under plane strain condition, it is necessary to keep
the ratio of specimen thickness to ligament length con-
stant; the coalescence strain would be altered for different
ratios of thickness to ligament-length value when on the
domain thickness/ligament-length <10. Larger values of
thickness/ligament length could be selected, but this would
essentially decrease ligament length below 1 mm when
using 7 mm thick plate. Griffin’s [12] results suggested that
the utilized DIC system is incapable of capturing local
strain when the ligament length falls below 1 mm. The
drill-bits sizes were chosen close to the calculated hole
diameters, giving slightly different void spacing ratios than
the nominal values. Table I shows the nominal and actual
spacing ratio values. For convenience, the nominal spacing
ratio values will be referred to throughout the document.

After manufacturing, the specimens were cleaned with
soap and water to remove dirt and particles from the
machined surface. Then the samples were cleaned with
alcohol to encourage paint adhesion, because the relative
movement between the paint layer and the metal sur-
face would result in erroneous strain measurement. White
primer was applied to coat the surface and then a high-
density black speckle paint layer was applied to facilitate
use of the DIC system. A high-density speckle pattern
was created on every specimen. In addition, the far-field
principal strains obtained from the extensometer were
in excellent agreement with the DIC far-field principal
strain values. These results suggest that the DIC system is
a reliable strain measurement technique and local strain
extracted from the DIC could safely be used to quantify
deformation in the inter-void ligament. The local strain
obtained from the DIC method was used to calculate the
ligament flow stress using the Voce equation.

Aluminum alloy (XTral 728) was used to prepare sam-
ples containing three-void clusters. XTral 728 has excellent
formability, improved resistance to corrosion and high
surface quality. Its light weight makes it attractive to the
industrial vehicle bodywork; specially to build tankers to
transport dangerous materials.
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TABLE I: The Nominal and Actual Spacing Rations Values of the Specimen

χ0 Calculated radius (mm) Calculated diameter (mm) Actual drilled diameter (mm) Actual χ0 Ligament length (mm) Drill bit description

0.4 0.4666 0.933 0.9398 0.401658261 1.4 #63, 0.9398 mm
0.5 0.7 1.400 1.397 0.499463711 1.4 #54, 1.397 mm

Fig. 2. Strain history showing localization of strain in the
inter-hole ligament compared to far-field strain for rotated

cluster with hole spacing ratio, χo = 0.5.

The true stress–true strain curve in the rolling direction
obtained from a dog bone specimen uniaxial test was fitted
with the Voce [13] hardening law. The material flow rule
expressed by the Voce equation is:

σ = σs − (
σs − σy

)
exp

[
−α

(
εp)β

]
(1)

where σ is the flow stress, σs is the ultimate tensile stress
and σy is the yield stress and εp is the plastic strain, and
αand β are fitting parameters. The values of these param-
eters were found by fitting the experimental data with the
Voce hardening rule. The Voce equation for XTral 728 is:

σ = 394.11 − (394.11 − 146) exp
[
−14.1

(
εp)1.09

]
(2)

3. Results and Discussions

3.1. Effect of Void Clustering

Due to local deformation, the ligament experienced
severe strain compared to the whole specimen which can
be noticed from the DIC results showing far-field principal
strain beside the ligament strain history in Fig. 2 Similar
strain localization behaviour was noticed from the numer-
ical results.

3.2. Experimental IC Strains

The experimental results of far-field principal strains
obtained from DIC and extensometer at the incipient of
coalescence and ligament fracture are presented in tabular
form. The principal strains at incipient coalescence and
ligament fracture for each sample is averaged and standard
deviations are also computed. Fig. 3 shows the experimen-
tal DIC results for IC strains with 95% confidence interval.
The IC strains decreases 19.68% for regular cluster orien-
tation while it is 17.4% for rotated orientation when the
inter-hole spacing ratio increase from χo = 0.4 to 0.5. On
the other hand, the rotated cluster shows 17.61% decrease

Fig. 3. Experimental IC strain for each geometry with 95%
confidence interval for the mean.

in IC strain for spacing ratio χo = 0.4 and 15.25% for spac-
ing ratio χo = 0.5 when compared to regular orientation.
These results are in good agreement with numerical results
and prediction from various PLL model.

The experimental microstructure variables are com-
pared to numerical results at incipient coalescence, and
excellent agreement is found. The microstructure variables
that are compared are horizontal and vertical hole diam-
eter, hole aspect ratio, ligament length, void spacing ratio
and far-field load. These parameters are also important for
PLL calculation. The comparison is presented in a tabular
form in Table II, and a per cent difference is also provided
when compared to numerical results.

Within the rotated cluster, the hole in the middle simul-
taneously interacts with the other two holes in the angled
positions and experiences larger growth than the other two
holes, as shown in Fig. 4. Therefore, localization occurs
promptly in the rotated cluster, and lower IC strains are
observed when compared to the regular cluster orienta-
tion. The middle hole dimension is measured here for
calculating void aspect ratio and spacing ratio for rotated
cluster. For the regular cluster, the ligament perpendicu-
lar to the principal load fractures; therefore, those holes
dimensions are measured using Image Pro Plus software
for calculating void aspect ratio and spacing ratio. Also,
qualitatively the image corresponding to IC is compared
to FE mesh and similarity in void shape evolutions is
noticed as showed in Fig. 5. The figures show qualitative
agreement of the hole contours at the instant of IC.

4. Evaluation of Present Coalescence Models

The available plastic limit load (PLL) models predict
coalescence strain based on load limit of the inter-void liga-
ment for matrix containing a periodic array of voids. These
models account for stress state, void shape, spacing and
strain hardening exponent. However, these PLL models
do not explicitly consider the matrix where closely spaced
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TABLE II: Effect of Spacing Ratio and Orientation on IC Strain

Spacing ratio effect Orientation effect
χ o = 0.4→0.5 Regular →Rotated

Regular Rotated χo = 0.4 χo = 0.5

Decrease (%) 19.68% 17.40% 17.61% 15.25%

Fig. 4. Measurement of important void dimension using Image
Pro Plus at the incipient of coalescence for: (a) regular cluster

and (b) rotated cluster with spacing ratio, χo = 0.5.

Fig. 5. Comparison of experimental image and FE deformed
mesh at the instant of IC for: (a) regular cluster and (b) rotated

cluster with χo = 0.5.

voids are not periodically distributed and not oriented
orthogonally with the loading direction such as the three-
void clusters used in the present work. The experimental
and numerical results obtained in the work are employed
in this section to assess existing PLL models.

4.1. Thomason’s Cylindrical Model

Thomason’s [11] PLL model, as described by (3) for
cylindrical holes, provides the best match with the current
experimental results of IC strains for the considered three-
void clusters, as shown in Fig. 6.

Fig. 6. Prediction of IC strain from Thomason’s cylindrical PLL
model for regular cluster orientation with spacing ratio, χo = 0.5.

Fig. 7. Comparison of experimental IC strains with Thomason’s
cylindrical PLL model.

{
0.3 (1 − χ)

Wχ
+ 0.6

} (
1 − π

4
χ2

o

)
= 1

2
+ σm

Y
(3)

Thomason’s model does not consider the influence
of void clustering (interaction of more than two voids)
and therefore his model over predicts the IC strains. In
addition, for a rotated cluster, localization occurs simulta-
neously in two angled ligaments which significantly lowers
IC strain; his model does not account for the coalescence of
voids that are separated by a ligament which is not normal
to the far-field principal loading. However, Thomason’s
model provides close agreement with experimental results
for spacing ratio, χo = 0.5, but over-predicts for spacing
ratio, χo = 0.4 for both types of cluster orientation as
shown in the Fig. 7.

4.2. Modified Ragab’s Model

To calculate plastic limit load (PLL) within cluster, Grif-
fin [12] adapted Ragab’s (2004) model by incorporating the
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Fig. 8. Estimation of the IC strain from modified Ragab’s model
for rotated cluster orientation with spacing ratio, χo = 0.4.

Fig. 9. Comparison of experimental IC strains with prediction
from Modified Ragab’s model.

ligament flow stress, as per (4):

σ1

σUTS
=

(
1 + 2W 2

1
χ

− 1

)
log

[
1 + 1

2W 2

(
1
χ

− 1
)]

(
1 − (π/4) χ2) (4)

It is observed that ligament flow stress completely sat-
urates at incipient coalescence, which justified the use of
modified form of Ragab’s model as shown in Fig. 8. The
modified Ragab’s model over predicts IC strain for each
cluster geometry and this trend is higher for rotated cluster
orientations as shown in Fig. 9. As observed from the
experimental and numerical results, the limit load attained
at lower principal strain for a rotated cluster arrangement
when compared to a regular cluster. The modified Ragab’s
model estimates almost similar strain for both cluster
orientations, while the experimental results show that the
rotated orientation is more prone to coalescence.

4.3. McClintock’s Model

McClintock’s model [14], described by (5), accurately
predicts the ligament fracture strain for the rotated cluster,
as illustrated in Fig. 10.

ln
(

1
χ

)
= ln

√
1 + γ 2 + γ

2 (1 − N)
sinh

(
(1 − N) σ

τ

)
(5)

As shown in Fig. 11, the fracture of the ligament takes
place between the angled ligaments for the rotated cluster.
McClintock’s model accounts for shear and thereby is able
to predict the fracture strain of rotated clusters. This is
also in agreement with unit cell investigation under simple

Fig. 10. Prediction of ligament failure strain from McClintock’s
model [14] for rotated cluster with spacing ratio, χo = 0.4.
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Fig. 11. Comparison of experimental ligament failure strain with
McClintock’s model [14] for rotated cluster orientation with

spacing ratios, χo = 0.4 and 0.5.

shear by Rahman et al. [15]. McClintock’s model does not
consider failure of the ligament normal to load and frac-
ture occurs at the ligament normal to the load for regular
cluster and cannot be predicted by McClintock’s model.
Similar to Thomason’s cylindrical model, McClintock’s
model is also developed for cylindrical holes under a plane
strain assumption, which is similar to the present work.

5. Conclusion

An experimental and numerical study of a three-void
cluster under uniaxial loading was carried out, and the
results were compared. The obtained results show that
cluster orientation with respect to loading direction signif-
icantly altered material ductility and reduced IC strain by
approximately 17% for the rotated three-void cluster when
compared to the regular cluster. In addition, increasing
spacing ratio of the holes within a cluster also reduced IC
strain significantly. The experimental and numerical results
show excellent agreement for the important microstruc-
tural parameters such as void aspect ratio, spacing ratio
and load at the incipient coalescence. However, the existing
void coalescence models overestimate IC strain, which
suggests the development of an advanced damage model
to describe incipient coalescence for clusters. The results
obtained in this work could be employed to development
of PLL model accounting cluster effect.
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5.1. Future Research
Recently computational modelling and machine learn-

ing has been used for different application including void
cluster, material science and so on [15]–[22]. In future we
would like to further study leveraging modern computa-
tional tools which will allow us to study with different
combinations of experimental parameters.
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