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Modeling effects of constituents and dispersoids on tensile ductility of
aluminum alloy
SONG Min(宋 旼), CHEN Kang-hua(陈康华), QI Xiong-wei(齐雄伟)
(State Key Laboratory of Powder Metallurgy, Central South University, Changsha 410083, China)
Abstract: The modeling effects of constituents and dispersoids on the tensile ductility of aluminum alloy were studied. The results
show that the tensile ductility decreases with the increase of the volume fraction and size of constituents. Thus, purification can
improve the tensile ductility by decreasing the volume fraction of constituents (normally compositions of Fe and Si) and the
first-class microcracks. The model also indicates that the tensile ductility decreases with the increase in the volume fraction of
dispersoids. Decreasing the volume fraction of dispersoids along the grain boundaries by proper heat-treatment and improving the
cohesion strength between dispersoids and matrix can also improve the tensile ductility by decreasing the volume fraction of the
second-class microcracks.
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1 Introduction
High strength and low density have made aluminum
alloys the primary material for application in aircraft.
However, normally the improvement in strength will
decrease the tensile ductility and limit their further
commercial application. Thus, extensive researches[1−12]
have been made to examine the relationship between
tensile ductility and microstructures. These researches
indicate that coarse constituents (brittle phase formed by
the impurities and excessive alloying elements) and
dispersoids along the grain boundaries are the initiations
of fracture and can be treated as pre-existed microcracks.
Based on the above assumption, several models[6−9] have
been developed to describe the relationship between
tensile ductility and microcracks. For simplicity, these
models assume that the microcracks have the same size.
However, the microcracks caused by coarse constituents
and by dispersoids along the grain boundary have
different sizes, and thus the developed models are
oversimplified. Coarse constituents result from the
presence of Fe and Si impurities or excessive amounts of
major alloying elements, normally 5−30 μm in size,
while the microcracks at grain boundaries result from
stable phase caused by heterogeneous precipitation along
the grain boundaries with the size of 0.1−0.5 μm [6]. As a
first step, a multi-scaled microcrack model (including
two types of microcracks described above) to describe
the relationship between tensile ductility and volume
fraction of the microcracks was developed in this paper.

2 Development of model
Fig.1 shows SEM and TEM images of the
microcracks caused by constituents and dispersoids in
Al-Cu-Mg alloy after deformation[8]. It can be seen that
the sizes of the microcracks caused by constituents are in
the range of 5−20 μm, while those of the microcracks
caused by dispersoids are about 200 nm.
To develop a mechanical model, some assumptions
must be made to simplify the mathematic calculation.
Since coarse constituents will fracture readily under
loading, they have been treated as the first-class
microcracks directly, with dimension of 2a. Dispersoids
along the grain boundaries will be easily separated from
the boundaries and initiate microcracks. These
microcracks have been treated as the second-class
microcracks, with dimension of 2b. For simplicity,
assume that microcracks distribute uniformly, as shown
in Fig.2.
First, assume that only one second-class microcrack
(B1) exists in the middle of the two neighboring
first-class microcracks (A1 and A2). Thus, at a distance, r
(r is between microcracks A1 and B1, see in Fig.2), ahead
of microcrack A1, the strain caused by microcracks A1,
A2 and B1 is given as follows[13−14]
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where εp is plastic strain, h =

. Substituting
2 1+ 3 / n
Eqns.(4)−(6) into Eqns.(1)−(3), respectively, leads to
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Fig.1 Microcracks caused by (a) constituents (SEM micrograph)
and (b) dispersoids (TEM micrograph) in Al-Cu-Mg alloy
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If m second-class microcracks distribute uniformly
between microcracks A1 and A2, Eqn.(10) changes to
εp =
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When the local effective strain, εij, at location r in
the matrix ligament reaches the matrix fracture strain, εmf,
the plastic strain, εp, reaches the nominal fracture strain,
εf, or tensile ductility at the onset of fracture. Thus,
Eqn.(11) changes to

Fig.2 Geometric model for tensile ductility

⎡
⎤
J A2
= αε y ⎢
⎥
⎢⎣ αε yσ y I n (l − r ) ⎥⎦

εij ⎛ r ⎞n/(1+n)

(3)

where J is the J-integral, εy is the yield strain, σy is the
yield stress, n is the inverse of the strain hardening
exponent, α is the material constant in the RambergOsgood constitutive relation [15] , and I n and εij (θ )
are the normalized parameters in the HRR- field[13−14].
The J-integral can be separated into elastic (Je) and
plastic (Jp) components. For aluminum alloy, Je is much
smaller than Jp and can be ignored. Thus the J-integral is
given as follows[16]
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Thus, a normalized fracture strain ratio, R, can be
obtained
(13)
R=εf/εf(0)
where εf(0) is the reference fracture strain, normally
means the fracture strain for the alloy without
constituents and dispersoids. In Eqn.(13), R was used to
describe the ratio between the tested alloy and the
reference alloy.
For a cubic array, the volume fraction (f ) of the
microcracks (in other words, it means the volume
fraction of constituents and dispersoids) is a function of
mean radius (a and b) and the interspacing λ[11]:
3
3
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where K is the aspect ratio of the microcracks. For
second-class microcracks caused by spherical dispersoids,
KB=1. For first-class microcracks caused by disk-shaped
constituents, KA is defined as the ratio between the radius
of the plate plane to the half height of the disc, while for
first-class microcracks caused by spherical constituents,
KA=1. Since the volume fraction of the first-class and
second-class microcracks cannot be set as zero at the
same time in Eqns.(12) and (13), in this study, it is
assumed that the material is free of microcracks when the
volume fraction of the first-class microcracks
(constituents) is as low as 0.01% and that of the
second-class microcracks is zero (reference condition).

3 Evaluation of model
In some ductile materials such as aluminum alloy,
plastic yield zones usually exist in front of the
microcrack tips, and normally the size of the plastic yield
zone, d, is close to the microcrack size. Assuming r is of
the size of plastic yield zone, thus, d=r=2a has been
used in the calculation.
Fig.3 shows the normalized tensile ductility as a
function of the volume fraction of constituents
(first-class microcracks). Some previous experimental
data[17] have also been included in Fig.3. Since the aspect
ratio has obvious effect on the tensile ductility, the
calculation includes the effect of the aspect ratio. It can
be seen that the model prediction agrees well with the
experimental data. The normalized tensile ductility
decreases as the volume fraction of constituents increases,
no matter what value K is. This indicates that low purity
or high volume fraction of constituents degrades the
tensile ductility of aluminum alloy. Thus, purification is
an effective method to improve the tensile ductility. It
can also be seen that the normalized tensile ductility
increases as the K value increases when the volume
fraction of constituents remains constant. Actually, high
stress concentration will be generated at the microcrack
tip if the stress direction is perpendicular to the crack
plane (small K value); while no high stress concentration
will be generated at the microcrack tip if the stress
direction is parallel to the crack plane (large K value).
Fig.4 illustrates the effect of the size of constituents
on the normalized tensile ductility of aluminum alloy
(assuming K=1 and the distance of two neighboring
constituents remains constant). It can be seen that the
normalized tensile ductility decreases dramatically as the
size of constituent increases. During deformation,
large-sized constituents will generate large-sized
microcracks and the large-sized microcracks propagate
easily even at low stress and strain.

Fig.3 Effect of volume fraction of constituents (size remains
constant) on normalized tensile ductility (experimental data
from Ref.[17])

Fig.4 Effect of size of constituents (distance between
constituents remains constant) on normalized tensile ductility

For aluminum alloy, first-class microcracks are
initiated from constituents during the early stage of the
deformation process. Thus, the higher the volume
fraction and the larger the size of constituents, the lower
the tensile ductility. Normally in 2×××and 7×××
series alloys, the chemical compositions of the
constituents are Al20Cu2(Fe, Mn)3 and Mg2Si[17].
Decreasing the contents of Fe and Si elements and
improving the purity of Al matrix will improve the
tensile ductility of aluminum alloy.
Fig.5 shows the normalized tensile ductility as a
function of the volume fraction of the second-class
microcracks. The reference was set as the fracture strain
of the materials only with the first-class microcracks.
The size and volume fraction of the first-class
microcracks (constituents) are 20 μm and 1% (distance
between two neighboring first-class microcracks is 85.66
μm), respectively. It can be seen that the normalized
tensile ductility decreases with the increase in the
volume fraction of the second-class microcracks. It
should be noted that the normalized tensile ductility
decreases dramatically in the very beginning (the
appearance of the second-class microcracks), and then
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the decreasing velocity decreases. The sharp decrease in
the normalized tensile ductility with the appearance of
the second-class microcracks is due to the decrease in the
ligament size. The ligament size is 65.66 μm (85.66-2a)
without the second-class microcracks, and it decreases in
half with the appearance of the second-class microcracks,
which increases the strain concentration and decreases
the normalized tensile ductility.
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fraction of the first-class and second-class microcracks.
Normally decreasing Fe and Si impurities can decrease
the volume fraction of constituents and improve the
tensile ductility. Decreasing the volume fraction and
increasing the cohesion strength of dispersoids along the
grain boundaries can also improve the tensile ductility by
decreasing the volume fraction of the second-class
microcracks.
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