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A B S T R A C T

Quantitative fractal analysis of the microstructures of in situ Al–15%Mg2Si composite with and without Bismuth
(Bi) has been performed. Fractal dimension of primary Mg2Si particles and eutectic Mg2Si network were
calculated by box counting method. In this study, we attempt to show the modification effect of Bi addition
(0–0.3%wt.) on fractal dimension of Al–15%Mg2Si microstructure. Also, efforts were made to establish a cor-
relation between the fractal dimensions of Mg2Si (primary and eutectic) and ultimate tensile strength (UTS) and
elongation (El.%) values. The results show that by addition of Bi, there is a linear correlation between UTS and the
fractal dimensions of primary Mg2Si particles; however, no connection between fractal dimension of eutectic
Mg2Si and UTS and El.% could be detected.
1. Introduction

Fractal geometry, introduced byMandelbort [1], is an efficient tool to
describe geometrically irregular patterns in natural sciences. Fractal
dimension (D) is an important parameter of fractal geometry that finds
significant applications in various fields including image processing.
Image analysis is a high-level image processing technique to identify the
image features such as texture, roughness, smoothness, area and solidity.
The concept has been also applied in different fields of materials engi-
neering where shapes of objects have to be characterized like micro-
structural features of metallic materials such as graphite structure in cast
iron [2], dendritic structures [3], slip lines [3] and fracture surfaces [4].
However, fractal analysis in quantifying the degree of grain boundary
serration can be one of the important indexes to characterize the
microstructure and properties of alloys which has been attempted for
different metallic materials [5–7]. The fractal dimension varies between
1 and 2. It has been shown that when the fractal dimension of grain
shapes is almost one, the grain boundaries display linear shapes, and
when the fractal dimension shows a higher value, towards 2, the grain
boundaries present a serrated figure. Nishihara has also reported that the
value of fractal dimension of deformed recrystallized structures increases
with increasing amount of cold work in pure iron [8]. Beside, Tanaka [9,
10] has shown that the value of D increases with cold work up to about
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50%, but its increase levels off above about 50% cold work in pure iron,
because not only the slip in the grains but also the rotation of the grains
contributes to the plastic strain of the specimens at the larger amount of
cold work. All previous researches show that it may be a relationship
between fractal dimension and mechanical properties of metallic
materials.

Recently, in situ Al–Mg2Si composites have been proposed as a class
of advanced engineering materials utilized in aircraft technology [11].
The Al-based composites, containing hard particles of Mg2Si in a ductile
Al matrix, have been developed for high-performance material for in-
dustrial applications due to their processing flexibility, low density, high
wear resistance, heat treatment capability and great elastic modulus and
strength [12–14]. However, the presence of these coarse primary Mg2Si
particles in the original as-cast composite could be the main reason for
the reduction in mechanical properties of Al–Mg2Si composite [15].
Thus, several solutions have been suggested to refine and change the
morphology of Mg2Si particles and consequently enhance the tensile
properties of Al–Mg2Si composites, including the use of modifying agents
[16–19], applying extrusion [20], solution heat treatment [21] as well as
a combination of these three methods [22,23]. It is worth mentioning
that metal matrix composites (MMCs) are significantly sensitive to the
size, morphology and the types of the reinforcement and as well as the
fabrication technique [24].
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Fig. 1. Typical microstructure of Al–15%Mg2Si casted in a permanent mold.
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Based on previous studies of Al–Mg2Si composite, typical fracture
surfaces of unmodified Al– 15% Mg2Si composite exhibit clear brittle
fracture characteristics such as decohered and cracked primary Mg2Si as
well as low density of fine dimples [21,22,25]. Large and irregular pri-
mary Mg2Si particles seem to act as high potential crack propagation
sites in the composite [23]. Moreover, the eutectic Mg2Si network could
be considered as another preferred crack propagation path that would be
expected to be more prone to cracking [18]. However, chemically
modified Al–Mg2Si composite have fewer decohered particles and more
fibrous Mg2Si eutectic clearly homogenized structure, resulting in
enhanced mechanical properties compared to non-modified composites
[25,26]. Thus, it can be concluded that morphology and size of these
particles play a critical role in determining the fracture behavior of the
composite.

Here, the effect of Bi concentration (0.01–0.5 wt%) on the micro-
structure, mechanical properties and fractal dimension of Al–Mg2Si is
investigated. The quantification of the shape of primary Mg2Si particles
and Mg2Si eutectic network can be done by determination of its fractal
dimension. The fractal dimension of the Mg2Si represents self-similarity
and complexity of the phase on the microstructures of Al–Mg2Si com-
posite which can be estimated in two dimensional section (1 � D � 2).
There are different methods to measure fractal dimension of an object
[27–31] including variation method and structure function. In this
research, box-counting method [32] was utilized to estimate the fractal
dimension of primary Mg2Si particles and Mg2Si eutectic networks. The
box-counting dimension is probably the most frequently used method in
characterization of irregular sets in science. The reason is that it is easy,
automatically computable, and applicable for patterns with or without
self-similarity [33,34]. In this method, a box size of one pixel corre-
sponded and repeated with larger box sizes until the largest box covered
the whole image. It was observed that the number of squares N(ri) is
related to the size of their side (ri) as follows:

NðrÞ ¼ N0 � r�D (1)

where N0 is a constant and the regression slope D of the straight line
formed by plotting log(N(r)) against log(r) indicates the degree of
complexity or fractal dimension (D � Dspace, Dspace is the dimension of
the space, usually Dspace ¼ 1, 2, 3) [1,25].

LogðNðrÞÞ¼ � D:LogðrÞ þ LogðN0Þ (2)

While there have been a number of studies to measure fractal
dimension of grain boundaries of alloys [26,27,31], there has been no
attempt to measure the fractal dimension of MMCs’ reinforcements.
Thus, the main purpose of the present study is to make quantitative
fractal dimension estimation on primary Mg2Si particles and Mg2Si
eutectic network. In order to clear the role of Mg2Si morphology, the
effect of Bi concentration (as a chemical modification agents) on the
fractal dimension of the microstructure of Al–Mg2Si composite is
investigated.

2. Experimental procedure

Industrially pure aluminum (Al), magnesium (Mg) and silicon (Si)
elements were used to prepare Al-5.5 wt%Si-9.7 wt%Mg alloy. Al–15%
Mg2Si composites as primary ingots were prepared in an electrical
resistance furnace. Table 1 demonstrates the chemical composition of
hypereutectic Al–15%Mg2Si used in this research. Different amounts of
Bi (0.01, 0.03, 0.05, 0.1 and 0.3 wt%) were added to the molten parent
ingots, which were cut and re-melted in a small electrical furnace, to
Table 1
Chemical composition of Al–15%Mg2Si.

Element Al Mg Si Fe

Chemical composition (wt.%) Based 9.7 5.5 0.09

2

prepare the modified Al–15%Mg2Si composites. The molten MMC with
different Bi contents were poured into a steel mold and made based on
ASTM B 108-03a standard, to produce tensile test specimens [36].

For microstructural characterization, specimens were sectioned from
the gauge length portion of the test bars. Metallographic specimens were
polished and etched with HF (0.5%). Quantitative data including primary
Mg2Si mean size on microstructure were determined using an optical
microscope equipped with an image analysis system (Clemex Vision Pro).
The primary Mg2Si particles and Mg2Si eutectic network were manually
selected and extracted from microstructures to certify that calculated
fractal dimensions are accurate. A MATLAB program was used to apply
the box-counting method to primary Mg2Si particles and Mg2Si eutectic
network based on the theoretical way to calculate fractal dimension from
the slope of the ln N(r) versus ln (r) [37]. To validate the program, a
known fractal dimension test image was used to know whether the
program delivers an accurate result. The overall fractal dimension of each
level is calculated and averaged over five test results.

3. Results

The typical microstructure of A-15%Mg2Si composite consists of
three parts: 1- Primary Mg2Si, which is dark and irregular (Fig. 1, yellow
arrow), 2- Mg2Si pseudo-eutectic network (Fig. 1, red arrow) and 3- the
α-Al grains (Fig. 1, blue arrow) which is the white phase [38]. It is clearly
seen that ordinary morphology of primary Mg2Si particles in Al–15%
Mg2Si is irregular and dendritic, which is expected due to the
high-cooling rate utilized in this work [39]. Besides, it is shown that
pseudo-eutectic structure is mainly flake-like, which is well in line with
previous studies [40].

The representative microstructures of the composite with different Bi
contents (0–0.3 wt%) are shown in Fig. 2a–f. The microstructural studies
showed that the morphology of primary Mg2Si particles changed from
irregular to faceted polygonal shape by adding Bi into themicrostructure.

As it is clearly seen in Fig. 3a, the Mg2Si eutectic structure of un-
modified composite is mainly flake-like. However, by adding 0.03 wt%
Bi, the morphology significantly changes from flake-like (Fig. 3a) to fine
rod-like (Fig. 3b). The there-dimensional (3D) morphologies of eutectic
Mg2Si are revealed in Fig. 3c that by adding 0.03 wt% Bi, flakelike
eutectic Mg2Si morphologies approximately disappear and fine rod like
dominates.
Mn Ti Ni Zn Cr Cu

0.02 0.009 0.007 0.004 0.003 0.001



Fig. 2. Optical microscope microstructures of Al–15 wt%Mg2Si composites with different Bi.

Fig. 3. SEM images of the eutectic Mg2Si morphology in: (a) Al–15%Mg2Si (b) Al–15%Mg2Si-0.03%Bi. (c) Three-dimensional morphology of Al–15%Mg2Si-0.03%
Bi composite.
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The effect of Mg2Si morphology (both primary and eutectic) on the
fractal dimension analysis of prepared composites was investigated by
analyzing the results of the box counting method for two extreme cases
(Bi free and modified with 0.03 wt% Bi) (Fig. 4). The modified composite
has a smaller value of fractal dimension (Df ¼ 1.4586), meaning that the
modified reinforcements are less complex compared to the unmodified
ones (Df ¼ 1.6572).

Table 2 presents the measured particle size of primary Mg2Si. It is
observed that the average size of the particles decreased from 65 μm of
the composite without Bi to 20 μm of the composite with 0.03 wt% Bi
content. Also, it can be seen that the addition of Bi (up to 0.03 wt%)
improve both UTS (from 194 MPa to 240 MPa) and elongation (from
1.9% to 3.1%) values which are in agreement with microstructural ob-
servations and results. Furthermore, the fractal dimension of eutectic and
primary Mg2Si before and after Bi addition was examined which is
averaged over five random images (Table 2). The fractal dimensions of
eutectic structure show that there is no significant trend in these values.
This means that morphology of eutectic Mg2Si do not play a significant
3

role in mechanical properties.
Fracture surfaces of the unmodified and Bi modified Al–15%Mg2Si

composite are shown in Fig. 5a and b. As it is seen, the fracture surface of
Bi free specimen mainly contains large facets of broken primary Mg2Si
particles exhibit clear cleavage creating a rapid fracture deriving from
their intrinsic brittleness [41]. However, by adding 0.03 wt% Bi fracture
surface show a higher density of fine dimples (Fig. 5b). This presents that
fracture behavior change from brittle to ductile [42,43].

4. Discussion

As can be seen in Table 2, adding 0.03 wt% Bi resulted in 70%
reduction in the size of primary Mg2Si of Al–15%Mg2Si composite,
reducing from 65 μm of the as cast composite to 20 μm of the composite
with 0.03 wt%. However, further increase in Bi content from 0.03 to 0.3
wt% increased the average Mg2Si particle size from 20 to 31 μm. Xiao
et al. [44] mentioned that the main reason for refining of Mg2i crystals
may be related to the composition supercooling caused by the



Fig. 4. Two examples of primary Mg2Si particles: (a) primary Mg2Si particles in Al–15Mg2Si, Df ¼ 1.6572, (b) primary Mg2Si particles in Al–15Mg2Si-0.03Bi, Df ¼
1.4586 (c) Box-counting results of these two composites.

Table 2
Result of microstructural studies, tensile test and box counting method.

Bi addition
(wt.%)

Average size
of primary
Mg2Si
particle (μm)

UTS
(MPa)

El.
(%)

Fractal
Dimension
(FD)
(primary
Mg2Si)

Fractal
Dimension
(FD)
(Eutectic
Mg2Si)

0 65 194 1.9 1.6572 � 0.1 1.4639 � 0.1
0.01 21 236 2.6 1.4541 � 0.1 1.4589 � 0.1
0.03 20 240 3.1 1.4586 � 0.1 1.4623 � 0.1
0.05 24 232 2.8 1.4991 � 0.1 1.4677 � 0.1
0.1 29 223 2.5 1.4701 � 0.1 1.4660 � 0.1
0.3 31 215 2.3 1.4381 � 0.1 1.4657 � 0.1
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segregation of Bi at the front of the solid/liquid interface of Mg2Si during
solidification. However, it can be explained that Bi might have moved the
binary eutectic point of Al–Mg2Si phase diagram toward Mg2Si rich part
[15] that can change the morphology and size of primary Mg2Si
particles.

In addition to the effect of Bi addition on particle size, the effect of Bi
content on the UTS and elongation percentages of the prepared com-
posites was investigated (Table 2). The enhancement in tensile properties
of Bi-modified samples is mainly due to the reduction in size of primary
Mg2Si particles. However, the role of morphology refinement in this
improvement cannot be ignored. The unmodified primary Mg2Si parti-
cles are coarse and irregular with sharp tips that more stress concentra-
tion is expected on them which deteriorate mechanical properties. But
the morphology of modified primary Mg2Si particles are fine in poly-
hedral shape without any hollow that can decrease the high stress con-
centration sites and improve tensile properties. In this regard, in order to
precisely understand the role of morphology the quantitative analysis of
4

morphology by fractal dimension can be important.
Fig. 6 illustrates the values of fractal dimensions versus UTS as a

function of the Bi content. It is worth mentioning that fractal dimension,
reported for each Bi content, is the average of ten microstructure images
for a certain Bi level. The plot displays a significant, negative, almost
linear correlation (~�0.88) between the fractal dimension of primary
Mg2Si particles and UTS values of the composite (see Fig. 7).

Based on previous fractography studies [45–52], the fracture surface
of as cast Al–Mg2Si composite is cellular, including features of both
brittle and ductile fracture simultaneously. These coarse primary Mg2Si
particles can be seen as either decohered particles or broken ones [53].
As the matrix is deformed, the dislocations cannot go across the hard
Mg2Si particles due to the strong interface between α-aluminum and
Mg2Si particles [53]. Consequently, they pile up at the particles/matrix
interface. As stress applied to the Mg2Si particles increases, the density of
dislocations at the interface of matrix and Mg2Si particles rises until
micro-cracks initiate at high potential cracking regions. In fact, these
coarse and irregular primary Mg2Si particles with their sharp edges can
introduce the micro-regions around them that are high potential crack
initiation sites (high stress concentration points). As the irregularity of
Mg2Si particles maximize (the more complex, the more fractal dimen-
sion), high potential cracking regions for crack initiation will be more
evident. Moreover, these sites are preferential paths for crack propaga-
tion in form of either trans-granular manner or inter-granular one. Hence,
it could be assumed that the morphology of Mg2Si particles has a direct
effect on mechanical properties of the composite. Therefore, examining
the fractal dimension of primary Mg2Si particles could be worthwhile in
order to investigate the relationship between complexity of primary
Mg2Si particles and the mechanical properties of the composite.

It has been reported that chemical modification of the composite by



Fig. 5. Fractured surfaces of (a) Bi-free Al–15%Mg2Si and (b) Al–15%Mg2Si-0.03%Bi.

Fig. 6. Relationship between fractal dimension of the primary Mg2Si particles
and UTS.

Fig. 7. Elongation of Al–15%Mg2Si as a function of Bi concentration.
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changing the morphology of primary Mg2Si particles can alter fracture
mode from brittle to ductile [16–19]. The elongation values of the
specimens as a function of Bi content are presented in Fig. 6. It is evident
from Fig. 6 that increasing Bi content up to 0.03 wt% raises the elon-
gation of the composite by ~63%. Consequently, the fracture mode of the
Mg2Si composite changed from brittle to ductile by increasing the Bi
content from 0 to 0.03 wt%. This is very well in line with previous studies
on chemical modification of the composite. According to the literature,
two phenomena happen during the transformation from brittle to ductile
fracture mode: first, the number of decohered Mg2Si particles increases;
second, dimples on the fracture surface become fine [16–19]. Fig. 5 in-
dicates that the fractal dimension of the as cast Al–Mg2Si decreases by
~12% from 1.6572 to 1.4586. This means that the complexity in shape of
the primary Mg2Si particles decreases resulting in the circular fine par-
ticles for 0.03 wt% Bi compared to irregular coarse ones for as-cast. This
possibly leads to reducing the number of high stress concentrated
micro-regions and uniformly distributing the dislocations around Mg2Si
particles. Therefore, it is likely that under tensile testing modified par-
ticles detach completely from their initial location. The explanation
possibly might be in good agreement with frequently reported fracture
surface characteristic of Al–Mg2Si composite [16–19]. In this research,
all attempts were to quantitatively indicate the effect of reinforcements’
morphology on mechanical properties of in-situ composites. Besides, the
role of fractality in mechanical properties of the material has been
evidently shown.

5. Conclusion

The observed microstructure consists of coarse primary Mg2Si par-
ticles in a matrix of eutectic cells. Adding 0.03%Bi refined the primary
and eutectic cell structures, reducing the average size of primary Mg2Si
from 65 to ~20 μm. Adding Li also raised the UTS and elongation values.
Quantitative characterization of primary Mg2Si particles carried out on
tensile testing specimens has shown that there is a strong correlation
between UTS data of tensile test and the fractal dimension of the primary
Mg2Si particles. The decrease of fractal dimension of primary Mg2Si
particles has been reported, which means the complexity in shape of the
primaryMg2Si particles decreases. Thus, micro-regions of potential crack
initiation sites eliminate due to reducing the intensity of the stress-
concentration effect around the Mg2Si particles, which leads to in-
crease the mechanical properties of the composite.
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