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Pseudo-in-situ stir casting: a new method for production of aluminum matrix
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Abstract: A new method was applied to produce an Al-0.5wt%Ti—0.3wt%Zr/5vo0l%B,C composite via stir casting with the aim of charac-
terizing the microstructure of the resulting composite. For the production of the composite, large B,C particles (larger than 75 um) with no
pre-heating were added to the stirred melt. Reflected-light microscopy, X-ray diffraction, scanning electron microscopy, field-emission scan-
ning electron microscopy, laser particle size analysis, and image analysis using the Clemex software were performed on the cast samples for
microstructural analysis and phase detection. The results revealed that as a consequence of thermal shock, B4C particle breakage occurred in
the melt. The mechanism proposed for this phenomenon is that the exerted thermal shock in combination with the low thermal shock resis-
tance of B4C and large size of the added B,C particles were the three key parameters responsible for B,C particle breakage. This breakage in-
troduced small particles with sizes less than 10 um and with no contamination on their surfaces into the melt. The mean particle distance
measured via image analysis was approximately 60 um. The coefficient of variation index, which was used as a measure of particle distribu-

tion homogeneity, showed some variations, indicating a relatively homogeneous distribution.
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1. Introduction

Because of better physical and mechanical properties of
particulate-reinforced aluminum-matrix composites (PRAMCs)
compared to monolithic alloy matrices, they [1-9] exhibit
relatively higher performance in industrial applications. On
the basis of the manner in which particles are introduced
into the matrix, PRAMC manufacturing methods can be di-
vided into two broad categories of in situ and ex situ meth-
ods. The advantages of in sifu processes over ex sifu proc-
esses are as follows: (1) in situ formation of reinforcements
makes resulting composites thermodynamically stable in the
matrix, which, in turn, results in less reduction in
high-temperature properties; (2) in situ formation results in
strong interfacial bonding as a consequence of clean rein-
forcement—matrix interfaces; and (3) in sifu formation re-
sults in better mechanical properties because of a finer size
and more uniform distribution of the in-situ-formed rein-
forcement particles in the matrix [10]. However, in situ

Corresponding author: Mohammad Raei E-mail: m.raei@ma.iut.ac.ir

processes also suffer some drawbacks: unwanted reaction
products tend to form; the composition and nature of the re-
inforcement produced because of thermodynamic restric-
tions are governed by the phase diagram of any given sys-
tem; and kinetic restrictions of chemical reactions leading to
the formation of in situ reinforcement limit the shape, size,
and volume fraction of reinforcements [11].

In addition to the positive aspects of the ex situ processes,
which include simplicity and cost-effectiveness, one of the
main problems encountered in the production of PRAMCs
by ex situ processes such as stir casting is reinforcement ag-
glomeration [12]. This problem becomes more severe with
decreasing particle size. In the case of the AI-B4,C compos-
ite system, the homogeneous distribution of fine B4C parti-
cles with a size under 10 um in the microstructure has been
demonstrated to become impossible via the casting method
because of agglomeration [13].

According to the aforementioned arguments, a new ex
situ processing route is proposed in this research for the
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Al-0.5wt%Ti-0.3wt%Zr/5vol%B4C composite system. We
produced the aforementioned composite using this new
process and evaluated its microstructure.

2. Experimental

In this study, the materials used for the preparation of the
matrix alloy were Al and Al-Ti and Al-Zr master alloys.
The chemical compositions of these materials are presented
in Table 1. The X-ray diffraction (XRD) pattern of the
as-received B4C is presented in Fig. 1. Approximately 600 g
of Al with 99.5wt% purity was melted under air atmosphere
in an alumina crucible using a resistance furnace. After the
sample melted, the temperature reached 800°C; Al-10wt%
Ti and Al-15wt% Zr master alloys were then added to the
Al melt in the necessary amount for a nominal chemical
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composition of Al-0.5wt%Ti—0.3wt%Zr. The melt was
maintained at 800°C for 40 min to dissolve the alloying
elements. At this step, the Al melt containing the dissolved
Ti and Zr was stirred at 700 r/min and 5vol% of B,C with
particle sizes larger than 75 pm were added to the melt at a
rate of 1vol%/min. As shown in Fig. 2, the stirrer used for
mixing had four vertical blades, each with a height and
length of 3 and 2 cm, respectively. The B4C particles were
added at room temperature without any preheating. In fact,
the large size of the B4C particles and lack of preheating
before their addition to the stirring melt were two key fac-
tors in the process. After this step, melt stirring was contin-
ued for another 10 min. Finally, the Al-0.5wt%Ti-
0.3wt%Zr/5vol%B4C composites were poured into a cylin-
drical steel mold with a height and diameter of 200 and 40
mm, respectively.

Table 1. Chemical composition of Al and the AI-Ti and Al-Zr master alloys wt%
Material Al Si Fe Cu Cr Ni A% Ti Zr
Aluminum 99.5 0.06 0.16 0.10 0.01 0.04 — — —
Al-Ti master alloy Balance  0.09 0.19 — — — 0.02 10.5 —

Al-Zr master alloy Balance  0.06 0.17 —
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Fig. 1. XRD pattern of the as-received B,C particles.

XRD was performed on the cast composite to qualita-
tively identify the presence of B4C particles in the matrix.
Reflected-light microscopy (RLM), scanning electron mi-
croscopy (SEM), and field-emission scanning electron mi-
croscopy (FESEM) were used to characterize the micro-
structure of the polished surface (I) of the cast composites,
as shown in Fig. 3. Image analysis of the central part of this
section was performed using the Clemex software. In addi-
tion, to evaluate the particle size distribution, the cast com-
posite was dissolved in HCI acid and laser particle size
analysis (LPSA) was used to grade the obtained B,C parti-
cles. LPSA was also performed on the added B4C particles.

(b § 3 mm
N
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|

Fig. 2. Schematic shape of the stirrer used (a) and its related
dimensions (b).

T

3. Results and discussion

3.1. Reinforcement incorporation evaluation

The XRD pattern of the stir-cast Al-0.5wt%Ti—
0.3wt%Zr/5vol%B4C composite is presented in Fig. 4. The
B4C and Al peaks detected in the pattern qualitatively indi-
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cate that reinforcement incorporation occurred in the Al ma-
trix. In general, the XRD pattern shows that the
Al-0.5wt%Ti—0.3wt%Zr/5vol%B4C composite can be suc-
cessfully produced to some extent. However, for quantita-
tive evaluation of the B4C incorporated into the Al matrix,
we analyzed FESEM images of the cast Al-0.5wt%Ti—
0.3wt%Zr/5vol%B,C composite microstructure. The FE-
SEM images in the backscattered mode with the related
Clemexed images are depicted in Fig. 5. In the figure, the
dark particles in the matrix and the blue particles are B,C
particles. The image analysis results indicate that approxi-
mately 4.7vol% % 0.1vol% B,C particles are present in the
matrix (4.6vol% and 4.8vol% B,C particles in Figs. 5(a) and
5(b), respectively). On the basis of the amount of B4C parti-
cles added (i.e., 5vol%, as mentioned in part 2), approxi-
mately all of the added particles were incorporated into the
Al matrix during stirring. This high incorporation rate indi-
cates that the stirring conditions related to stirrer shape, stir-
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rer dimensions, stirring time, and stirring speed were appro-
priately chosen.
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Fig. 3. Surface (I) extracted from the lower part of the cylin-
drical cast composite for metallography.
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Fig. 4. XRD patterns of the Al-0.5wt%Ti—0.3wt%Zr/5vol%B,C composite (a) and a detailed view of part A (b).

3.2. Reinforcement size and spatial distribution evalua-
tion

SEM images of the cast composite microstructure are
shown in Fig. 6. In addition to the large B4C particles added
to the cast composite during manufacture, fine particles with
a size less than 75 pum are also observed. The LPSA results
for the B4C particles of the dissolved cast composite as well
as those for the added B,C particles are shown in Fig. 7. As
evident in Fig. 7(a), the peak associated with the added B4,C
particles is more intense than the peak of the B4C particles
obtained from dissolution. However, in the case of the curve
of the B,C particles obtained from dissolution, one peak at a
size of approximately 16 um is detected that was not ob-
served in the curve of the added B,C particles. The presence
of this peak caused the accumulative curve of the B,C parti-
cles obtained from dissolution to shift completely to the left

of the curve of the added B,C particles, as shown in Fig.
7(b). Approximately 18 vol % of the B4C particles are less
than 75 pum in size. These particles were not added to the
cast composite externally; they were generated during the
fabrication process. Accordingly, we concluded that the
added particles experience a breakage during the process of
fabricating this composite. This breakage leads to a reduc-
tion in the height of the peak associated with the B,C parti-
cles obtained from dissolution (i.e., fewer large particles)
and creates a peak at approximately 16 pm. On the basis of
the SEM and LPSA results, we concluded that, although the
added particles are larger than 75 pm, the fabricated com-
posite enjoys bimodal sized particles.

To evaluate the reinforcement distribution and measure-
ment of the mean particle distance in the current cast com-
posite, image analysis was performed on the central part of
section (I), as shown in Fig. 8. In the first step of this analysis,
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(b)
Fig. 5. FESEM images of the stir-cast aluminum-B,C composite in a backscattered mode and the related Clemexed images: (a)
4.6vol% B,C:; (b) 4.8vol% B,C.
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Fig. 6. SEM micrographs of the cast Al-0.5wt%Ti—0.3 wt%Zr/5vol%B,C composite.

the central part of this section was divided into 36 parts, as method to the blue and red images. As shown in this figure,
depicted in Fig. 8. As shown in Fig. 9, in the second step of each cell was generated around one particle by this method
the image analysis, the particles in RLM images were iden- (i.e., the center of each cell was the center of the related par-
tified and colored blue, whereas the matrix was colored red. ticle to that cell). Accordingly, the mean cell diameter was

Using the growth technique, we applied the tessellation estimated as the mean particle distance.
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Fig. 7. Particle size distribution of the residual B,C particles
obtained from dissolution of the cast composite in hydrochloric
acid and measured by the LPSA method: (a) volume percent-
age; (b) accumulative volume percentage.
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Fig. 8. Numbering of RLM images of surface (I) for image
analysis.

The distribution of cell diameters on each RLM image
indicated the homogeneity of particle distribution. Thus, for
quantifying the homogeneity of particle distribution, the co-
efficient of variation (C.V.) was used. This parameter was
calculated for a set of data (i.e., cell diameters on each RLM
image) as Eq. (1) to provide a quantitative indication of data
distribution. Eq. (1) is expressed as follows:

Coefficient of variation (CV) = g (1)
X

where o and X are the standard deviation and the mean
value for a given set of data, respectively. After applying the
tessellation method to RLM images, we calculated the C.V.
for each image on the basis of the size of the tessellated cells

200 pm

Fig. 9. Image analysis steps performed
on RLM images: (a) RLM image; (b)
Clemexed image in which particles are
blue and the matrix is red; (c) tessellated
image derived from the Clemexed image.
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around each particle. These steps were performed on each of
these 36 RLM images for three different conditions based
on the particle size. In the first condition, only particles with
a size greater than 75 pm were included in the image analy-
sis; the smaller particles were omitted. Under the second
condition, particles with a size less than 75 um were in-
cluded in the image analysis, and the larger ones were omit-
ted. In the third condition, all of the particles were included
in the image analysis.

The first result of this image analysis performed on the
36 RLM images is the mean particle distance for the three
conditions, as shown in Fig. 10. As evident in the figure, the
mean particle distance for the first condition (only large par-
ticles) was approximately 400 pm. The mean distance of the
particles can be calculated by the following equation for a
composite microstructure [14—15]:

,1:\/? 2

where 4, d, and V" are the particle mean distance, particle
diameter, and particle volume percentage, respectively. By
substituting 150 pm as the mean particle diameter d for the
added B4C particles and 0.05 for the particle volume per-
centage, we obtain a calculated particle mean distance of

[2 [i502
A= d—: 150 ~ 670 pum.
Vv 0.05

This 670 pum is the particle mean distance under the as-

sumption that the B,C particles added to the system have not
experienced any change and have retained their initial size.

We observed that the mean particle distance was reduced
from 670 to 400 pum. This reduction indicates that the
large-sized particles do not retain their initial size and are
converted into smaller particles; however, they are still lar-
ger than 75 pm.

The average mean particle distance for the second condi-
tion (only small particles), as indicated in Fig. 10(b), is ap-
proximately 70 um. One of the advantages of the presence
of these fine B4C particles is that 4 is reduced dramatically
and reaches approximately one-tenth of the calculated value,
i.e., from 670 um to approximately 70 um. In the third con-
dition (all particles), as depicted in Fig. 10(c), the average
mean particle distance is approximately 60 pm. As expected,
this value is less than the average mean particle distance for
the other two conditions, which means that the composite
with bimodal-sized particles has the lowest 4, the value of
which is reduced from 670 pm (the calculated value) to 60
pm.

The second output of this image analysis performed on
the 36 RLM images is the evaluation of the homogeneity of
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particle distribution. As a measure of the homogeneity of
particle distribution, the CV was calculated for the 36 RLM
images under the three aforementioned conditions; the re-
sults of these calculations are separately shown in Fig. 11
for each condition. The distribution homogeneity of large
particles in the first condition is better than that in the two
other conditions. The small particles are apparently not dis-
tributed as uniformly as the large ones. According to the CV
results, the particles exhibit a relatively homogenous distri-
bution in the composite as-cast microstructure in the 3rd
condition (all particles), as indicated by the CV values
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Fig. 10. Mean particle distance of only large particles (a), only
small particles (b), and all particles (c).
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Fig. 11. Coefficient of variation (CV) as a measure of the dis-
tribution homogeneity for numbered RLM images of only
large particles (a), only small particles (b), and all particles (c).

for different images being similar to each other. This slight
variation in CV values is attributed primarily to the different
distributions of fine B,4C particles in different parts of the Al
matrix. According to the results obtained by Kerti and Top-
tan [13], the introduction of fine B4C particles (<10 pm) into
the Al matrix will cause the B4C particles to agglomerate;
hence, by the method used in this research, not only has the
agglomeration problem of fine B,C particles been solved,
but a relative homogenous distribution of these fine particles
has been achieved.

The size of the added B4C particles was larger than 75
pum; hence, these fine particles were not externally added to
the system. Some of the B4C particles added to the compos-
ite system during fabrication experienced a two-step evolu-
tion. These two steps are as follows.

(1) Thermal shock exertion.

The addition of large B,4C particles to the Al melt at room
temperature with no preheating subjects these ceramic parti-
cles to thermal shock. Failures generated by stresses exerted
on the material because of sudden temperature changes are
recognized as thermal shock [16]. For ductile materials such
as metals and polymers, thermally induced stresses caused
by thermal shock are alleviated by plastic deformation. By
contrast, the brittleness of most ceramics does not permit
plastic deformation in response to thermal stresses and
hence increases the likelihood of brittle fracture in these
materials [17]. Consequently, thermal stresses such as me-
chanical ones can lead to the fracture of brittle materials.
Thermal shock behavior of a material is affected by its fun-
damental properties, including its coefficient of thermal ex-
pansion (CTE), modulus of elasticity, and fracture stress.

The resistance of a material to this kind of failure is
termed thermal shock resistance and according to these pa-
rameters, it is approximated by the following equation:
_Oy (1-v) 3)

Ea
where o, is the fracture stress of the material, v is the
Poisson’s ratio, E is the modulus of elasticity, and « is the
linear coefficient of thermal expansion [16].

R

Unlike the fundamental properties of ceramics with a
given composition and microstructure (e.g., heat capacity,
thermal conductivity, and thermal expansion), thermal shock
resistance is a “derivative” behavior. Thermal shock resis-
tance is affected by the fundamental properties of materials,
by the imposed heat-transfer conditions, and by the geome-
try of the component experiencing thermal shock [18].

According to R data [19] for different ceramic materials,
B,C clearly exhibits a low thermal shock resistance (112°C);
therefore, if the conditions are satisfied, it is prone to failure
due to thermal shock. In the case of the processing condi-
tions used in this research, the following two conditions
caused the B4C particles to break due to thermal shock: a
large size of the added B4C particles, and addition of the
particles at room temperature without any preheating

Both of these parameters introduce a temperature gradi-
ent in the B4C particles, which, in return, cause catastrophic
failure. This temperature gradient was confirmed by simula-
tion, as indicated in Fig. 12. In this 2D simulation, a cir-
cle-shaped B,C particle was chosen. The surface tempera-
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ture for this particle was set at 800°C, and an initial tem- face to the center of the B,C particle, as shown in Fig. 13.
perature of 25°C was applied. At the initial-time steps, a This very large temperature gradient is the main cause of brea-
very sharp temperature gradient was present from the sur- kage for the brittle B4C particle with a low thermal shock.

(& (h)
Fig. 12. Temperature gradient in a circle-shaped B,C particle obtained by Ansys simulation at different time periods: (a) 10 ps; (b)
25 ps; (c) 50 ps; (d) 100 ps; (e) 250 ps; (f) 500 ps; (g) 1000 ps; (h) 1250 ps.
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Fig. 13. Temperature gradient curves in a circle-shaped B,C
particle obtained by Ansys simulation versus distance from the
particle center for different time steps.

Thus, these fine particles are clearly the product of the
breakage of the large B,C particles as a consequence of their
low thermal shock resistance and the exertion of huge ther-
mal shock. According to the low R value for alumina (77°C)
given in Ref. [19], this ceramic material has the lowest
thermal shock resistance; hence, this behavior is expected.
In their research on cast Al-alumina composites, Pai et al.
[20] reported such a phenomenon, but they did not take ad-
vantage of it. They mentioned thermal shock as one of the
causes for alumina particle breakage.

(2) Creation of new fine particles with clean surfaces.

The most valuable effect of this B,C particle breakage is
the creation of fine particles with clean surfaces without any
contamination. The clean, uncontaminated surface of these
newly generated fine B4C particles is another reason for the
high incorporation of B4C reinforcement during fabrication.

4. Conclusions

(1) Pseudo-in-situ was proposed as a new method for the
production of stir-cast Al-matrix composites. In this method,
B,4C reinforcements with a large particle size (over 75 um)
and low thermal shock resistance were introduced into the
melt under an air atmosphere and at room temperature
without any preheating. The addition of large B4C particles
at room temperature without any preheating subjected these
particles to thermal shock. This thermal shock, the low
thermal shock resistance of B4C as a ceramic material and
the large size of the added B4C particles were the three
key parameters responsible for the breakage of the B4C
particles.

(2) The mechanism of particle breakage due to the ap-
plied thermal shock involved two steps. In the first step, the
thermal shock caused the breakage of the large B4C particles
into fine particles. In the second step, the clean, uncontami-
nated surfaces of the newly generated fine B,C particles in-

ducing high wettability were incorporated into the Al melt
with the aid of stirring.

(3) This new processing route enabled exploitation of
some of the most important in situ advantages through a
simple and inexpensive ex situ method while simultaneously
excluding some of its main drawbacks, such as the forma-
tion of unwanted reaction products and thermodynamic or
kinetic limitations in the selection of elements.

(4) With this new method, the mean particle distance in
the broken state decreased to approximately one-tenth its
calculated value in the unbroken state (i.e., from 670 um to
approximately 60 pm) because of thermal shock.

(5) The distribution of the fine B4C particles was rela-
tively homogeneous in the matrix, with no agglomeration or
clustering of these fine particles.
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