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diffraction analysis, scanning electron microscopy, and microhardness test were used to analyze the phase
characterization, microstructure, and mechanical properties of the Al-4% TiC nanocomposite. At first, the
milling speed, milling time, and ball to powder weight ratio were considered as the input data, and the
microhardness was considered as the output value of the Minitab software. According to the design of the
experiment, 27 experiments must be performed, which were reduced to 9 by the Taguchi method. After the

milling, the powders were subjected to the cold pressing and subsequent sintering at 450 °C. The

Al-4%TiC

X-ray Diffraction
Milling Parameters
Taguchi Method

microhardness results showed that the Al-4% TiC nanocomposite was formed with a maximum
microhardness of 271 HV. Furthermore, a proper model was proposed and the results indicated that there
was a good agreement between the experimental and predicted microhardness.

https://doi.org/10.30501/ACP.2021.265197.1052

1. INTRODUCTION

Composite materials have been known as superior
materials for more than thirty years. In this regard, the
application of composite materials has been continuously
growing; therefore, many requirements in the various
industries, including the space industry, reactor
manufacturing, construction, and transportation, cannot
be satisfied by the conventional materials and need to
change the properties of the materials extensively [1].
Among the composites, Particle-reinforced metal matrix
composites (MMCs) are attractive and well-known
materials in which hard and brittle particle
reinforcements, usually ceramic, are introduced into a
ductile metallic matrix [2]. A further improvement of
mechanical properties can be achieved by decreasing the
grain size to the nanometer scale [3]. Adding
reinforcement particles to the aluminum alloys matrix,
produces so-called nanocomposites, which is promising
approach in order to enhance mechanical properties of
the aluminum alloys [1]. These nanocomposites are

* Corresponding Author Email: javadaraste68@gmail.com (J. Arasteh)

considered a group of materials with excellent properties
such as high strength to weight ratio, low coefficient of
thermal expansion, and good wear resistance [4, 5]. Al-
based composites are mostly made by distributing the
ceramic particles, including SiC, Al,Os, TiB2, or AIWC
in the Al matrix [6-9]. Aluminum has excellent properties
such as lightweight and ease of machining [10]. AI-TiC
composites are one of the most important Al matrix
composites with better mechanical properties than the
pure Al Titanium carbide is the appropriate
reinforcement due to the high wear resistance, low
thermal expansion coefficient, suitable plasticity, and
good wettability to improve the properties of Al-based
composites [11].

Al matrix composite production techniques in the
solid-state such as mechanical milling and sintering
process, have received much attention due to differences
in the melting point of Al and ceramic particles [7, 12-
14]. One of the most exciting advantages of mechanical
milling is producing nanocrystalline structures [15]. The
scientific  research  community  highly  values
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nanocrystalline materials due to their high hardness
strength and better physical, mechanical and chemical
properties compared to coarse-grained materials [16].
Besides, simple equipment of milling process [17], no
requirement to the high temperatures [18], and uniform
dispersion of reinforcement phase particles in the matrix
[19] were included to benefits from the mechanical
milling technique. The studies have shown that the
properties of the composites produced by mechanical
milling are influenced by the microstructure, crystallite
size, and morphology so that, these factors are affected
by the milling conditions [20, 21]. For examlpe, Azimi
and et al. synthesized Al7075-TiC nanocomposite by MA
followed by hot pressing. Microstructure of obtained
powders was characterized in different milling time.
Furthermore, the influence of fabrication parameters
including milling time, hot pressing temperature and
pressure was evaluated on the mechanical properties.
Improved sintering and mechanical properties was
achieved by increasing hot pressing temperature and
pressure; while rising temperature over 400 °C resulted
in reduced hardness due to severe grain growth during
hot pressing. More interestingly, influence of milling
time on the mechanical properties is strongly depended
on the hot pressing pressure value. Furthermore, tensile
strength of ~725 MPa was obtained by consolidation
under optimal parameters [22]. In another work, Feijoo
and et al. produced a composite with a fine-grained
AAB005A matrix and 3 vol% nanoparticles of TiC by hot
extrusion and T6 heat treatment of high-pressure gas-
atomised and mechanically milled powders. The
nanocomposites showed remarkably higher hardness,
Young’s modulus, yield, and ultimate strengths at room
temperature than the extruded profiles of unreinforced
milled AAG005A powders obtained through refinement
of the Al alloy grain structure and a strong particle—
matrix bonding, although with a drop in their ductility
[23]. Salem and et al showed that addition of TiC
nanostructured powder to the AA2124 alloy nanopowder
resulted in increase of 130% in compressive strength
compared to that produced for the microscale one.
Nanopowder of Al alloys produced by mechanical
milling reinforced with 10 wt. % TiC is recommended for
products suitable for high wear and erosion resistance
applications [24].

Therefore, it is necessary to study the milling
parameters and examine the effects of the milling
parameters on the final product to achieve the optimal
conditions. The purpose of experimental design is to
identify the parameters influencing the process and
determine their optimal values. Experimental design
techniques can determine the variables that have the most
effect on the output data. In addition, the input variables
can be controlled, and the effect of uncontrollable
parameters on the response variable can be minimized.
Analysis of the results in the experimental design
technique is performed by variance analysis (ANOVA).

Taguchi method is one of the essential experimental
design techniques based on variance analysis [25].
Taguchi method has advantages such as fewer
experiments, less cost and time of testing, the ability to
study the interactions, perform experiments in parallel,
and predict the optimal response. In general, this method
reduces the number of required tests for optimization and
increases the results’ accuracy.

Multiple pieces of research have been recently
conducted on the production of Al-based composites by
mechanical milling and sintering methods; however, no
research has been conducted on optimizing the milling
conditions for the production of AlI-TiC composites with
maximum microhardness by the Taguchi method. In the
present study, the design of the experiment was
performed by the Taguchi method, and the milling
process was performed according to the conditions
obtained from the experimental design. In composite
fabrication by the milling process, the ball to powder
weight ratio is usually between 10 and 30, milling speed
is usually between 200 to 400 rpm, and milling time is
usually between 10 to 50 hours. In this regard, the values
and levels of input data were selected. The parameters of
the ball to powder weight ratio (BPR), milling time, and
milling speed were considered input data, and the
microhardness of the composite was introduced as output
data. Furthermore, the most influential parameter was
identified and a good proposed model was introduced to
predict the microhardness of aluminum-based
nanocomposite. The microhardness obtained by the
proposed model were compared with the experimental
data. Besides, structural characteristics, including phase
identification, crystallite size, lattice parameter, internal
strain, microstructure, and morphology Al-4% TiC
nanocomposite were investigated.

2. MATERIALS AND METHODS

In this study, Al powder (purity of 99.9%, Merck) and
TiC powder (purity of 99.9%, Merck) were used as raw
materials to produce Al-4% TiC composite. It should be
noted that the composition of the Al-4% TiC
nanocomposite is expressed by weight percentage. The
mechanical milling process was performed in a high
energy planetary ball mill. The Al and TiC powders were
milled within a hardened steel vial along with hardened
steel balls of 10 mm in diameter under a high-purity
argon atmosphere. Stearic acid in the amount of 2 wt. %
was chosen as a process control agent to avoid cold
welding and agglomeration of powder particles. The
milling experiments were stopped after each 30 min of
working for 15 min to prevent an excessive temperature
in the vial. It should be noted MA process was performed
at room temperature and dry medium. Usage of cup and
balls with the same chemical composition of precursor
was the most proposing approach for reducing the
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contamination of milling components. Unfortunately,
due to the variety of selected systems in MA, it is
impossible to make cups and balls from all of the above
compounds. An alternative to reduce the impurities was
to mill the powder mixture within the range of the studied
composition before the start of the main tests.
Accordingly, before the data collection step the mixture
of each test was milled for 5 h to minimize the variation
the chemical composition. The effects of different
milling parameters, including the BPR, rotation speed,
and milling time on the microhardness of AI-TiC
nanocomposite, were studied. In composite fabrication
by the milling process, the ball to powder weight ratio is
usually between 10 and 30 (The ball to powder weight
ratio shows the ratio of the balls’ weight to the powders),
milling speed is usually between 200 to 400 rpm, and
milling time is usually between 10 to 50 hours. In this
regard, the values and levels of input data were selected
[26-31]. The BPR levels were selected 10, 20, and 30,
and the rotation speed of 200, 300, and 400 rpm, and the
milling time of 10, 30, and 50 h were considered input
data. Before the data collection step, the mixture of each
test was milled for 5 hours to minimize the variation of
the chemical composition [16]. According to the previous
research on the composite fabrication by the milling
process, the ball to powder weight ratio is usually
between 10 to 30, milling speed between 200 to 400, and
milling time for composite preparation is usually
between 10 to 50 hours. The levels of parameters have
also been selected based on previous works. In this
research, three factors with three levels indicated 27
experiments are required to be done according to full
factorial design. Taguchi technique was used to design
the experiment, which reduced the number of
experiments and optimized the milling parameters.
According to the experimental design based on the
Taguchi technique, nine experiments can be replaced
with 27 experiments (Table 1). Moreover, the statistical
analysis of variance (ANOVA) was used to determine the
effect of the input parameters. The levels of the input data
which were chosen for the experiment are shown in Table
1. Finally, the empirical results were compared with the
theoretical results obtained from the experimental design.

X-ray diffraction analysis (XRD) was used to
investigate the structural changes, phase identification,
and determination of the crystallite size, internal strain,
and lattice parameter during the MA process. The XRD
was performed using an X-ray diffractometer (Cu-Ka
radiation and wavelength = 0.154 nm). In this study, the
Rietveld method was used to calculate the crystallite size,
internal strain, and lattice parameter. In this method, the
refining process is performed on the X-ray scattering
pattern and continues until the errors are reduced. In other
words, the best fit is obtained [32]. It should be noted that
the Rietveld analysis was performed using MAUD
software [33]. The morphology and shape of the milled
powders were studied by scanning electron microscope

(SEM, cam scan mv2300). Particle size analyzer
(Zetasizer, ZEN3600) was used to determine the
powders’ particle size. Also, the particle size values were
reported as an interval. For microhardness measurement,
the milled powders were compressed into a cylindrical
shape with a dimension of 1 c¢cm in diameter and a
thickness of 0.5 cm. It should be noted that the powder
particles were compressed at room temperature and a
pressure of 12 tons. The heat treatment was then carried
out on the pressed specimens up to 450 °C for 30 min
under the argon gas atmosphere. Then, the samples were
pressed again at 400 °C after sintering. The surfaces of
the specimens were first polished, and the Vickers
microhardness test was performed based on the ASTM E
348-89 standard by the microhardness tester (Strues
Duramin  20). microhardness measurement was
performed with a load of 97.8 mN for 5 seconds. The
reported microhardness is an average of 5 times the
microhardness of each sample. Also, the Archimedes
method was used to measure the density of the samples
according to the ASTM, C-373 standard [34].

TABLE 1. The Experiment number proposed by Taguchi
method

Experiment Ball to Rotation Milling
number p_owder_ speed (rpm) time (h)
weight ratio
1 10 10 200
2 10 30 300
3 10 50 400
4 20 10 300
5 20 30 400
6 20 50 200
7 30 10 400
8 30 30 200
9 30 50 300

3. RESULTS AND DISCUSSION

Fig. 1 shows the XRD patterns of AI-TiC composite
powders at different milling conditions. As is evident,
Al-4% TiC composite samples include Al and TiC
peaks. It was observed that the peak width was increased,;
however, the peak intensity was decreased due to the
milling process, indicating a decrease in the crystallite
size and enhancement of the lattice strain in the crystal
structure [35]. The powder particles are severely
deformed due to the impact of balls during milling [36].
Hence, the work hardening occurred on the powder
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particles. On the other hand, after the milling process, the
dislocations were regularly arranged, which caused to
form the sub-boundaries in the crystal structure.
Continuing the milling process and enhancing the
dislocation density in the sub-boundaries led to rotating
these boundaries and transforming sub-boundaries into
the main boundaries [37].

In this research, Bragg's law was used to estimate the
Al lattice parameter [38]. The Al lattice parameter at
different milling conditions was shown in fig. 2. As can
be seen, there is no noticeable change in the Al lattice
parameter owing to the milling process and have a
constant trend. The lack of displacement of the Al peaks
to the left or right indicates that the TiC was not dissolved
in the Al lattice, and the TiC particles were distributed in
the Al matrix, which led to applying the local strain in the
Al lattice and increased the dislocation density.

The changes in the crystallite size and internal strain of
Al-4% TiC composite powders at different milling
conditions are shown in Fig. 3.
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Figure 1. XRD patterns of Al-4% TiC powders milled at
different milling conditions
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Figure 2. Al lattice parameter changes versus milling condition
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Figure 3. Crystallite size and lattice strain changes of Al at
various milling conditions

As shown in this Figure, the crystallite size at each
experiment varies according to the milling conditions.
Furthermore, at a constant value of the ball to powder
ratio, the crystallite size decreased by increasing the
milling time and rotation speed. As can be seen, the
maximum reduction in the crystallite size is related to
experiment number 9 with a ball to powder ratio of 30, a
milling time of 50 h, and a rotation speed of 300 rpm. In
contrast, the largest crystallite size is associated with
experiment number 1 with the lowest milling time. The
crystallite size change depended on the plastic
deformation and the recovery and recrystallization
process [39]. In other words, plastic deformation caused
to decrease in the crystallite size; however, the recovery
and recrystallization increased the crystallite size. In the
present study, the crystallite size of all composite
samples decreased after the milling process. The
crystallite size range was 42 nm to 124 nm, indicating
that the milling process is a proper technique to produce
AI-TiC nanocomposite powders. As shown in Fig. 3, the
minimum crystallite size of 42 nm is related to
experiment number 9 with a ball to powder ratio of 30, a
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rotation speed of 300 rpm, and the milling time of 50 h.
Furthermore, the maximum crystallite size of 124 nm
corresponds to experiment number 1 with the lowest
rotation speed of 200 rpm, the milling time of 10 h, and
the ball to powder ratio of 10. Since the milling time, the
ball to powder ratio, and rotation speed were increased,
the lattice defects, internal strain, and the stored energy
were increased [40], reducing the crystallite size. The
milling significantly increased the strain after the milling
process. As can be seen, the strain range of the crystal
structure was from 0.06% to 0.33%, which the largest
strain was corresponding to experiment number 9.
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Figure 4. SEM images of Al-4% TiC powders at different
milling conditions
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Fig. 4 shows the SEM images of the pure Al, TiC, and
AI-TiC composite powder particles at different milling
conditions. Due to the low value of dislocation density at
the beginning of the milling process, the particles were
soft and high energy was applied to the powder particles
during the MA process. This high energy increased
plastic deformation in particles, and powder morphology
was shaped as lamellar. In fact, a microforging
mechanism caused to overspread the powder particles.
Then, cold welding and mechanical joining between the
powder particles occurred due to the impacts by the balls.
As the milling time increased, dislocation density
increased which caused to increase the work hardening
of powders. Also, SPD led to form the sessile
dislocations and resultantly changed to a mircocrack
generation resource. The outcome of these parameters
increased the fracture of powder particles and the particle
size decreased. In other words, the powder particle
fracture phenomenon dominated cold welding and
particles size decreased. Finally, the powder particles
reached the spherical state and are dispersed more
orderly. In fact, the lamella thicknesses decreased due to
the continuous deformation, and also, the number of the
lamella in one particle increased. Therefore, the diffusion
distances decreased. On the other hand, the temperature
of powder particles could locally increase due to the
energy transfer of the balls. Consequently, the reduction
in diffusion distance, the local temperature rise, and the
increment of the lattice defects resulted in more diffusion
of atoms [37]. As shown in Fig. 4 (a), Al powder particles
have an irregular shape and a particle size of 18-130 um
while TiC powders are spherical shape with a particle
size of about 1.8-26 um (Fig. 4 (b)). The powder particles
related to experiment number 1 have the largest particle
size of about 88-132 um, thick plate-shaped particles
(Fig. 4 (c)). Al powder particles were very soft before
milling, and on the other hand, the low energy of milling
led to overspread the powder particles. In other words,
applied strain due to the milling process caused the
powder particles were pressed, and wide particles were
cold welding to each other, and finally, the particle size
was increased. According to the low energy at
experiment number 1 (speed=200, BPR=10, and
time=10), the particle size was enhanced compared to the
particle size of pure Al. At experiment number 2, the size
of the plate-shaped particles was obtained to be about 15-
108 pum (Fig. 4 (d)). Also, after experiment number 3, the
thickness of the plate-shaped particles was lower than
that of experiment number 2, and the particles were
irregularly distributed with a size of 3-64 um (Fig. 4 (e)).
The size of plate-shaped particles related to experiment
number 4 was found to be 1-100 pm approximately (Fig.
4 (f)).

In experiment number 5, the morphology of powder
particles was the combination of plate shape, fine needle,
and quasi-spherical with a particle size of 0.5-65 um (Fig.
4 (g)). In the mechanical milling process, two phenomena

of cold welding and fracture occur between powder
particles, so that cold welding led to coarsening of the
powders while fracture caused to reduction the particle
size. The occurrence of these phenomena depended on
the properties of powders and the milling. If the powders
are brittle, the fracture overcomes the cold welding, and
the powders become smaller as the milling time
increased, while cold welding is a dominant phenomenon
in the soft powders at the beginning of milling. Of course,
at longer milling times, the powders get work hardening,
leading to powders' fracture and particle size reduction.
TiC powder particles were brittle and fractured due to the
severe strain during the milling process. Therefore, the
reinforcement particles were placed among the Al matrix,
which led to work hardening of Al powder particles and
reducing the particle size of composite powders. At
experiment number 6 (Fig. 4 (h)), the irregular
distribution of fine and coarse particles was seen at the
particle size range of 0.5-49 um. As observed in Fig. 4
(i), the particle size was reduced to about 1-39 um, and
the morphology of particles is fine plate-shaped and
equiaxed. At experiment numbers 8 and 9, the particles
were spherical and regularly distributed with particle
sizes about 0.2-59 pm (Fig. 4 (j) and Fig. 4 (Kk)),
indicating that the fracture is a dominant mechanism at
this step of milling.

The microhardness values of nanocomposite
specimens are shown in Fig. 5. As observed, the
microhardness of Al-4% TiC nanocomposite related to
experiment number 9 is equal to about 271 HV, which is
the maximum microhardness value, and the lowest
microhardness is corresponding to experiment number 1
with a value of 221 HV. As the BPR, rotation speed, and
milling time were increased, the consolidation behavior
of nanocomposite specimens noticeably improved,
leading to increased microhardness. It should be noted
that the main strengthening mechanisms are the work
hardening owing to hard TiC particles within the Al
matrix. Also, the lack of dislocation motion during plastic
deformation and crystallite refinement can significantly
increase the microhardness. It should be noted that the
microhardness is affected by the parameters of the ball to
powder ratio, milling speed, and milling time and the
microhardness does not depend only on the milling
speed. Therefore, it can be concluded that the change in
microhardness was dependent on the three parameters
includes the ball to powder ratio, milling time, and
milling speed. The density of the nanocomposites was
close to about 94%-98% of the theoretical density. Then,
the porosity of the samples was determined by density of
sintered sample and theoretical density. The result
showed that the porosity of the samples was in the range
of 0.02%-0.06%. It should be noted that the theoretical
density was determined by the mixtures law.

Fig. 6 shows the results of the microhardness value
obtained from the experimental measurement and the
data predicted by the Taguchi method. As can be seen,
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there is good compatibility between the experimental
data and the predicted data. So, it can be concluded that
the linear regression model can predict the response
parameters. The results of variance analysis related to the
microhardness values are presented in Table 2. It should
be noted the coefficient of A, B, and C indicate the BPR,
the milling time, and the rotation speed, respectively.
Also, some statistical data obtained from variance
analysis are given in Table 3.
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Figure 5. Vickers microhardness values of Al-4% TiC
nanocomposites after various milling conditions
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Figure 6. The microhardness values obtained from
experimental measurement and Taguchi method

The compatibility of the proposed model and the
experimental data is determined by the correlation
coefficient (R?) so that the high value of R? (98.7)
indicated the good compatibility between the
experimental data and the predicted data. The
relationship between the process response and the
variables number of K in the experiment design is as
follows:

Y =by Y&, bix; + € 1)

TABLE 2. The values of Sum of square, Degree of free, Mean
square, F-value, and P-value calculated by variance analysis for
validation of the proposed model

Source Sumof - Degree of Mean F-value  P-value
square free square

Model 1904 3 615 105.4 0.01
A 2242.7 2 1123.6 28.8 0.003
B 448.2 1 4726 148.5 0.019
C 0.3 1 0.3 994 0.03

Error 21 5 5

Total 1886 8

TABLE 3. The values of R-parameters estimated by variance
analysis

Pred. R-Squared Adj. R-Squared R-Squared

95.7% 97.8% 98.7%

Where Y is the process response, b is the model
parameters, and ¢ is the error value. The model
coefficients are calculated by the Minitab software. The
values of model coefficients indicated the effect of the
variable on the process response. According to the model
coefficients, the ball to powder ratio has the most
significant effect on the microhardness value. The effect
of milling parameters on the microhardness of Al-4%
TiC nanocomposites are shown in Fig. 7. As can be seen,
this diagram illustrates the levels of input parameters that
have created the maximum and minimum values of
microhardness.
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5 250
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The levels of milling parameters

Figure 7. The effect plot of the milling parameters on the
microhardness of Al-4% TiC composites
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As previously discussed, nine experiments were
designed to investigate the effect of milling parameters
on the mechanical properties of the Al-4% TiC
composites. The P-value in the variance analysis is the
smallest level of confidence that leads to the rejection or
acceptance of the proposed model. In this research, the P-
value was less than 0.05 (95% confidence level),
indicating that the proposed model was meaningful and
can predict the microhardness values of Al-4% TiC
composites. Adj-R? (97.8) indicated that 3% of the
response changes could not be described with the model.
Also, Pred-R? indicated a 95% probability of predicting
new observations, which had good compatibility with
Adj-R?. The degree of compatibility between the
experimental results and prediction results is shown in
Fig. 6. As can be seen, there is good compatibility among
the prediction data and experimental values. The value of
error indicates the deviation of the predicted
microhardness from the experimental microhardness.
According to the results of this study, it is observed that
the predicted and experimental microhardness are
consistent. The value of model coefficients indicated the
effect degree of the variables on the response. A positive
sign of the coefficient indicated a positive effect, and a
negative sign indicated an upside-down effect. Based on
the coefficients, the proposed model based on the
intended variables is as follows:

Hardness = 199.34 + 1.574 A + 0.332 B +
0.0015 C )

It is observed that the parameters of the ball to powder
ratio (A), milling time (B), and milling speed (C) have a
positive effect on the hardness. In other words, all three
main variables of milling have a meaningful effect on the
response.

The diagram of the effect of milling parameters on the
microhardness of composites is shown in fig. 7. As can
be seen, the highest microhardness of the composites is
obtained in the ball to powder ratio of 30, milling time of
50 h, and a milling speed of 400 rpm. Based on these
results, it can be expected that the obtained model can
predict the microhardness of the composites at other
milling conditions with high accuracy, and also
experimental design can reduce the time and cost of Al—
4% TiC nanocomposite production. The microhardness
may be increased by increasing the ball to powder ratio,
milling speed, and milling time. However, based on the
present conditions, the microhardness was determined,
and the result was optimized.

4. CONCLUSION

In this study, Al-4% TiC nanocomposite powders were
produced by the mechanical milling process.

Furthermore, sintering treatment at the temperature of
450 °C was used for the consolidation of the powder
mixtures. Subsequently, based on the experimental
design, various conditions of the milling process,
including the BPR of 10:1, 20:1, and 30:1, speeds of 200,
300, and 400 rpm, and milling time of 10, 30, and 50 h
were considered the input data to finding the maximum
microhardness. According to the experimental design,
nine experiments were designed by the Taguchi method
at certain milling parameters. The results showed that the
mechanical milling led to form the Al-4% TiC
nanocomposite with a maximum microhardness of about
271 HV. Furthermore, there was good compatibility
between the experimental microhardness values and the
predicted results by the proposed model by Minitab
software. According to the predicted model, the highest
microhardness was obtained in the BPR of 30: 1, the
milling time of 50 h, and the speed of 400 rpm. In
addition, SEM observation indicated that the
morphology, particle size, and distribution of powder
particles could significantly affect the mechanical
properties of the Al-4% TiC nanocomposite so that the
maximum microhardness occurred at experiment number
9, which at this condition, the particles were spherical
shape and regularly distributed with particle size about
0.2-59 um. Also, it can be concluded that the properties
of the composites were changed because the test
conditions of the milling process are different. In general,
the mechanical properties of the composite are due to the
change in powder morphology, particle size, lattice
strain, and crystallite size.
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