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Abstract: The mathematical models were developed to predict the ultimate tensile strength (UTS) and hardness of Al/TiB, MMCs
fabricated by in situ reaction process. The process parameters include temperature, reaction time and mass fraction of TiB,. The
in-situ casting was carried out based on three-factor five-level central composite rotatable design using response surface methodology
(RSM). The validation of the model was carried out using ANOVA. The mathematical models developed for the mechanical

properties were predicted at 95% confidence limit.
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1 Introduction

Metal matrix composites (MMCs) have emerged as
an important class of materials for structural, wear,
thermal, electrical, automobile and aeronautical
applications, primarily as a result of their ability to
exhibit superior specific strength when compared to
other commercial alloys. The MMCs are synthesized in
numerous manners with respect to the requirements and
application. The composites processed using the
conventional methods suffer, in common, from matrix
reinforcement interfacial thermodynamics instability,
thus limiting their ambient and high temperature
mechanical properties. In order to overcome this
limitation and to ensure good matrix to reinforcement
compatibility, microstructural homogeneity efforts have
been made to synthesize and fabricate the MMC in a
single stage from its raw materials. In situ process
represents one such category of technique used to
synthesize MMC [1]. In-situ MMCs reinforced by
ceramic particulates have attracted considerable interest
due to their advantages, such as well distributed fine
reinforcements and good bonding with the matrix, and a
clean reinforcement/matrix interface. Most of the studies
reported are related to the fabrication and the mechanical
properties of silicon carbide or alumina reinforced
aluminum alloy composites [2]. YUE et al [3]

established thermodynamic model describing the
formation of in-situ TiB, reinforced Al MMCs. Based on
the thermodynamic principles, the Gibbs free energy of
formation of TiB, was evaluated. MALLIKARJUNA and
SHASHIDHARA [4] done their research on aluminum
alloy 2014-TiB,. The MMC was fabricated by an
exothermic reaction process at 850 °C using K,TiF¢ and
KBF, halide salts. SEM observation revealed the
hexagonal shape of the in-situ TiB, particles. Exothermic
reaction was completed with the increase in reaction time,
but the size of the in-situ TiB, particles was less
depending on the reaction time. In exothermic reaction
the mass fraction of TiB, increased with reduction in the
grain size. These resulted in the increase in yield strength,
ultimate tensile strength and microhardness of the
composite. CHRISTY et al [5] reported that the TiB,
formation greatly improved the properties of Al 6061
alloy. The mechanical properties are greatly improved for
Al6061—-12%TiB, as compared with Al 6061 alloy.
Information related to the synthesis of composites
with in situ TiB, reinforcement is, however, very limited.
The present investigation, therefore, emphasizes the
features of the development of comprehensive
mathematical models for correlating the interactive and
higher order influences of the various predominant
process parameters on ultimate tensile strength (UTS)
and hardness of MMCs fabricated by in situ casting
technique. The investigation into the influence of in situ
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casting process parameters is carried out through
response surface methodology (RSM) utilizing the

relevant experimental data obtained through experiments.

The adequacy of the developed mathematical model is
also tested by the analysis of variance test (ANOVA). An
attempt is made to obtain optimal process parameters for
maximum UTS and hardness of the composites
fabricated by in-situ technique.

2 Experimental

For the fabrication of MMC, aluminum alloy A356
was used as the base metal. Two kinds of salts, namely
K,TiFs and KBF,, were used to synthesize the TiB,
reinforcement. Al/TiB, composite was produced using
five different levels of the following three factors:
1) Temperature (800 °C to 1000 °C); 2) Reaction time
(20 min to 40 min); 3) Mass fraction of TiB, (2% to 6%).

Aluminum alloy was melted at the required
temperature, then two kinds of salts were added and
stirred in the molten aluminum. The experiment was
conducted in the stir casting furnace.

The stirrer used was mild steel to avoid possible
contamination of the molten metal. Chemical reactions
between the two salts and molten aluminum alloy took
place to form in situ TiB, particulates in aluminum alloy.
The period of chemical reaction was varied in five levels
of 20, 25, 30, 35 and 40 min to investigate the
relationship between the degree of reaction and the

growth behavior of TiB,.

The reactions were summarized as
3AI+2Ti+2B— TiB,+Al;Ti (1)
Ti+2B—TiB, 2)
Ti+3Al— Al;Ti 3)

At the end of this reaction, the MMC product was
cast into rods of 35 mm in diameter [6]. The specimens
were made from the cast rods according to ASTM
standard E 8M [7]. Tensile tests were carried out at room
temperature at a constant displacement rate on a
UNITEK-94100 UTM machine. Microhardness values of
the composite were gotten using Vickers micro hardness
tester.

3 Mathematical model development

In order to find out the relationship between the
process parameters and the mechanical properties,
second order polynomial response surface mathematical
models can be considered as [8,9]

Yu = bO + Zb[xiu + Zbiixizu ++Zbi/xi”xf“ (4)

where Y, is the corresponding response; x;, is the coded
values of the i-th casting parameters for u-th

experiments; and b;, b;;, b; are the second order regression
coefficients. The second term under the summation sign
of this polynomial equation is attributable to linear effect,
while the third term corresponds to the higher order
effect. The fourth term of the equation includes the
interactive effects of the process parameters.

Owing to wide ranges of the factors about the in situ
process, it was decided to use three factors with five
levels, and central composite rotatable design matrix was
chosen to optimize the experimental conditions. The
main objective of the factorial experiments consisted of
studying the relationship between the response as a
dependent variable and the parameter levels. This
approach helps to understand how the change in the
levels of parameters affects the response. The
combination of the levels of the parameters leads to
certain optimum response.

The present investigation studied the effects of
factors like: 1) Casting temperature (X;); 2) Reaction
time (X;); 3) Mass fraction of TiB, (X3).

The response parameters are ultimate tensile
strength (UTS), and hardness of the fabricated Al/TiB,
MMCs. A 2° factorial with central composite second
order design was used (in this case £=3). This consists of
2*=6 axial points at y= £1.682 and a centre point at zero
level repeated seven times 7, to estimate the error.

The coded and actual values of the parameters used
in the present work are listed in Table 1. 20 experiments
were conducted and the values (response) of UTS and
hardness along with the design matrix are tabulated in
Table 2. For analyzing the data, the fitness of the model
is very much required. Checking accuracy of the models
included test for significance of the regression model,
test for significance on model coefficient and test for
lack of fit. For this purpose, analysis of variance
(ANOVA) was performed.

Table 1 Experimental parameter and levels

Level
Factor
-1.682 -1 0 1 1.682
Temperature/°C 800 850 900 950 1000
Reaction time/min 20 25 30 35 40
Mass fraction of TiB,/% 2 3 4 5 6

3.1 Mathematical model for ultimate tensile strength
(UTS)

The test of significance of UTS was carried out
using the quadratic model. The results of the quadratic
model for UTS are given in Table 3. The values of R* and
adjusted R*are 96.08% and 92.55%. This means that the
regression model provides a complete relationship
between the dependent and independent variables. The
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Table 2 Experimental plan and result based on central composite second order rotatable design

Exp. Temperature, X; Reaction time, X, Mass fraction of TiB,, X3
No.  Coded Actual/°C Coded Actual/min Coded Actual/% uTs Hardness (F1V)
1 -1 850 -1 25 -1 3 201 57.00
2 1 950 -1 25 -1 3 199 58.00
3 -1 850 1 35 -1 3 194 57.00
4 1 950 1 35 -1 3 199 59.00
5 -1 850 -1 25 1 5 215 63.20
6 1 950 -1 25 1 5 224 63.70
7 -1 850 1 35 1 5 215 62.00
8 1 950 1 35 1 5 236 64.00
9 —1.682 800 0 30 0 4 195 58.50
10 1.682 1000 0 30 0 4 209 61.50
11 0 900 —1.682 20 0 4 207 59.00
12 0 900 1.682 40 0 4 210 59.50
13 0 900 0 30 —1.682 2 182 58.00
14 0 900 0 30 1.682 6 250 72.19
15 0 900 0 30 0 4 202 60.00
16 0 900 0 30 0 4 205 60.20
17 0 900 0 30 0 4 201 60.40
18 0 900 0 30 0 4 208 60.60
19 0 900 0 30 0 4 204 61.00
20 0 900 0 30 0 4 207 59.50
Table 3 Test for significance of UTS Table 4 Test result of ANOVA for UTS
Term Coefficient ! P Source DF ss(;izri 1(\)/?331;12 F-value p-value
Constant 599.705 1.791 0.104
Temperature, X, 20.201 0322 0754 Regression 9 4103.17 455908 27.24 0.000
Reaction time, X, ~13.285 2336  0.042 Linear 3 363319 81964 490 0.024
Mass fraction of TiBy, X; ~ -85.347  —3.023  0.013 Square 3 2886196202575 0.015
XX, 0.00 L0474 0.646 Interaction 3 181.38  60.458 3.61 0.053
X 0.050 1518 0.160 Residual error 10 167.38  16.738
Yo Xy 3114 1816 0.003 Lack-of-fit 5 129.88  25.976 3.46 0.099
XX 0.01 1.642 0.132 Pure error 5 37.50 7.500
XX 0068 2333  0.042 Total 19 427055
X X; 0.475 1.642  0.132

associated p value for the model is <0.05 (i.e., 0=0.05 or
95% confidence), indicating that the model is considered
to be statistically significant. The standard F value for
95% confidence limit is 5.05. As shown in Table 4, the F'
value of 3.46 for lack of fit is smaller than the standard
value. Hence the model is adequate. It is also seen that
from the p values, the main effect X5, X3 and second
order effect X; is significant. The other model terms can

be regarded not significant due to their probability values
being more than 0.05. Figure 1 displays the normal
probability of residuals for UTS. It is observed that the
residuals are distributed normally and in a straight line
and hence the model is adequate.

Using the results presented in Table 3, the derived
model is shown as:

3=599.705-0.201.X,—13.285X,-85.347X;— 0.00 X +
0.50X7 +3.114X7 +0.01.X;-X,+0.068X,- X5+
0.475X,"X;3 O]
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Fig. 1 Normal probability plot for UTS

3.2 Mathematical model for hardness

The test of significance of hardness was carried out
using the quadratic model and statistically significant
analysis. The results of the quadratic model for hardness
are given in Table 5.

Table 5 Test for significance of hardness

Term Coefficient t p
Constant 21.9007 0.345 0.737
Temperature, X, 0.0767 0.649 0.531
Reaction time, X, —0.1552 —0.144 0.888
Mass fraction of TiB,, X3 —3.4439 —0.644 0.534
Xi-X, —0.001 —0.852 0.414
XX, —0.0128 —2.065 0.066
X3 X 1.1420 7.389 0.000
XX, 0.0013 1.140 0.281
XX —0.0012 —0.228 0.824
XX —0.0475 —0.867 0.406

The value of R* and adjusted R* are 97.23% and
94.74%. This means that the regression model provides a
complete relationship between the dependent and
independent variables. The associated p value for the
model is <0.05 (i.e., 0=0.05 or 95% confidence),
indicating that the model is considered to be statistically
significant. The standard F value for 95% confidence
limit is 5.05. As shown in Table 6, the F value (3.52) for
lack of fit is smaller than the standard value. Thus the
model is adequate. It is also seen that from the p values
the second order effect X, and X; are significant. The
other model terms can be regarded not significant as their
probability values are greater than 0.05 in the F test.
Figure 2 displays the normal probability of residuals for
hardness. It is observed that the residuals are distributed

normally and in a straight line and hence the model is
adequate. Based on the results presented in Table 5, the
form of the derived model is shown as

H=21.900+0.076X,-0.1552X,—3.44X:—0.0001.X —
0.012.X5 +1.142.X3 +0.0013X,-X,—0.0012.X;-X3—

The adequacy of the above models was also tested
through the analysis of variance (ANOVA). The results
of the analysis justifying the closeness of fit of the
mathematical model were enumerated, as shown in Table
4 and 6. It was concluded that the evolved models given
by Egs. (5) and (6) are quite adequate at 95% confidence
level.

Table 6 Test result of ANOVA for hardness

Sum of Mean sum
squares of squares

234299  39.01 0.000
166.346 0.40 0.40 0.755
43.259 144198 24.01 0.000

1.264 0.4212 0.70 0.572

Source DF F-value p-value

Regression 210.869

9
Linear 3
Square 3
Interaction 3
Residual error 10 6.007 0.6007

Lack-of-fit 5 4.678 0.9357 3.52 0.097

Pure error 5 1.328 0.2657
Total 19 216.876
99
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=
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Fig. 2 Normal probability plot for hardness
4 Results and discussion

The effect of reaction time and temperature on UTS
is shown in Fig. 3. It is seen that as reaction time and
melt temperature increase beyond 900 °C, UTS increases
nonlinearly. At a lower temperature less than 900 °C,
UTS decreases because matrix and reinforcement can
offer more space for the transfer of dislocations with
respect to increasing reaction time.
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The response surface plot of UTS with respect to
reaction time and mass fraction of TiB, is shown in Fig.
4. The UTS increases with the increase in mass fraction
of TiB, for all values of reaction time.

The effect of temperature and reaction time on
hardness is shown in Fig. 5 Hardness increases with the
increase of temperature for all level of reaction time. As
the melt temperature increases, the hardness also
increases.

Figure 6 depicts the effect of reaction time and mass
fraction of TiB, on hardness. Hardness increases with the
increase in mass fraction of TiB, for all values of
reaction time. This is due to the fact that the
reinforcement acts as barrier during the migration of
dislocation and also grain refining. Reaction time has the
same effect on hardness as seen earlier and has little

Fig. 3 Influence of temperature and reaction time on UTS of
specimen with 4% TiB,
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Fig. 4 Influence of reaction time and mass fraction of TiB, on
UTS of specimen at temperature of 900 °C
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Fig. 5 Influence of temperature and reaction time on hardness
of specimen with 4% TiB,
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Fig. 6 Influence of reaction time and mass fraction of TiB, on
hardness of specimen at temperature of 900 °C

effect on hardness as compared to the effect of mass
fraction of TiB,.

5 Optimization

Based on the developed second order response
surface equations correlating the various casting process
parameters with the UTS and hardness values, optimality
search was done. An analysis for the optimization of
process parameter was carried out using response surface
methodology (RSM) optimization technique [10]. The
goal was to maximize the UTS and the hardness, at a
specific combination of input factors being considered.
The optimum values of the input process parameters for
in situ MMC fabrication process are temperature 949.18
°C; reaction time 33.64 min and mass fraction of TiB,
5.96%.

For in situ casting with optimum parametric
combination, UTS can be achieved as high as 261.84
MPa and the hardness can be achieved as high as
HV 70.98.

6 Conclusions

Al-TiB, composite was successfully manufactured
by in situ salt reaction technique. Mathematical models
have been developed based on RSM approach.

The developed RSM based mathematical modeling
has the potential to evaluate UTS and hardness under
various process parameter settings. The adequacy of the
developed mathematical model was also tested through
the analysis of variance (ANOVA). The results of the
analysis justify the closeness of fit of the mathematical
model at 95% confidence level.

The influence of different process parameters on in
situ casting technique was exhibited though surface plots.
It is clear from the response surface plot of UTS that, the
UTS increases with the increase in mass fraction of TiB,.
And the hardness increases with increase in mass
fraction of TiB,.
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From the developed models the optimal input factor

combination for Al/TiB, composite was found as
temperature 949.18 °C, reaction time 33.64 min and
mass fraction of TiB, 5.96%. The maximum UTS and
hardness are 261.84 MPa and HV 70.98, respectively.
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