
Impact of heat treatment analysis on the wear behaviour of
al-14.2si-0.3mg-tic composite using response surface methodology

Downloaded from: https://research.chalmers.se, 2023-05-24 21:24 UTC

Citation for the original published paper (version of record):
Anilkumar, V., Shankar, K., Balachandran, M. et al (2021). Impact of heat treatment analysis on the
wear behaviour of al-14.2si-0.3mg-tic composite using
response surface methodology. Tribology in Industry, 43(4): 590-602.
http://dx.doi.org/10.24874/ti.988.10.20.04

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology.
It covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004.
research.chalmers.se is administrated and maintained by Chalmers Library

(article starts on next page)



 

 590 

  Vol. 43, No. 4 (202x) 590-602, DOI: 10.24874/ti.988.10.20.04 
 

Tribology in Industry 
 

www.tribology.rs 

  

 
 

Impact of Heat Treatment Analysis on the Wear 
Behaviour of Al-14.2Si-0.3Mg-TiC Composite  

Using Response Surface Methodology 
 
 
V. Anilkumara,b, K.V. Shankarb,*, M. Balachandranc,d, J. Josephb, S. Nivedb, J. Jayanandanb,  
J. Jayagopanb, U.S. Surya Balajib  
 
aDepartment of Industrial and Material Science, Chalmers University of Technology, SE-412 96 Göteborg, Sweden, 
bDepartment of Mechanical Engineering, Amrita Vishwa Vidyapeetham, Amritapuri, India, 
cDepartment of Chemical Engineering and Materials Science, 
d Centre of Excellence in Advanced Materials and Green Technologies (CoE-AMGT), Amrita School of Engineering, 
Coimbatore, Amrita Vishwa Vidyapeetham, India. 
 

Keywords: 

Aluminium metal matrix composite 
Wear behaviour 
T6 heat treatment 
Response surface methodology  
Al-Si-Mg-TiC  

 

 A B S T R A C T 

Al-14.2Si-0.3Mg Alloy reinforced with hard phased TiC coarse particulates (10 
wt-%) was contrived using the liquid metallurgy route. The so fabricated 
aluminium metal matrix composites was made to undergo solutionising at 
5250C for 12 hours in a heat treatment furnace and was subsequently water 
quenched to room temperature. The developed composite was then kept for 
age hardening at varying temperatures and time for enhanced tribological 
properties. A pin on disc Tribometer (ASTM-G99) was utilised to study the 
wear properties of the fabricated composite. Aging temperature (0C), applied 
load (N) and Aging time (hours) were chosen as the process parameters for 
analysing the material's resistance to wear. Using response surface 
methodology the influence of reinforcement in the wear properties of the 
composite was studied. The design of the regression equation was prepared 
and the impact of each experimental parameter was scrutinized. Results 
depict that with an increase in the aging temperature, aging time and load, 
there observed a variation in the materials wear properties. The worn-out 
surface of the metal matrix composite was then investigated with the help of 
the Scanning Electron Microscope (SEM). 
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1. INTRODUCTION 
 
Metals that are reinforced with fibres, 
monofilaments (MF) or particles are called 
metal-matrix composites (MMCs) [1]. In the 
manufacturing of pistons and brake drums 

used in the automotive industry in recent 
decades, the MMC material promises to provide 
high performance. Due to its low cost, enhanced 
stiffness, isotropic properties, high thermal 
conductivity and great strength, aluminium 
metal matrix composite (AMMC) is more 
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commercially applicable among all metal 
matrix composites. Some MMC's are higher 
than the base metal in fatigue efficiency and 
wear resistance [2]. The development of vortex 
in the metal gives the stircasting method an 
advantage and thus demonstrates greater 
wettability between the reinforcement and the 
molten metal. Agglomeration, improper 
distribution, and bonding of reinforced matrix 
elements are issues that can be found during 
the manufacture of MMCs through liquid 
metallurgy process [3]. Because of their wide 
uses in the automotive and aviation industries, 
the most widely utilised metal matrix is Al, Ti, 
Mg and their alloys. The composites in which Al 
is used as the matrix and many reinforced 
materials like silicon carbide (SiC), titanium 
carbide (TiC), and graphite are several of the 
reinforced materials. AMMC is used for 
characteristics such as low density, great 
specific strength, strong mechanical properties, 
low expansion thermal coefficient, improved 
resistance to corrosion [4], high strength to low 
weight ratio and extraordinary resistance to 
temperature [5]. 
 
Numerous processing techniques such as stir 
casting, spray co-deposition, squeeze casting 
and penetration of liquid metal [6] are used for 
casting AMMC. The liquid state stir casting 
method, where reinforcement particles are 
reinforced into the Al matrix by mechanical 
stirring, is the easiest manufacturing technique 
used for AMMC. The advantages of the stir 
casting method lie in its simplicity, versatility 
and applicability to large quantities of 
production [7]. This technique of liquid 
metallurgy is the most inexpensive of all the 
routes existing for the fabrication of metal 
matrix composites. It also lowers the product's 
final cost [4]. The addition of titanium carbide 
to (TiC) A356 melt improves the mechanical 
properties such as hardness and decreases the 
wear rate of the developed alloys. In Al-Si 
alloys, TiC is reinforced to enhance the strength 
at high temperatures, hardness value and to 
decrease the material expansion coefficient via 
heat treatment, the surface property of the 
material is enhanced. In addition, heat 
treatment tends to improve AMMC's hardness 
and strength in a better way. The 
microstructure is gradually influenced by the 
alleviation of internal stress and AMMC's grain 
structure is being refined [8]. 

The study envisaged by various researchers on 
AMMCs are as follows. An investigation was 
performed to evaluate the mechanical, sliding 
wear behaviour and modelling of TiC reinforced 
LM25 [9]. In this research 10 wt- % of TiC of 
average size 50 µm was reinforced into the 
molten metal and the composite was processed 
through liquid metallurgy route. Response 
surface methodology was utilised to assess the 
output of various parameters involved in wear 
testing. An uniform scattering of the reinforced 
particle was noted in the Al matrix, resulting in 
an improvement in the AMMC's hardness and 
mechanical properties. A research was 
conducted to analyze the 3-body abrasive wear 
characteristics of functionally graded 
Aluminium reinforced with boron carbide (B4C) 
[10]. Horizontal centrifugal casting was used to 
process the alloy. The study showed that the 
distance from the outer periphery of the cast 
sample showed minimum wear rate is 
attributed to presence of higher reinforcement 
particles. The specimens were subjected to wear 
tests on various loads and speeds. SEM analysis 
was used to characterise the worn-out surface of 
the samples and to analyse the wear mechanism. 
In an investigation conducted by N Radhika [11], 
on the heat treatment analysis of LM13/B4C, it 
was noted that the ageing cycle shows an 
important improvement in the wear 
performance of the composites. The wear 
testing parameters were aging temperature, 
load and ageing period. Using a liquid 
metallurgy route, the cast samples for the study 
were contrived and the molten composite 
mixture was poured into a centrifugal casting 
chamber The mould was revolved for 5 hours at 
525° C and aged at various temperatures. A 
research was conducted to determine the 
abrasive wear characteristics of In situ TiC 
reinforced with Al-Cu matrix. Results showed a 
siginificant improvement in the abrasive wear 
and mechanical properties of the composite 
compared to the parent alloy [12]. A research 
was performed on the hardening and 
recrystallization of Al-4.5Cu-1.5Mg 
precipitation. The alloy was strengthened by TiC 
nanoparticles [13]. It is noted that 0.2 wt-% of 
TiC / Ti refines the average grain size by 
reducing the grain size to 76 µm. 
 
A research was conducted to analyse the wear 
behaviour of LM13 reinforced with 12 wt-% of 
TiO2 and 3 wt-% of MoS2 using response surface 
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methodology [14]. The hybrid metal matrix 
composite was contrived via the technique of stir 
casting. It was noted that a surge in the sliding 
velocity and load increased the value of wear rate 
for the base alloy and the composite. A research 
was carried out to study the tribological 
behaviour of SiCp-reinforced Al6061 [15].  
 
From the above discussions, it can be noted that, 
the effect of heat treatment analysis on TiC 
reinforced Al alloy has not been investigated. 
Hence the existing study deals with the 
manufacturing of Al-14.2Si-0.3Mg-10 wt%/TiC 
(Hypereutectic composite) by the process of 
liquid metallurgy and to study the tribological 
behaviour using response surface methodology 
because of its vast applications in the 
manufacturing of pistons and liners in 
automobile industries. 
 
 
2. MATERIALS SELECTION 

 
For the present investigation, A356 (Al-7Si-
0.3Mg) was selected from among the various 
grades of aluminium alloy as this alloy is used in 
the manufacturing of pistons and other structural 
application in automobile and aerospace 
industry. To achieve a hypereutectic 
composition, the wt-% of Si content in the A356 
alloy was increased to 14.2 wt-%. This 
composition was chosen for the preparation of 
MMC due to the use of hypereutectic aluminium 
alloy in the automotive industry. In this analysis, 
TiC with an average micron size of 33-35μm as 
shown in Fig. 1 was used as a reinforcement. The 
EDS analysis of the TiC is shown in Fig. 2 and it 
comfirms the purity of the reinforcement.  
 

 
Fig 1. SEM image of TiC. 

 
Fig 2. EDS spectrum of TiC powder. 

 
TiC was selected as the reinforcement, among 
other ceramic reinforcements, owing to its high 
wear resistance and value of hardness. The 
density was found to be 2.67 g/cm³ and 4.93 
g/cm³, respectively, for A356 and TiC. The 
material for manufacturing the permanent mould 
was oil-hardened non-shrinkage steel (OHNS), as 
shown in Fig 3. 
 

 
Fig 3. OHNS permanent mold. 

 
 

3. EXPERIMENTAL METHODOLOGY 
 

 The A356 was used as an ingot for melting in this 
current analysis. A required quantity of wt- percent 
of Si was alloyed into the molten metal to obtain the 
hypereutectic composition and the melt was 
poured into a permanent mould to obtain cast rods. 
To confirm the elemental composition of the 
hypereutectic Al alloy, optical arc spectroscopy was 
performed on the cast rods. The wt- % composition 
of hypereutectic Al alloy is depicted in Table 1. 
 
The cast rods of hypereutectic composition was 
taken in a clay graphite crucible and was positioned 
inside an electric arc furnace chamber equipped 
with a mechanical stirrer as depicted in Fig 4. 
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Table 1. Wt-% of the composition of hyperutectic Al alloy. 

Elements Wt-% composition 

Al Bal. 

Si 14.2 

Mg 0.3 

Cu 0.1 

Fe 0.6 

Ni 0.1 

Pb 0.1 

Sn 0.05 

Al Bal. 

 

 
Fig. 4. Stir casting furnace.  

 
The 10wt-% TiC reinforcement was 
simultaneously preheated in a muffle furnace at 
a temperature of 300° C to eradicate the 
moisture content and to improve the 
wettability of the reinforcement with the 
matrix. The melting of the composite mixture 
was carried out in an inert argon atmosphere. 
In order to minimise oxidation, prevent 
chemical reaction between the reinforcement 
and the matrix, and obtain defect-free cast rods, 
the inert atmosphere was favoured during 
melting. The required amount of TiC was added 
into the melt within the crucible and 1 wt-% of 
Mg was added. By adding Mg, the wettability of 
the reinforcement ceramic particle with the 
matrix would enhance by increasing the surface 
energy of the reinforcement by reducing the 
surface tension [10]. The added Mg also 
interacts with the oxygen present in the layer 
that thins the reinforced particle's gas layer, 
thus reducing the propensity to agglomerate 
and increasing the matrix wettability of the 

particle. To obtain a homogeneous distribution 
of the particles in the molten metal, the mixture 
is then stirred for 10 minutes at 250 rpm [10]. 
At a temperature of 500° C ± 10° C, the die used 
for the present research was preheated. The 
molten metal was then poured at a temperature 
of 760° C ± 10° C into a die coated with 
Lubrikote 140 preheated die to achieve cast 
rods of diameter16 mm and length of 150 mm, 
as shown in Fig 5. As depicted in Fig 6, the cast 
rods were then machined to a dimension of 15 
mm in diameter and 140 mm in length. 
 

 
(a) 

 . 
(b) 

Fig. 5. (a) Pouring of molten metal (b) as-cast rods. 

 

 
Fig. 6. Machined specimen. 
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Fig. 7. EDS spectrum showing the presence of TiC. 

 

   
(a) (b) 

   
(c) (d) 

   
(e) (f) 

Fig. 8. Elemental mapping of the cast composite. 

 
Samples were machined from the cast rods for 
metallographic inspection and wear testing. Energy 
dispersive spectroscopy (EDS) study was performed 
on the sample to confirm the presence of TiC in the 
composite. 6 spots on the specimen were taken in 
various areas and an average value was determined. 
The EDS spectrum of the cast composite confirms 
the presence of TiC as shown in Fig. 7. Fig 8 shows 
the morphological elemental mapping of the cast 
composite by scanning electron microscopy (SEM) 
with energy dispersive X-ray spectrometry (EDS). 
Figure 8 shows that all elements in the matrix are 
distributed uniformly. Carl Zeiss metallurgical 
microscope was utilized to study the distribution of 
the ceramic particles in the Al matrix. 

4. HEAT TREATMENT PROCESS 
 
The Heat treatment process was designed to 
comply to the standards mensioned in the 
American Society of Materials Handbook. The 
heat treatment process generally involoves 
solutionizing, water quenching, and ageing. 
Solutionisation of the cast composites were 
carried out in a heat treatment furnace at 525° 
for 12 hours [16] and the specimens were 
water quenched at 30° C. The quenched 
samples were then machined and aged at 
151,153 and 155° C for 1, 3, 4, 5 hours [16] and 
the aged specimens were allowd to cool at room 
temperature.  
 
 
5. MICROSTRUCTURAL ANALYSIS 
 
In accordance with the standard metallographic 
technique to examine the microstructure, the 
specimens from the heat-treated composite 
were machined. To achieve a good surface finish, 
the specimens were polished using a linear 
polisher followed by a SiC emery sheet of 1/0 
and 2/0. Using a double-disc automated 
polishing unit, the machined specimens were 
then polished using Al2O3 solution to achieve a 
fine surface finish. For the polished samples, 
Kellers' reagent was used as an etchant. 
Furthermore, through a Carl Zeiss metallurgical 
optical microscope, the microstructure of the 
etched samples was viewed. The as-cast 
microstructure of the Hypereutectic Alloy Al-Si-
Mg is shown in Figure 8. From the figure, It 
depicts thecomplete nodular eutectic Si. A 
vortex flow is produced inside the molten metal 
at the time of stirring, which absorbs the 
ceramic particles into the melt rather than 
allowing them to float on the molten metal's 
surface. In addition, preheating conducted on 
the ceramic reinforcement and an addition of 1 
wt-% of Mg improved the wettability of the 
reinforcement with the Al matrix, thereby 
avoiding the agglomeration factor during 
casting time. 
 
 
6. RESPONSE SURFACE METHODOLOGY 
 
For a problem with several explanatory variables, 
response surface methodology is a tool used to 
obtain an optimum result. This approach helps to 
minimise the number of experiments for 
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parameters such as load, time and temperature 
using permutation and combination applications. 
For predicting the answer to a different 
combination of parameters, fitting experimental 
data, estimating regression coefficients and 
testing the adequacy of the fitting model, a series 
of steps can be used [17-19]. At dry sliding wear 
conditions the experiment was performed. In 
response surface analysis, the dependence of the 
response y on the influencing factors (xi) can be 
modelled with a 2nd order polynomial equation of 
the form 
 

jiijiiiii xxxxy   
2

0  
(1) 

 
where y is the response and xi represent the 
factors or independent variables considered in 
the experimental design. When normalized 
centred representations are used to signify the 
factor levels, β0, βi, βii and βij are the mean values 
of responses, linear, quadratic and interaction 
constant coefficients respectively. In this case, 
specific wear rate is the response y whereas load, 
aging temperature and aging time are the 
independent variables. Each independent 
variable or factor was varied at 3 levels in the 
experimental design. With the help of Minitab 
software, by means of Face Centred Central 
Composite Design (FCCD), a type of RSM method, 
20 experiments were generated for parameter 
load (10, 20,30N), aging temperature (151,153 
and 155° C) and aging time (3,4,5hrs). The sliding 
distance, sliding velocity and Track diameter 
were constant at 1000 m, 1m/s and 90mm. The 
wear testing factors used for the test are 
tabulated in Table 2. 
 
Table 2. Wear testing parameters 

Factors Level 

Load (N) 10 20 30 

Ageing temperature (°C ) 151 153 155 

Ageing time (hours) 3 4 5 

 
 
7. DRY SLIDING WEAR TEST 
 
From the cast composite, the specimen size of 
10 x 10 x 10 mm was machined and the sliding 
wear test was conducted as per ASTM G99 was 
carried out according to the experimental 
design obtained by adopting face centred 
composite design (FCCD). The wear testing was 
carried out in a pin –on –disc tribometer as 

shown in Fig. 9. The test was conducted in the 
air in the dry sliding state. During the wear test, 
the room temperature was noted to be 30° C 
with a relative humidity of 45 ± 15%. The 
specimen was kept firmly in contact with the 
EN 32 counter face disc of hardened steel with 
a Rockwell hardness of 65HRC in a specimen 
holder. By applying the applied load through a 
lever mechanism, the cast specimen was held in 
direct contact with the counterface disc. Before 
and after the procedure, the mass of the cast 
composite specimen was measured using an 
electronic weighing system with an accuracy of 
0.1 mg. The specific wear rate has been 
evaluated using the equation (2). For each 
experimental setting, the wear experiments 
were repeated 5 times, the average value of 
specific wear rate was calculated and reported 
 

  LoadDMW //   (2) 

 

where, W=Specific wear rate in mm3 / Nm, 
M=mass loss in g, ρ=density in g / mm3, D=sliding 
distance in m and Load in Newton. 
 
As per the Archard’s wear adhesion theory [20], 
it is found that the wear rate is directly 
proportional to load and sliding distance. The 
wear coefficient (K) value for all the experiments 
conducted in this investigation was calculated 
using the equation (3) 
 

DLKW   (3) 

 
where W is the specific wear rate in (mm3/Nm), 
K is the wear coefficient, L is the normal load in 
(N) and D is the sliding distance in (m). 
 

 
Fig. 9. Pin-on-disc wear testing apparatus. 
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8. RESULTS AND DISCUSSIONS  
 
8.1 Morhological analysis 
 
The as-cast dendritic structure of Al-Si-Mg 
hypereutectic aluminium alloy is depicted in 
Fig 10. It depicts the the complete nodular 

eutectic Si. Fig 11 (a) depicts the 
microstructural image of hypereutectic 
composite in the as-cast condition showing the 
uniform distribution of 10wt-% of TiC. It can be 
inferred from Figure 11 (a) that no form of 
agglomeration of the reinforcement has taken 
place in the Al matrix. Figure 11 (b) depicts the 
microstructure of heat-treated hypereutectic 
composite. It can be noted from the figure that 
the TiC particles show precipitates enriched in 
Mg or Si interfaces with the Al matrix. EDS 
analysis conducted on the heat-treated samples 
confirms the presence of solute particles like 
Mg or Si, especially in the Al-TiC interface. Fig 
12 shows the EDS pattern of the heat-treated 
composite.  
 

 
Fig. 10. As-cast structure of Al-Si-Mg hyperutectic alloy. 

 

 
(a) 

 
(b) 

Fig. 11. Microstructure of hypereutectic composite (a) 
Non heat-treated (b) Heat Treated.  

 

 
Fig. 12. EDS spectrum of heat treated composite. 

 
8. 2 Analysis of Specific Wear Rate 
 
Table 3 illustrates the wear rate values 
obtained for various test runs and Table 4 
shows the regression coefficient values of the 
specific wear rate. 
 
For the attained model, the values of R2 and adj 
R2 are 53.71% and 37.18% respectively. This 
shows that the R2 value of 53.71% of the 
difference in the response can be described by 
the combination of settings of the three 
parameters. This may be due to the influence of 
uncontrollable factors such as heat 
dissiaptation during wear tests. Higher the R2 
values, the better the polynomial is for 
describing the behavior of the system. The 
model is valid only within this range of 
parameters (load, aging temperature, aging 
time). The regression coefficients are used to 
construct the model which is displayed in 
equation (1). 
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Table 3. Displays the wear rate values. 

C1 C2 C3 C4 C5 C6 

Sl no 
Applied load 

(N) 
Aging temperature 

(0C) 
Aging time 

(hrs) 
Specific wear rate 
(×10¯4 mm3/Nm) 

Hardness Value 
(Hv) 

1 10 153 4 4.10 151 

2 10 155 5 3.69 159 

3 20 151 4 2.46 164 

4 30 151 3 9.33 145 

5 10 151 3 1.12 190 

6 20 153 3 2.57 162 

7 20 155 4 2.80 161 

8 10 155 3 2.24 167 

9 20 153 4 1.68 180 

10 20 153 4 2.24 167 

11 30 155 5 2.11 170 

12 20 153 5 1.27 185 

13 30 153 4 2.74 161 

14 20 153 4 1.87 176 

15 30 151 5 1.87 175 

16 20 153 4 1.87 176 

17 10 151 5 2.99 157 

18 20 153 4 2.99 157 

19 20 153 4 4.66 151 

20 30 155 3 2.49 164 

 
Table 4. Displays the regression coefficients obtained. 

Source DF Adj SS Adj MS F -Value P -Value 

Model 5 0.000000 0.000000 3.25 0.037 

Linear 3 0.000000 0.000000 1.24 0.331 

Applied load(N) 1 0.000000 0.000000 0.99 0.337 

Aging temperature(0C) 1 0.000000 0.000000 1.00 0.333 

Aging time(hours) 1 0.000000 0.000000 1.74 0.209 

2-Way Interaction 2 0.000000 0.000000 6.26 0.011 

Applied load(N)*Aging temp(0C) 1 0.000000 0.000000 4.54 0.051 

Applied load(N)*Aging time(hrs) 1 0.000000 0.000000 7.97 0.014 

Error 14 0.000000 0.000000   

Lack of fit 9 0.000000 0.000000 1.80 0.269 

Pure error 5 0.000000 0.000000   

Total 19 0.000001 0.000000   

 
Specific Wear Rate (mm³/Nm) = -0.01340 + 
0.000865L + 0.000083T + 0.000221t - 
0.000005L×T - 0.000014 L × t 

(4) 

 
Where, L is Applied load in N, T is Aging 
temperature in 0C, t is aging time in hours. 
 
The linear and 2-way interactions affect the wear 
behaviour of the composite. Equation (4) indicates 
that positive sign parameters affect increasing the 

wear rate and negative sign parameters affect 
decreasing the wear rate of the composite. 
 
8.3 Study of variance of specific wear rate 
 
Table 5 displays the importance of terms 
involved in the contribution of the model and it 
was found out by using the analysis carried out 
for a 90% confidence level and a 10% significance 
level. The analysis can be used to find the 
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significance of various factors like regression 
model, linear terms, 2-way interaction terms and 
lack of fit. P-value is used to find whether the 
results are statistically significant or not. The 

hypothesis test is statistically significant if P-
value is less than the importance level (α<0.1). 
For further analysis, the terms with P values 
higher than α is removed from the model. 

 
Table 5. Regression analysis for wear. 

Term Effect Coef SE-coef T-value P-value VIF 

Constant  0.000285 0.000031 9.14 0 1 

Applied load(N) 0.000088 0.000044 0.000044 0.99 0.337 1 

Aging temperature(0C) -0.000089 -0.000044 0.000044 -1.00 0.333 1 

Aging time(hrs) -0.000116 -0.000058 0.000044 -1.32 0.209 1 

Applied load(N)*aging temperature(0C) -0.000211 -0.000105 0.000049 -2.13 0.051 1 

Applied load(N)*aging time(hrs) -0.000279 -0.000139 0.000049 -2.82 0.014 1 

 
 
8.4 Influence of interaction parameters on the 

responses 
 
The interaction plot for the specific wear rate is 
depicted in Fig.13 
 

 
Fig. 13. Interaction Plot for specific wear rate (×10¯4 

mm3/Nm). 

 
At 10 N with the gradual surge in ageing 
temperature, specific wear rate is found to be 
increasing and then is observed to take a 
downswing. On the application of 20 N load there 
is a miniscule decline in wear rate and then a 
steady increase is observed with increasing 
ageing temperature. Whilst with 30 N load as 

ageing temperature climbs up a steep decline in 
wear rate can be seen. The third factor (ageing 
time) is maintained at a mid-value with the 
variation of applied load and ageing temperature. 
To factor combinations to obtain low specific 
wear rate as interpreted from Fig. 13 is 
summarized in Table 6.  
 
For plot [b] X axis is ageing time (hours) and the 
secondary factor is applied load in N. between 3 
hours and 5 hours’ time, the ageing time 
parameter is varied in steps of 1 hour. At an 
applied load of 10N there is a steady surge in 
specific wear rate and then a downward trend 
can be visualized with the growth of ageing time 
in hours. A sizeable variation in specific wear 
rate can be seen with an increase in applied load. 
When the load is increased to 20 N there isn’t 
much fluctuation in specific wear rate with 
respect to increase ageing time between 3 hours 
to 4 hours, but a downswing in specific wear rate 
is observed when ageing goes beyond 4 hours. 
The scenario with 30N is a stark contrast to what 
is observed with other loads, a steep decline in 
wear rate when ageing temperature is varied 
between 3 hours to 4 hours, and then there is a 
slowdown in reduction of specific wear rate 
from 4 hours to 5 hours.  

 
Table 6. Factors ranges for responses of Al-14.2Si-0.3Mg-TiC metal matrix composite. 

Response Objective 
Factor ranges 

Ref 
Load (N) Ageing Temperature (°C) Ageing time (hrs.) 

Specific wear rate Minimize 

10N 

30N 

20N 

151 

155 

153 

3 

5 

5 

13(a) 

13(b) 

13(c) 
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Fig. 14. Mechanically mixed layer. 

 
It can be understood that the resistance to wear 
of the AMMC increases with increase in load 
and increase in aging time, which can be 
attributed to the presence of TiC particles 
which are hard phased increases the overall 
strength of the material by exposing more TiC 
particles when load is increased, and the 
creation of a layer as shown in Fig. 14, the 
Mechanical Mixed Layer (MML) and thereby 
shoots up the resistance to wear [21,22]. The 
optimum aging time was found to be between 4 
hours to 5 hours where it can be noted that the 
value specific wear rate decreases. To 
investigate the effect of ageing temperature at 
first the low-level load of 10 N is applied and 
the ageing temperature is varied from 151°  C to 
155° C and a rapid decline in the specific wear 
rate is observed as the temperature is 
increased from 151-153° C and then it 
stabilizes. On a stark contrast to what is 
observed with 10N load, under the application 
of 20 N load between 151-153 the wear rate 
doesn’t seem to fluctuate a lot, but after 153 it 
drops down in a steady fashion. Whilst for 30 N 
load the specific wear rate is noted to be 
increasing in a small but steady way. At lower 
aging temperatures mainly 151° C the TiC 
reinforced in the Aluminium metal matrix 
composite (AMMC) exist in granular and forms 
clusters [11] which signifies the lower wear 
resistance but as the aging temperature is 
increased to 153° C due to thermal diffusion at 
phase interface, it is found to have a refined size 
and morphology of the coarse grain TiC 
particles, also it forms a uniformly distributed 
phase within the matrix this uniformity within 
the matrix will improve the strength and 
thereby wear resistance. It can be inferred from 
the analysis that a small change in ageing 
temperature can create a dramatic change in 
the way the material reacts to wear [23,24]. 

 
(a) 

 
(b) 

 
(c)  

Fig. 15. Contour Plots of Specific Wear rate(mm3/Nm). 

 
Fig 15 (a), (b), (c) depicts the contour plot 
which helps us conceive how the specific wear 
rate varies with applied load, ageing time and 
ageing temperature. In a contour plot the third 
factor is held constant while the other two are 
varied at once and the corresponding change in 
response of the system is delineated. On further 
scrutiny on contour plots it can be inferred that 
for both 10 N load for 3 hours at 151 and 30 N 
at 155 for 5 hours yields the lowest specific 
wear rate values for the latter case where load 
is increased along with ageing temperature and 
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aging time the specific wear rate is found to be 
on a downswing. This can be due to the fact that 
as aging time is augmented, the age hardening 
happens which reaches a peak level and fine 
coherent precipitates of Mg2Si are formed 
which helps in increasing the strength of the 
Aluminium Metal Matrix Composite thereby 
reducing specific wear rate [11]. The legend 
given on right hand side of the figure, 
representing contour plot delineates different 
colour tone for representing the specific wear 
rate with the darker variation of blue pointing 
towards the lowest specific wear rate region 
and darkest green representing regions with 
highest specific wear rate. With the lighter 
variants of blue and green illustrating the mid-
level regions. Section (a) of the contour plot 
maps aging temperature (hours) vs applied 
load (N) the colossal region represented by a 
lighter shade of blue is where specific wear rate 
is 2- 3 x 10-4 (mm3/Nm) whereas section (b) 
illustrates aging time (hours) vs applied load 
(N) and (c) depicts aging temperature and 
aging time (hours), it can be inferred that 
highest wear rate is observed when aging time 
is 3 hours and applied load is 30N. Lowest wear 
rate is when aging time is 5 hours and applied 
load is 30 N. This is because of particle 
hardening that strengthens the material by 
forming precipitates. Towards the upper half of 
the map and lower left portion of the map 
corresponds to the low specific wear rate. 
 
 
9. ANALYSING OF WORN OUT SURFACE USING SEM 
 
Using SEM, the worn out surface of the 
composite specimen was analyzed and the 
results inferred are given below. The SEM 
images were taken at 100X magnification, Fig 
16 (a-c) shows SEM images of specimens under 
different load (10N,20N,30N) with constant 
ageing temperature (1550C) and ageing time (5 
hours). in Fig 16 (a) A1 represents the wear 
track, B1 represents the debris, C1 represents 
shallow grooves, severe delamination is 
observed in this specimen when 10 N load is 
applied with 5 hrs ageing time, the depth of 
shallow grooves can also be observed to be 
higher that both (b) and (c). with increase in 
load, the material removal due to rate of wear 
is found to be decreasing this is owed to the 
development of Mechanical Mixed Layer 
(MML), A2,B2,C2 on figure (b) and A3,B3,C3 on 

figure (c) represents wear track, debris, and 
shallow grooves in order, it is visible that the 
depth of shallow grooves is decreasing as the 
load is increasing, and fewer number of debris 
can be found this is due to MML formation and 
partly due to T6 heat treatment that was done 
on the specimen. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 16. (a-c): SEM images of the worn out composite 
specimen. 
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10. CONCLUSION 
 
A356 Al alloy with added Silicon content to take 
it to hypereutectic composition along with 10 
wt% of TiC was contrived using Stir-casting 
technique. The so obtained AMMC was subjected 
to T6 heat treatment for enhanced wear 
properties. RSM (Response surface 
methodology) was employed in studying the 
wear properties of the specimen, a RSM model 
was developed for conducting the study and 
following conclusion were noted.  

 Materials Optimum resistance to wear was 
observed to be when the AMMC was 
subjected to a load of 30N, a higher aging 
temperature of 1550C and an aging time of 5 
hours. 

  The optimum values of wear factors 
necessary to obtain minimum wear rate was 
calculated using RSM model.  

 The SEM images revealed that the formation 
of shallow groves and debris reduced as the 
load increases. 
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