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Abstract

This paper focuses on the consequences of reinforcement content (TiC particles) on sliding wear behavior of aluminum alloy
Al 6063 fabricated by stir casting process. Three different reinforcement percentages (5, 10 and 15) have been considered in
the present study. Both hardness and tensile tests have been executed on the fabricated samples. The results of the conducted
mechanical tests showed that the increase in reinforcement weight percent increased the tensile strength and hardness. Pin-
on-disk tests have been performed on the fabricated composite samples to identify their tribological behavior. Reinforcement
weight percent, load and sliding speed with three levels each were taken as the process variables, and specific wear rate is
considered as response. Box—Behnken design have been utilized to carry out the experiments and to analyze the results.
Moreover, ANOVA is carried out to know the influencing parameter on the response. From ANOVA, it was confirmed that
reinforcement weight percent and sliding speed is considered as the influencing parameters on the response.

Keywords Composites - Pin-on-disk - Aluminum alloy - Wear - RSM

1 Introduction

An increase in demand for metal matrix composites (MMCs)
is due to enhancement in properties like strength, hardness
and stiffness over the base metals. The MMC achieved the
improved properties with the mixture of matrix and rein-
forcement materials. Now a day, much attention has been
given for aluminum and its alloys for the fabrication of com-
posites due to their wide range of functions in automotive
and aerospace fields. Aluminum-based MMCs are success-
fully implementing in the automotive industries like Nis-
san, Honda and General Motors for different components.
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Reinforcements like oxides, carbides, borides, nitrides,
etc. are being utilized as reinforcements for the fabrica-
tion of MMCs [1-3]. Several methods are utilized by many
researchers for the fabrication of MMCs, but stir casting
technique is viewed as the most economic technique for
the fabrication of MMCs [4-6]. This process is considered
as the best technique in terms of cost aspects, higher yield
materials, complicated shapes and less damage [7, 8]. Unlii
[9] compared two fabricating techniques of MMC, i.e., lig-
uid condition (casting) and solid condition (powder metal-
lurgy) on aluminum-based Al,O5 and SiC reinforced com-
posites. It was concluded from the work that the casting
method had shown better mechanical properties than the
powder metallurgical fabrication technique. Several research
studies proved that the reinforcements addicted to the matrix
improves the mechanical and tribological characteristics of
the composites [10—13]. Titanium carbide is considered as
a hard reinforcing element with many technical advantages.
TiC posses high melting point temperature and high hard-
ness with reasonable thermal and electrical characteristics
[14]. Moreover, TiC is resistant to corrosion, abrasion and
oxidation [15].

Resistance to wear of the material is one of the factors
to be considered for using the material in any engineering
applications even though the tribological properties of a

@ Springer


http://orcid.org/0000-0002-1012-7510
http://crossmark.crossref.org/dialog/?doi=10.1007/s40735-019-0282-0&domain=pdf

90 Page2of10

Journal of Bio- and Tribo-Corrosion (2019) 5:90

number of aluminum alloys in both dry and wet conditions
are broadly investigated by many researchers. Abrasive
wear of the composite samples depends on many control-
lable factors like load, dimension of the abrasive elements,
content of abrasive particles, toughness and hardness of the
reinforcement particles [16—19]. Tyagi [20] investigated on
the wear characteristics of aluminum-based titanium carbide
reinforced composites. It was concluded from the work that
the wear conduct decreased as the proportion of the TiC
particles raise in the composite sample. Kostornov et al. [21]
investigated on the tribological aspects for improving the
wear resistance of titanium-based composites. It was con-
cluded from the work that the selected material can be used
as an antifriction material at higher sliding velocities. Sel-
vakumar and Narayanasamy [22] investigated on frictional
aspects of both TiC and MoS, reinforced composites and
concluded that the content of TiC and sliding time influence
the response (weight loss) of the composites. Ledn-Patifio
et al. [23] investigated on nickel-based TiC reinforced com-
posites by considering its wear characteristics. The work
concluded that the TiC weight content reduced the dry slid-
ing wear of the composite. Narayanasamy et al. [24] inves-
tigated on tribological aspects of magnesium-based TiC
reinforced composites and concluded that the higher TiC
content directs to lower wear rate of the composite. Jha et al.
[25] investigated on nickel-based titanium carbide reinforced
composites for finding out its friction and wear behavior.
The work concluded that wear pace improved with spindle
load increment, whereas addition of reinforcement resists
the wear rate.

From the above works, it was confirmed that many stud-
ies were conducted on aluminum-based composites and
investigated on physical and mechanical properties. How-
ever, few works have showed attention on aluminum-based
TiC reinforced composites to investigate on the tribologi-
cal characteristics. Hence, the main plan of the current
effort is to study the consequences of reinforcement weight
percent on the physical, mechanical and wear performance
of the Al 6063 reinforced with TiC. Moreover, the effect
of reinforcement weight percent, load and sliding distance
on wear characteristics of the composites was also inves-
tigated. The morphology of the composites is also studied
by scanning electron microscopy (SEM) on the wear sam-
ples. ANOVA is also carried out to know the significant
parameters on the wear characteristics.

2 Materials and Methods
2.1 Workpiece Material

The workpiece material used in the present study was
A6063-TiCp (5, 10 and 15 p) MMC:s of cylindrical shape
with a diameter of 30 mm and 100 mm length were made-
up by stir casting technique. The chemical composition of
matrix material (Al 6063) aluminum alloy utilized as base
metal is tabulated in Table 1. The manufacturing steps
along with obtained samples are shown in Fig. 1. Density
of the samples was determined by rule of mixtures and the
obtained values are shown in Fig. 2. The density of the
composites enhances with the increase in reinforcement
content in the composites [26, 27].

Table 1 Chemical composition

. - Elements Al
of matrix material (Al 6063)

Fe Cu Mn Mg Cr Zn Ti Others

aluminum alloy Composition (wt%) 97.5

0.60 0.35 0.1 0.1 0.9 0.1 0.1 0.1 0.15

Fig. 1 Fabrication steps of MMC'’s: a stir casting, b pouring into mold, ¢ fabricated samples
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TiC-5 TiC-10
Reinforcement wt.%

TiC-15

Fig.2 Density of the fabricated MMCs with variation of reinforce-
ment %

2.2 Hardness Test

Microhardness analysis was performed on the compos-
ite samples by taking up of regular testing method as per
ASTM: E384—10 [28]. The hardness of the composite was
measured by Vickers microhardness tester with diamond
indenter with an applied load of 100 N. The test was per-
formed at five various positions over the sample, and an
average hardness value was reported.

2.3 Tensile Test

Tensile test was performed on the composite samples as
per the ASTM E8/E8M-13a [29] standards using Univer-
sal Testing Machine (UTM) at GPREC Kurnool, A.P.,
INDIA. Before testing, the samples were prepared as per
the required dimensions of the ASTM standards using
lathe machine.

2.4 Box-Behnken Experimental Design

Box—Behnken designs (BBD) are a class of rotatable sec-
ond-order designs with incomplete three-level factorial
designs. The graphical representation of three-level fac-
torial designs is shown in Fig. 3. BBD is a part of response
surface method design, which is very efficient when com-
pared to central composite design for three-level full facto-
rial designs [30]. Moreover, BBD circumvent extremes by
allowing the user to work around the extreme factor level
arrangements. Since the present work consists of extreme
factor level combinations, BBD is considered since it does

X4

\/

Fig.3 Cube with central and middle points of the edges

not have corners and no risk of parametric extreme com-
binations. The risk of failure updates can be reduced by
this design.

2.5 Sliding Wear Tests

Wear tests were performed on DUCOM made comput-
erized pin-on-disk wear testing machine as per ASTM
G99 standards [31] at GPREC Kurnool, A.P., INDIA.
The disk material used for the test was EN31 steel. After
every experiment, both the pin and disk faces were cleaned
properly by means of acetone. In the present study, three
controlling factors (reinforcement wt%, load and slid-
ing distance) with three levels each have been consid-
ered. The experiments were conducted according to the
Box—Behnken design of RSM due to their suitability and
applicability for the present work. Considered parameters
and their levels are listed in Table 2 and in the present
study, output response is considered as the specific wear
rate (SWR).

Table 2 Considered process parameters and its levels

Factors  Process parameter ~ Units  Level Level Level
-1 0 1

A Reinforcement wt% 5 10 15

B Load N 10 15 20

C Sliding distance m 1000 1500 2000
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3 Results and Discussion
3.1 Microhardness Analysis

Harness values were noted at five different positions to
overcome the risk of repeatability, and an average value is
noted. Actually, the hardness of the cast sample should be
uniform throughout the sample but due to the non-uniform
distribution of particles, hardness value of the cast sample
is different at different locations. Moreover, other factors
like gravity of the reinforcements and cooling rate of the
casted sample lead to different hardness values at differ-
ent locations. The results of microhardness tests are shown
in Fig. 4 with various wt% of TiC particles. A prominent
increase in hardness of the fabricated composite sample is
observed by the increase in weight percent of TiC particles.
The reason for the improvement is because of higher per-
cent of TiC particles in base material Al 6063. It has been
proved that incorporation of reinforcement particles into the
matrix material improves the hardness of the composites.
Similar results were observed by several researchers [32].
As observed from the SEM micrographs in Fig. 5b, c, the
reinforcing particles are uniformly embedded in the matrix
material. The reinforcing particles in the matrix material
improved the hardness of the composites, since the density
of the sample also increased by the reinforcing particles.
Reinforcing particles are harder than the matrix material,
when both the materials are mixed together to form compos-
ite; the hardness of composite is shared by both matrix and
reinforcement, which is clearly observed from the results.
The increase in hardness value for 10 wt% TiC reinforced

Hardness Value (HV)

TiC-5 TiC-10
Reinforcement wt%

TiC-15

Fig. 4 Effect of reinforcement % on microhardness of MMC
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Fig.5 Effect of reinforcement on tensile strength of MMC

composite is 24% when compared to 5 wt% TiC reinforced
composite. The improvement in hardness for 15 wt% TiC
reinforced composite is 67% and 35% when compared to 5
and 10 wt% TiC reinforced composites, respectively.

3.2 Tensile Strength Analysis

The tensile strength and elongation percent of Al 6063 rein-
forced with various portions of TiC particles are shown in
Fig. 5, which was interpreted from stress vs strain curves.
From Fig. 5, it is observed that the tensile strength of the
composite sample increased as the reinforcement percent
into the sample increases. Similar results were observed
from the previous researchers as well to validate the present
results [33, 34]. The elongation percent of the composite
sample was declined with enhance in reinforcement weight
percent in the sample, which is observed from Fig. 5. It is
because of the presence of TiC particles in composite made
the composite brittle. Similar outcomes were experiential by
additional researchers supporting the present study results
[34]. Presence of hard reinforcing particles (TiC) into the
matrix made the composite stronger as the bonding within
the matrix and reinforcement improved, which is clearly
visible from Fig. 6 c. Incorporation of TiC particles made
the composite brittle, since the elongation percent of the
composite decreased and tensile strength increased. The
load sharing capability of both matrix and reinforcement
for 15 wt% TiC reinforced composite is high as observed
from Fig. 5. The increase in tensile strength for 10 wt% TiC
reinforced composite is 4% when compared to 5 wt% TiC
reinforced composite. The improvement in tensile strength
for 15 wt% TiC reinforced composite is 14% and 12% when
compared to 5 and 10 wt% TiC reinforced composites,
respectively. The decrease in elongation percent for 10 wt%
TiC reinforced composite is 28% when compared to 5 wt%
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Fig.6 SEM images TiC reinforced composites: a 5 wt%, b 10 wt%,
and ¢ 15 wt%

TiC reinforced composite. The decrement in elongation per-
cent for 15 wt% TiC reinforced composite is 44% and 22%
when compared to 5 and 10 wt% TiC reinforced composites,
respectively.

3.3 SEM Analysis

The morphology of the samples after conducting the wear
test for TiC particles reinforced Al 6063 alloy is exposed in
Fig. 6 with a magnification of 2 um. All the wear samples
were observed that there is a scratches over the wear surfaces
which propose that the samples undergone an abrasive wear.
Figure 6a shows the SEM images at 5 wt% TiC reinforced
composite and observed a large voids, scars, cracks and
delaminations, the reason might be the improper stirring or
insufficient wettability. Moreover, cluster formation takes
place in 5 wt% TiC reinforced composite surface which lacks
the interfacial bonding with the matrix material. The cluster
formation in the matrix due to the reinforcement particles
leads to porosity and poor interfacial bonding. The reason
for lesser tensile strength for 5 wt% TiC reinforced com-
posites is because of these void defects. All the fabricated
composites sample are free from general casting defects like
shrinkages and porosities. Moreover, the void contents are
reduced for 10 wt% TiC reinforced composites as observed
from Fig. 6b when compared to Fig. 6a. Figure 6a, b shows
little wear scars over the surfaces which are highlighted;
moreover, there are plowing grooves over the wear surface,
which seems to be very common phenomenon in metal
matrix composites due to improper bonding. This improper
bonding leads the composites for delamination cracks;
but in the present case, no significant delamination cracks
are observed but only a small wear scars and plowing are
observed from Fig. 6. The void contents in Fig. 6¢ are almost
reduced due to higher presence of TiC particles, thereby a
good bonding is observed such that higher mechanical prop-
erties have attained [34, 35]. The load bearing capability of
the composite can be increased only if there is a good inter-
face between matrix and reinforcement, such its mechanical
and tribological properties can be improved.

3.4 Wear Analysis

Figure 7 shows the wear against time graphs for all the
three weight percent of TiC particle reinforced composites.
From Fig. 7, it is observed that the wear is highest for the
5 wt% of TiC reinforced composite sample than the other
two reinforced composite samples. Wear of the composite
sample increased by increase in time. Moreover, the wear
of the composite samples enhances with raise in load as is
observed from Fig. 7a—c. The wear of the composite samples
with 15 wt% TiC particles are observed to be constant for
the first 5 min (300 s.) and from then non-uniform wear took
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Fig.7 Wear of the composite sample at various loads of TiCp reinforcements: a 5 wt%, b 10 wt%, and ¢ 15 wt%

place. Whereas for the 5 and 10 wt% reinforced composite
samples, non-uniform wear took place right from the starting
as observed from Fig. 7a, b. The increase in wear loss due
to increase in load is due to the generation of higher plastic
deformation zones. Moreover, at higher loads delamination
wear takes place, this can also be one of the reasons for
the increase in wear loss. High loads can also create frac-
ture between matrix and reinforcement during sliding of the
disk. Analogous consequences were experiential by others
investigators as well [35]. The decrease in wear for 15 wt%
of TiC reinforced particles than the 5 wt% of TiC particles
is because of presence of more TiC particles, which restricts
the composite against wear.

Figure 8 illustrates the influence of reinforcement content
and load on frictional coefficient of the composite sample.
From Fig. 8, it is concluded that the coefficient of friction
enlarges as the load raise. Similar consequences were con-
cluded by other researchers [36-38]. Moreover, the coef-
ficient of friction enlarges with reinforcement content into
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the composite sample. The reason for these results is due to
the presence of more hard particles into the composite sam-
ples. Figure 9 represents the weight loss percentage based
on the effect of reinforcement weight percent and load. From
Fig. 9, it was noted that only a minute weight loss percent
is observed for 10 and 20 N, whereas at 30 N load weight
loss percent is more when compared to other two loads.
Reinforcement content into the material has an influence on
the weight loss percent, as higher the reinforcement content
lower the weight loss percent. For the first two loads (10 N
and 20 N), the reinforcement content has not shown much
influence on the weight loss percent as observed from Fig. 9.

3.5 Specific Wear Rate

The experimental test results and forecasted results of spe-
cific wear rate based on Box—Behnken design by response
surface methodology (RSM) are shown in Table 3. Specific
wear rate (SWR) is calculated by using Eq. (1):

SWR = L, )
pXF XSy

whereas AW is the weight loss, p is the density of the speci-

men, F,, is the normal load, and S is the sliding distance.

3.6 Validation

The correlation between experimental and predicted
results of the specific wear rate is illustrated in Fig. 10. It is
observed from Fig. 10 that the produced model is more than
enough as the calculated results are in good agreement with
the experimental outcomes. The coincidence of points 1, 3
and 7 with the fitted line confirms that the model is efficient
with minimum errors.

3.7 Analysis of Variance (ANOVA)

The ANOVA is used to test the created model for find-
ing out its significance. R* value of 98.22 for SWR is
considered that the model has high predictive capabil-
ity. Figure 11 represents the contour plots to know the
interaction between the process parameters. The contour
plots based on SWR were generated utilizing the model
equation obtained by regression analysis using Minitab
16 statistical software. Figure 11 concluded that there is

Table 3 Box—Behnken

Load

Sliding distance Expt. specific wear

rate (mm?>/N-m)

Pred. specific wear
rate (mm?>/N-m)

; . Test No. Reinforce-
experimental design and ment wt%
response

1 7.5 10
2 10.0 10
3 5.0 30
4 10.0 20
5 10.0 30
6 5.0 10
7 7.5 20
8 7.5 10
9 7.5 30
10 5.0 20
11 7.5 20
12 10.0 20
13 7.5 20
14 5.0 20
15 7.5 30

2000 9.96E—-05 8.0500E—-05
1500 5.64E-05 3.8000E—05
1500 1.25E-04 1.8300E—-04
2000 7.56E—05 6.8000E—05
1500 5.94E-05 9.8000E—05
1500 1.25E-04 1.2300E—-04
1500 9.65E—-05 1.1050E—-04
1000 8.85E-05 8.0500E—-05
2000 9.25E-05 1.4050E—-04
1000 1.27E-04 1.5300E—-04
1500 1.02E-04 1.1050E—-04
1000 4.95E-05 6.8000E—05
1500 9.65E-05 1.1050E—-04
2000 1.39E-04 1.5300E—-04
1000 9.06E—-05 1.4050E—-04
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Fig. 10 Correlation of experimental and calculated SWR

an interaction between A and B and A and C, but there is
no much interaction between B and C. From the contour
plots it was concluded that SWR is optimized at a param-
eter combinations of reinforcement wt% — 7.5, load — 20
and sliding distance — 1500. Interaction between load and
sliding distance for SWR is very less as observed from
the contour plot. The ANOVA of the SWR is shown in
Table 4. The predictive capability of the model is better
for SWR at 99% confidence interval, since the p is less
than 0.05. The predicted results fit well with experimental
results as is observed from Fig. 10. The p value is less
than 0.05 for reinforcement weight percent and sliding
speed, which specify that the two parameters are statisti-
cally significant and have influence on the response [39].

Fig. 11 Contour plots of SWR
among the considered param-

Table4 ANOVA of SWR

Source DF Adj SS Adj MS Fvalue p value
A 2 0.000000  0.000000 210.95  0.000
B 2 0.000000  0.000000 276  0.122
C 2 0.000000  0.000000 7.40  0.015
Error 8 0.000000  0.000000
Lack-of-fit 6 0.000000  0.000000 328 0.252
Pure error 2 0.000000  0.000000
Total 14 0.000000
Model summary

S R? R¥(adj) R¥(pred)

0.0000048  98.22%  96.89% 93.18%

4 Conclusions

In the present study, physical and mechanical properties of
Al 6063 reinforced with 5, 10 and 15 wt% of TiCp were
investigated. The consequence of TiCp weight percent on
wear characteristics has been estimated, and the following
conclusions were drawn:

e The physical and mechanical properties of Al 6063-based
MMCs improved with enhancement in reinforcement
weight percent.

e The abrasive particles present in the composite made
the wear characteristics of MMC behave different from
conventional materials. Wear of composite reduced with
enhancement in reinforcement weight percent.

¢ Box—Behnken design of RSM was used effectively for
developing the model with high predictive capability at
99% confidence level.

eters
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ANOVA was also applied to verify the competence of
the developed model and there was a good agreement
subsists between the experimental and predicted results.
From ANOVA, it was confirmed that reinforcement
weight percent and sliding speed had influence on the
response.

The developed model in the present study had good capa-
bility such that it can be used to predict the results with
minimum error.
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