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Abstract. The current work focuses on the manufacturing of aluminium AA 6061 composites and its
tribological characterization. This is achieved by reinforcing the matrix with red mud. However, the uniform
dispersion of red mud requires ultrasonic assisted stir casting and the use of optimum wt.% of TiO, inoculants. In
this regard, the composition of red mud is fixed at 2 wt.%, since the addition of red mud beyond 2 wt.% results in
the agglomeration, while the wt.% of TiO, inoculants is varied from 2wt.% to 6 wt.%. The wear tests are
conducted as per the L9- Orthogonal Array (OA) for a load range of 10N to 30N, sliding distance of 500 m to
2500 m, disk rotation speed of 200 RPM to 600 RPM. The regression coefficients are more than 0.9 and close to
unity and the error between the experimental outcomes and statistical values are within the tolerance band.
The SWR and COF is minimized for 2 wt.% of red mud, 4 wt.% of TiO,, beyond which there is a slight increase
in the wear of the composites attributed to the agglomeration of the reinforcments in certain localized regions
and the presence of voids in other regions.
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1 Introduction

The role of aluminium composites in engineering applica-
tions have gained significance due to the mutliple
advantages it offers. However, the distribution of the
reinforcements in the aluminium matrix is one of the
drawback, which needs to be overcome. The utilization of
inoculants in this regard, can bring about homogeneity in
castings [1] and the prerequisite of such composites has
achieved the improvement in the different processing
methodologies to achieve these gigantic possibilities [2,3].
Stir casting is of major process methodology for fabrication
of the composites due to the benefits that the technique
acquires contrasted with various manufacture processes,
this strategy yields composites with consistent properties.
With the improvement in stir casting procedures, a colossal
assortment of composites can be developed in contrast to
conventional process methodologies. Further, the inocu-
lants have substantial impact on the characteristics and
there is a need for effectively studying them. Further, the
requirements for high level attributes from the hybrid
composites have reiterated the need for the effective
utilization of these inoculants in matrix alloy for auto,
medical, construction, aviation, and related domains. The
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reinforcement particulates in the matrix phase needs to be
homogeneously distributed because they influence the
characteristics of the composites. It is moreover extensively
revered that the scale and amount of the reinforcements
and the composition of the matrix is an important factor.
The ceramic reinforcements scattered in a metallic network
will generally offer a best combination of mechanical
properties [4]. However, it leads to the embrittlement. Also,
the vast majority of the investigations on MMC is centered
on reinforcing the ceramic particles in Al-based composites
to upgrade mechanical properties through the fusion of
ceramic particulates into the metallic lattice. Nonetheless,
the use of carbides, borides, oxides of metal inside side the
Al metallic grid are achieved by solid bonding between the
carbides and framework at above 720 °C, within the sight of
degassers which upgrade their solidarity. To overcome
these inadequacies, substantial research on the inoculants
facilitating uniform distribution are essential. Among
various inoculants, TiO, has extreme lubricity, and
bonding capabilities at higher temperatures. Especially,
the TiOs inoculants have greater impact on the uniform
distribution of red mud reinforcements is the matrix phase.
The utilization of TiO, as inoculants is in fact essential
because of its attributes. Until this point of time, the scope
of TiO, for improved nanophase is still in its incipient
stage, and necessitates further researches.
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Table 1. Elemental composition obtained from the EDS analysis.

Element Mg Al Si Cr Mn Fe Cu Zn
Weight % 1.38 93.41 1.29 0.64 0.42 1.64 0.72 0.52
Atomic % 1.56 95.3 1.26 0.34 0.21 0.81 0.31 0.22

The red mud on the other hand is a byproduct of bayers
process, and the dumping of the redmud is a serious
environmental threat, which needs to be addressed with
utmost concern. The utilization of this red mud reinforce-
ment in the matrix shall provide a sustainable path for
handling this byproduct. However, the uniform distribu-
tion of red mud in the matrix is a major concern, which
needs to be addressed [5,6]. Several researchers have used
SiC coated mild steel stirrer with bow shaped cutting edges
in stir casting furnace to distribute the red mud uniformly,
but to vain [7-9|. Thus, there is a need for inoculants to
accentuate the process of distribution of the reinforcements
in the matrix. In this regard, the discoveries of Santhosh
et al. have reported that the inoculants in the form of fly ash
can be appropriately scattered inside the Al grid, likewise
the utilization of the hetero-conglomerates, and the fly ash
inoculants can upgrade the bonding between the frame-
work and the fortifications [10]. This advancement has
prompted the careful utilization of inoculants, that
enhances the bondings between the constituents [11].
The consideration of 2.5 wt.% of Fly Debris in the Al grid
composite has improved the bonding strength by 35% in
correlation with the Al base metal and also a 15.6%
reduction in wear rate of the composites [12]. Also, the
inoculants significantly influence the hardness and impact
strength characteristics of the composites [13-15]. Rana
et al. [16] have done broad work on the combination and
portrayal of Al network composites and have detailed that
the ceramic reinforcements significantly affect the perform-
ance of the composites in light of the embrittlement. Al
Rubaie et al. [17] have reported their findings on the wear
characteristics of Al lattice composites and described that
the inclusion of the carbide reinforcements leads to
increased resistance to the wear of the composites due to
the formation of Al-C bonds and orowan strengthening at
the nuclear level. Further, it is important to validate the
results of the experiments statistically and Sahin et al. [18]
have achieved this by comparing the factual investigations
through Taguchi procedures and have highlighted that the
optimization of the process parameters significantly affect
the wear in the composite specimens. Thus, the use of the
inoculants and the optimization of the process parameters
in tribological experiments shall reduce the wear and the
consideration of ideal measure of fortifications shall result
in greater bonding in the composite. The improvement in
the process parameters for experimental trials exception-
ally improves the wear conduct of the composites [19-22].
In this manner, various scientists have reiterated the
importance of the use of suitable inoculants and opti-
mization studies for better tribological performance of the
composites [23-25]. Hence, the rationale of the present
work is to study the wear conduct of AA 6061/ TiO,/red
mud composites and to gather a data set for statistical

validation of the wear experiments by response surface
method based optimization techniques and analyze the
influence of the TiO, inoculants on the tribological
characteristics of the composites.

2 Materials and methods
2.1 Materials

In the present work, aluminium AA 6061 matrix is chosen,
as it is used for automotive applications and has excellent
formability, weldability, and posses greater strength,
corrosion resistance and can be easily forged into required
shape and size. The aluminium AA 6061 has Si and Mg as
the major alloying elements and can readily bond with the
reinforcements. Table 1 gives the composition of the
aluminium AA 6061 matrix alloy obtained from the EDS,
while Figure 1 gives the EDS of the As cast aluminium AA
6061 alloy. The EDS analysis ascertains the presence of Si
and Mg as the major alloying elements, as is the case with
the compositional specifications given by the Aluminium
Association for 6061 grade alloy. Table 2 gives the
properties of the AA 6061 alloy as provided by the supplier
data sheet [PMC Metal Corporation, Bengaluru, Karna-
taka).

The red mud is sourced from National Aluminium
Company (NALCO), Gujarat and SEM characterization
are accomplished to validate the size and shape of the red
mud particles, and the EDS is done to confirm the
composition of compounds present in redmud. Figure 2
gives the SEM image of the red mud particles, while
Figure 3 gives the EDS analysis of the redmud sample. The
size of the red mud particles are found to be in the range of
2-5 wm, with random shapes.

The EDS spectrum distinctly identifies the presence of
the oxides of Al, Fe and Si with traces of Ti, which forms
the composition of the redmud. The ceramic compounds
in the red mud tend to impart better wear resistance, when
mixed with the AA 6061 matrix in suitable proportions in
the composite.

The TiOs is sourced from NIMCO metals, Bengaluru
and the SEM characterization is done to validate the size
and shape of the particulates. Figure 4 gives the SEM image
of the TiO, particles. The size of the the TiO, particles is
found to be 2-10 pm, with tetragonal shapes.

2.2 Casting and specimen preparation

The weighed proportions of the Aluminium AA 6061 alloy
pieces are fed to the crucible of stir casting furnace, and
melted at a temperature of 690 °C in inert gas environment
to prevent the atmospheric oxygen from getting entrapped in
the molten metal. The degassing tablets (hexachloroethane)
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Fig. 1. EDS spectrum of As cast Aluminium AA 6061 alloy.

Table 2. Property table provided by the supplier data
sheet.

Property Value
Density 2.7g/cm?
Brinell hardness 95 BHN
Ultimate tensile strength 310 MPa
Yield strength 276 MPa
Youngs modulus 68.9GPa
Coefficient of thermal expansion 23.6 pm,/m°C
Thermal conductivity 167 W,/mK

are dropped into the molten metal to remove the oxides and
allied impurities, which form the slag that is skimmed off
from the surface of the molten metal. Post removal of the slag
from the molten metal, the weighed proportions of preheated
TiO5 and red mud reinforcements along with 0.5g of Mg
wrapped in an aluminium foil are introduced into the molten
metal and the mixture is heated to a temperature of 720°C
and then stirred continuously at a speed of 500 rpm for two
stretches of 10 min duration each. Subsequently, one more
round of degassing is carried out by the addition of coverall
flux, followed by the removal of slag from the surface of the
molten metal. The wt.% of red mud is kept constant at 2 wt.
%, while the composition of the TiO, inoculants are varied
from 2wt.% to 6 wt.%. The composition of the reinforce-
ments are considered based on the existing literature review
and the initial set of pilot experiments before actual research
experimentations. The addition of the red mud beyond 2 wt.
% will cause agglomeration and will subsequently come out in
the form of slag, when the flux is added. This is the main
hindrance which is limiting the red mud composition in the
matrix. Also, Santhosh et al. [26], have reported that the

increase in the reinforcements beyond 10 wt.% shall result in
agglomeration of the reinforcements in the matrix thereby
causing inhomogeneous distribution of the particulates and
void formations in certain localized regions. Table 3 gives the
composition of the matrix and reinforcements in the
composites fabricated in the present work.

The castings are then machined to dimensions in
accordance with the ASTM G99-95a test standards. The
diameter of the specimens is considered as 8 mm, while the
length of the specimens is considered as 30 mm. Figure 5
gives the schematic of the pin on disc test specimen.

2.3 Experimental

The wear tests are accomplished in accordance with the
ASTM G99-95a test standards on a Ducom make ED-201
tribometer. The test parameters for the wear character-
ization are selected based on the existing literature review
and the initial set of pilot trials carried out. The design of
experiments for accomplishing the wear tests are done as
per the L9 orthogonal array (OA) with the loads considered
for the experimental trials ranging from 10N to 30 N with
an interval of 10N between each of the trials, sliding
distance ranging from 500 to 2500 m with an interval of
1000m between each of the trials, disk rotation speed
ranging from 200 to 600 rpm with an interval of 200 rpm
between each of the trials. The pin on disc specimens are
clamped against a rotating EN 32 grade steel disc, and the
experiments are conducted. The Friction Force (FF) and
the Coefficient of Friction (COF) are recorded for each of
the trials from equation (1). Further, the loss of the volume
due to the wear is determined by subtracting the volume of
the specimen after wear from the initial volume of the
specimen. This magnitude of volume loss is further used for
calculating the specific wear rate (SWR) using the
equation (2), in accordance with the ASTM G99-05
standards [26-30]. The Response Surface Methodology
(RSM) optimization studies are further carried out on the
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Fig. 2. SEM image of red mud particles.
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Fig. 3. EDS spectrum of red mud particles.
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Fig. 4. SEM image of TiO, particles.

Table 3. Composition of composite specimens.

Composition wt.% of red mud wt.% of TiO, wt.% of AA 6061
AS CAST 0 0 100

AR2T2 2 2 96

AR2T4 2 4 94

AR2T6 2 6 92

ALl dimensions are in mm

Fig. 5. Sketch of the pin on the disc specimen.




Table 4. Factors and their levels used for the wear.

N. Hugar et al.: Manufacturing Rev. 10, 4 (2023)

Level Load (X) in N Sliding distance [Y] Disk rotation [Z]
in m in RPM
1 10 500 200
2 20 1500 400
3 30 2500 600
Table 5. Wear results for As cast specimen.
Run No. Load (N) Sliding distance (m) Disk rotation (rpm) SWR (mm®/Nm) COF
1 10 500 200 0.00626 0.339
2 10 1500 400 0.00562 0.354
3 10 2500 600 0.00514 0.366
4 20 500 400 0.00568 0.351
5 20 1500 600 0.00531 0.363
6 20 2500 200 0.00422 0.376
7 30 500 200 0.00453 0.362
8 30 1500 400 0.00359 0.389
9 30 2500 600 0.00275 0.411
Factor Coding: Actual SWR (Cu.mm/N.m)
SWR (Cu.mm/N.m)
@ Design Points
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Fig. 6. Surface plot for variation of wear with load and sliding distance.
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Table 6. Fit statistics of wear test for As cast specimen.

Std. Dev. 0.0003 R? 0.9475

Mean 0.0048 Adjusted R 0.9160

CV.% 6.78 Predicted R? 0.7123
Adeq 15.8148
precision

COF and SWR values to optimize the process parameters
post experimental trials. The statistical outcomes and the
experimental values are further validated and the error
predictions are accomplished to study the influence of
process parameters on the wear rate for each of the composite
specimens. Subsequently the surface morphology of the worn
surfaces are characterized from Scanning Electron Micro-
scopy and the wear debris are effectively studied to
understand the wear mechanism [26]

Coefficient of Friction [COF(u)] = (1)

2|~

where F is the frictional, and N is the normal force [26].

Specific Wear Rate(SWR)
Wear Volume Loss inmm
(Sliding distance inm x Applied Load inNV)

3

(2)

wear volume loss is given by

where, Y
Viess =& fld x (Wearlossinmm); d is the diameter of

the pin specimen in mm.

2.4 Response surface methodology (RSM) studies

The RSM studies are accomplished to optimize and
statistically validate the experimental outcomes. The
COF and SWR are validated by considering the three
process parameters of the wear experimentations viz., the
load (X) in N, sliding distance (Y) in m and the disk
rotation (Z) in RPM and modelled for the response
optimization based on the three factor approach. Equation
(3) gives the response as a function of the process

parameters.
A= f(X,Y-Z) 3)

where A is the response viz., COF and SWR modeled as a
function of the factorsX, Y and Z.



N. Hugar et al.: Manufacturing Rev. 10, 4 (2023)

Predicted vs. Actual

SWR
1.00E-02 —
Color points by value of
SWR:
0.00275 [ 0.00626
6.00E-03 —
O
2.00E-03 —
o]
Q
+—
=
el
o
o
-2.00E-03 —]
-6.00E-03 —
-1.00E-02 —
I I I I I I
0.002 0.003 0.004 0.005 0.006 0.007
Actual

Fig. 8. Curve fitting for predicted versus actual values for SWR for As cast specimen.

Further, the regression equations are modelled by
considering the three factors and three levels for each of the
factors as in Table 4. The experimental outcomes are
statistically validated by considering the coefficient of
correlation (R?), adjusted R and predicted R* values. The
contour plots and surface plots obtained give the variation
of the responses for the different factorial levels.

The experimental outcomes obtained as per the L9
orthogonal array are statistically validated using the RSM.
From the statistical comparisons, the critical factors are
identified and the optimization studies are accomplished.

2.5 Scanning electron microscopy (SEM)

The scanning electron microscopy is accomplished using a
VEGA 3 TESCAN LMU machine in the Materials Centre
of Excellence at BMS College of Engineering at a scanning
voltage of 25kV, with a resolution range of 3.1nm to
15.5 nm, magnification range of 4.5 X to 1,000,000 X and a
five axes control.

The microstructural evaluation gives information about
the wear mechanism, morphology of the wear track and the
surface characteristics of the worn surfaces [27-32]. The wear
track analysis provides a base for evaluating the contact
mechanics during the adhesive wear process [33-36].

3 Results

3.1 Effect of the different factors on COF and SWR
for As cast specimen

The pin on disc wear test is carried out on a Ducom make
ED-201 tribometer in a controlled environment. The
dataset for Friction Force for different factorial levels for
a run time of 600 seconds are acquired using a data
acquisition system interfaced with the computer. The COF
and the SWR for different factorial levels are subsequently
computed and tabulated. The outcomes of the experiments
are used for statistical modelling using RSM and validated.
The results of the experiments for As cast specimen are
given in Table 5.

3.1.1 Statistical validation of SWR for As cast specimen

The statistical validation of the wear results are accom-
plished by the RSM techniques and the surface and 3D
contour plots are obtained. Subsequently the analysis of
variance (ANOVA) is carried out to seperate observed data
and gain sufficient knowledge about the relationship
between the dependent and independent variables in the
wear test.
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Fig. 9. Surface plot for variation of COF with load and sliding distance for As cast specimen.

Figure 6 gives the surface plot, while Figure 7 gives the
3D contour plots for SWR. From, the surface and
3D contour plot, it is evident that the SWR reduces
with the increment in the load and the sliding
distance.

Further, the regression correlation gives the fit data
(Tab. 6) and the plot for curve fitting the predicted
versus actual data (Fig. 8). While the equation (4) gives
the regression equation from the RSM model for
the SWR values obtained using the Design Expert
Software.

The R? Adjusted R values are 0.9475 and 0.9160
respectively. This indicates that the coefficient of corre-
lation is close to 1 and the predicted values have a linear fit
with the experimental values, with relatively lesser number
of outliers.

Adeq Precision measures the signal to mnoise ratio.
A ratio greater than 4 is desirable. In the present work, a
ratio of 15.815 indicates an adequate signal. This model can
be used to navigate the design space.

SWR = +0.007826—0.000102 * LOAD—7.678E — 7
« SLIDING DISTANCE + 4.111E — 7
« DISK ROTATION. (4)

3.1.2 Statistical validation of COF for As cast specimen

Figure 9 gives the surface plot, while Figure 10 gives the 3D
contour plots for COF. From, the surface and 3D contour
plot, it is evident that the COF increases with the
increment in the load and the sliding distance.

Further, the regression correlation gives the fit data
(Tab. 7) and the plot for curve fitting the predicted versus
actual data (Fig. 11). While the equation (5) gives the
regression equation from the RSM model for the SWR
values obtained using the Design Expert Software. The
increase in the COF increases the wear loss, however
reduces the SWR, due to the fact that the volumetric wear
loss is relatively lesser as compared to the subsequent
increase in the load and the sliding distance.

The predicted R*of 0.6947 is not as close to the adjusted R?
of 0.8967 as one might normally expect; i.e. the difference is
more than 0.2. This may indicate a large block effect or a
possible problem with the model and/or data. Things to
consider are model reduction, response transformation,
outliers, etc. All empirical models are tested by doing
confirmation runs.

Adeq Precision measures the signal to noise ratio. A
ratio greater than 4 is desirable. The ratio of 15.266
indicates an adequate signal. This model can be used to
navigate the design space.
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Table 7. Fit statistics of wear test for As cast specimen.
Std. Dev. 0.0070 R? 0.9354
Mean 0.3679 Adjusted R’ 0.8967
CV.% 1.89 Predicted R” 0.6947
Adeq precision 15.2656

COF = +0.304833 + 0.001717 * LOAD + 0.000015
+ SLIDING DISTANCE + 0.000014
« DISK ROTATION. (5)

3.1.3 Analysis of variance (ANOVA) for As cast specimen

Table 8 gives the ANOVA results for SWR for the As Cast
Specimens. The Model F-value of 30.08 implies the model is
significant. There is only a 0.13% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A-Load, and B-Sliding Distance are
significant model terms. Values greater than 0.1000
indicate the model terms are not at all significant. Thus,
the model term C-Disk Rotation is not having much of the
significance on the outcomes of the experiment.

Table 9 gives the ANOVA results for COF. The Model
F-value of 24.14 implies the model is significant. There is
only a 0.21% chance that an F-value this large could occur
due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. Thus, from the model summary, it is
evident that the load and sliding distance are having
substantial influence on the wear results.

3.2 Effect of the different factors on COF and SWR
for AR2T2 SPECIMEN

The effect of different set of factors on the COF and SWR
are also evaluated for the AR2T2 specimen. The wear
results are tabulated in Table 10.
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Table 8. ANOVA table for SWR for As cast specimens.
Source Sum of squares df Mean square F-value p-value Remarks
Model 9.502E-06 3 3.167TE-06 30.08 0.0013 Significant
A-LOAD 6.304E-06 1 6.304E-06 59.87 0.0006
B-SLIDING DISTANCE 2.653E-06 1 2.653E-06 25.19 0.0040
C-DISK ROTATION 3.042E-08 1 3.042E-08 0.2889 0.6140
Residual 5.264E-07 5 1.053E-07
Cor Total 0.0000 8
Table 9. ANOVA table for COF for As cast specimen.
Source Sum of squares df Mean square F-value p-value
Model 0.0035 3 0.0012 24.14 0.0021 Significant
A-LOAD 0.0018 1 0.0018 36.56 0.0018
B-SLIDING DISTANCE 0.0011 1 0.0011 22.19 0.0053
C-DISK ROTATION 0.0000 1 0.0000 0.7179 0.4355
Residual 0.0002 5 0.0000
Cor Total 0.0037 8
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Table 10. Wear results for AR2T?2 specimens.

Run No. Load (N) Sliding distance (m) Disk rotation (rpm) SWR (mm®/Nm) COF
1 10 500 200 0.00529 0.336
2 10 1500 400 0.00456 0.351
3 10 2500 600 0.00405 0.359
4 20 500 400 0.00461 0.348
5 20 1500 600 0.00425 0.354
6 20 2500 200 0.00315 0.363
7 30 500 200 0.00341 0.351
8 30 1500 400 0.00253 0.376
9 30 2500 600 0.00169 0.401
Factor Coding: Actual SWR (Cumm/Nm)

2500
SWR (Cu.mm/N.m)
@ Design Points

0.00169 [ 0.00529

X1=A
X2=8B

2000 —

Actual Factor
C =400

B: SLIDING DISTANCE (m)

500

10

15 20 25 30

A: LOAD (N)

Fig. 12. Surface plot for variation of SWR with load and sliding distance for AR2T?2 specimen.

3.2.1 Statistical validation of SWR for AR2T2 specimen

Figure 12 gives the surface plot, while Figure 13 gives the
3D contour plots for SWR for AR2T2 specimens. From, the
surface and 3D contour plot, it is evident that the SWR
reduces with the increment in the load and the sliding
distance and it is much lesser than the As cast specimen.

Further, the regression correlation gives the fit data
(Tab. 11) and the plot for curve fitting the predicted
versus actual data (Fig. 14). While the equation (6) gives

the regression equation from the RSM model for the
SWR values obtained using the Design Expert Software.
The increase in the COF increases the wear loss, however
reduces the specific wear rate, due to the fact that the
volumetric wear loss is relatively lesser as compared to
the subsequent increase in the load and the sliding
distance.

The predicted R? of 0.7446 is in reasonable agreement
with the adjusted R? of 0.9264; i.e. the difference is less
than 0.2.
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Fig. 13. 3D Contour plot for variation of SWR with load and sliding distance for AR2T2 specimen.

Table 11. Fit statistics of SWR for AR2T?2 specimen.

Std. Dev. 0.0003 R? 0.9540

Mean 0.0037 Adjusted R? 0.9264

CV.% 8.27 Predicted R? 0.7446
Adeq 16.9708
Precision

Adeq Precision measures the signal to mnoise ratio.
A ratio greater than 4 is desirable. The ratio of 16.971
indicates an adequate signal. This model can be used to
navigate the design space.

SWR = +0.006824 — 0.000104  LOAD—7.756E — 7
« SLIDING DISTANCE + 3.889E — 7
« DISK ROTATION. (6)

3.2.2 Statistical validation of COF for AR2T2 specimen

Figure 15 gives the surface plot, while Figure 16 gives the
3D contour plots for COF for AR2T?2 specimens. From, the
surface and 3D contour plot, it is evident that the COF
increases with the increment in the load and the sliding
distance and it is much lesser than the As cast specimen.

Further, the regression correlation gives the fit data
(Tab. 12) and the plot for curve fitting the predicted vs.
actual data (Fig. 17). While the equation (7) gives the
regression equation from the RSM model for the COF
values obtained using the Design Expert Software. The
increase in the COF increases the wear loss, however
reduces the Specific wear rate, due to the fact that the
volumetric wear loss is relatively lesser as compared to
the subsequent increase in the load and the sliding
distance.

The predicted R? of 0.4416 is not as close to the adjusted
R? of 0.7963 as one might normally expect; i.e. the
difference is more than 0.2. This may indicate a large block
effect. Things to consider are model reduction, response
transformation, outliers, etc. All the empirical models are
tested by doing confirmation runs.
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Fig. 14. Curve fitting for predicted versus actual values for SWR for AR2T?2 specimen.

Adeq precision measures the signal to noise ratio.
A ratio greater than 4 is desirable. The ratio of 10.734
indicates an adequate signal. This model can be used to
navigate the design space.

COF = +0.305 + 0.001367 * LOAD + 0.000012
« SLIDING DISTANCE + 0.000022
« DISK ROTATION. (7)

3.2.3 Analysis of variance (ANOVA) for AR2T2 specimen

Table 13 gives the ANOVA results for SWR for AR2T2
specimen. The model F-value of 34.54 implies the model is
significant. There is only a 0.09% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model.

Table 14 gives the ANOVA results for COF for AR2T2
specimen. The model F-value of 11.43 implies the model is
significant. There is only a 1.12% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model.

3.3 Effect of the different factors on COF and SWR
for AR2T4 specimen

The effect of different set of factors on the COF and SWR
are also evaluated for the AR2T4 specimen. The wear

results are tabulated in Table 15.

3.3.1 Statistical validation of SWR for AR2T4 specimen

Figure 18 gives the surface plot, while Figure 19 gives the
3D contour plots for SWR for AR2T4 specimens. From, the
surface and 3D contour plot, it is evident that the SWR
reduces with the increment in the load and the sliding
distance and it is much lesser than the As cast specimen.
Further, the regression correlation gives the fit data
(Tab. 20) and the plot for curve fitting the predicted versus
actual data (Fig. 20). While the equation (8) gives the
regression equation from the RSM model for the SWR
values obtained using the Design Expert Software.
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Fig. 15. Surface plot for variation of COF with load and sliding distance for AR2T2.

The predicted R? of 0.7401 is in reasonable agreement
with the adjusted R? of 0.9241; i.e. the difference is less
than 0.2.

Adeq precision measures the signal to noise ratio.
A ratio greater than 4 is desirable. The ratio of 16.612
indicates an adequate signal. This model can be used to
navigate the design space.

SWR = +0.006253—0.000101 * LOAD—7.667E — 7
 SLIDING DISTANCE + 4.833E — 7
+ DISK ROTATION. (8)

3.3.2 Statistical validation of COF for AR2T4 specimen

Figure 21 gives the surface plot, while Figure 22 gives the
3D contour plots for COF for AR2T4 specimens. From, the
surface and 3D contour plot, it is evident that the COF
increases with the increment in the load and the sliding
distance.

Further, the regression correlation gives the fit data
(Tab. 17) and the plot for curve fitting the predicted versus
actual data (Fig. 23). While the equation (9) gives the
regression equation from the RSM model for the COF
values obtained using the Design Expert Software. The
COF for AR2T4 specimen is relative lesser than that of the
AR2T?2 specimen.

The predicted R? of 0.7805 is in reasonable agreement with
the adjusted R? of 0.9064; i.e. the difference is less than 0.2.

Adeq precision measures the signal to noise ratio.
A ratio greater than 4 is desirable. The ratio of 16.533
indicates an adequate signal. This model can be used to
navigate the design space.

SWR = +0.301 + 0.0013 * LOAD + 0.000012
« SLIDING DISTANCE + 0.000025
+ DISK ROTATION. (9)

3.3.3 ANOVA for AR2T4 specimen

Table 18 gives the ANOVA table for SWR for AR2T4
specimen. The model F-value of 33.45 implies the model is
significant. There is only a 0.10% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model.

Table 19 gives the ANOVA table for COF for AR2T4
specimen. The model F-value of 26.81 implies the model is
significant. There is only a 0.17% chance that an F-value
this large could occur due to noise.
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Fig. 16. 3D contour plot for variation of COF with load and sliding distance for AR2T2.

Std. Dev. 0.0085 R? 0.8727

Mean 0.3599 Adjusted R? 0.7963

CV.% 2.37 Predicted R? 0.4416
Adeq 10.7337
Precision

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model.

3.4 Effect of the different factors on COF and SWR
for AR2T6 specimen

The effect of different set of factors on the COF and SWR
are also evaluated for the AR2T4 specimen. The wear
results are tabulated in Table 20.

3.4.1 Statistical validation of SWR for AR2T6 specimen

Figure 24 gives the surface plot, while Figure 25 gives the
3D contour plots for SWR for AR2T6 specimens. From, the
surface and 3D contour plot, it is evident that the SWR
reduces with the increment in the load and the sliding
distance.

Further, the regression correlation gives the fit data
(Tab. 20) and the plot for curve fitting the predicted versus
actual data (Fig. 26). While the equation (10) gives the
regression equation from the RSM model for the SWR
values obtained using the Design Expert Software. The
SWR for AR2T6 specimen increases as compared to the
AR2T4 specimen.
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Fig. 17. Curve fitting for predicted versus actual values for COF for AR2T?2.
Table 13. ANOVA table for SWR for AR2T2 specimen.
Source Sum of squares df Mean Square F-value p-value Remarks
Model 9.835E-06 3 3.278E-06 34.54 0.0009 Significant
A-LOAD 6.552E-06 1 6.552E-06 69.03 0.0004
B-SLIDING DISTANCE 2.707E-06 1 2.707E-06 28.52 0.0031
C-DISK ROTATION 2.722E-08 1 2.722E-08 0.2868 0.6152
Residual 4.746E-07 5 9.491E-08
Cor Total 0.0000 8
Table 14. ANOVA table for COF for AR2T2 specimen.
Source Sum of squares df Mean square F-value p-value Remarks
Model 0.0025 3 0.0008 11.43 0.0112 Significant
A-LOAD 0.0011 1 0.0011 15.37 0.0112
B-SLIDING DISTANCE 0.0007 1 0.0007 9.26 0.0271
C-DISK ROTATION 0.0001 1 0.0001 1.22 0.3199
Residual 0.0004 5 0.0001
Cor Total 0.0029 8
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Table 15. SWR for COF and AR2T4 specimen.
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AR2T4 Specimen

Run No. Load (N) Sliding distance (m) Disk rotation (rpm) SWR (mm®/Nm) COF
1 10 500 200 0.00471 0.328
2 10 1500 400 0.00411 0.341
3 10 2500 600 0.00359 0.354
4 20 500 400 0.00416 0.349
5 20 1500 600 0.00376 0.357
6 20 2500 200 0.00265 0.363
7 30 500 200 0.00302 0.344
8 30 1500 400 0.00204 0.368
9 30 2500 600 0.00128 0.389
Factor Codlng Actual SWR (Cu mm/N m)
2500 . .
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Fig. 18. Surface plot for variation of SWR with load and sliding distance for AR2T4 specimen.
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Fig. 19. 3D Contour plot for variation of SWR with load and sliding distance for AR2T4 specimen.

Table 16. Fit statistics of wear test for As cast specimen.

Std. Dev. 0.0003 R? 0.9525

Mean 0.0033 Adjusted R* 0.9241

C.V.% 9.38 Predicted R? 0.7401
Adeq 16.6117
precision

Table 17. Fit statistics of wear test for As cast specimen.

Std. Dev. 0.0054 R? 0.9415

Mean 0.3548 Adjusted R? 0.9064

CV.% 1.52 Predicted R? 0.7805

16.5332

Adeq
precision
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Table 18. ANOVA for SWR for AR2T4.

Source Sum of squares df Mean square F-value p-value Remarks
Model 9.366E-06 3 3.122E-06 33.45 0.0010 Significant
A-LOAD 6.141E-06 1 6.141E-06 65.79 0.0005

B-SLIDING DISTANCE 2.714E-06 1 2.714E-06 29.08 0.0030

C-DISK ROTATION 4.205E-08 1 4.205E-08 0.4505 0.5318

Residual 4.667E-07 5 9.333E-08

Cor Total 9.832E-06 8

Table 19. ANOVA for COF for AR2T4.

Source Sum of squares df Mean square F-value p-value Remarks
Model 0.0023 3 0.0008 26.81 0.0017 Significant
A-LOAD 0.0010 1 0.0010 34.99 0.0020

B-SLIDING DISTANCE 0.0006 1 0.0006 21.14 0.0059

C-DISK ROTATION 0.0001 1 0.0001 3.88 0.1059

Residual 0.0001 5 0.0000

Cor Total 0.0025 8

Predicted vs. Actual
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Fig. 20. Curve fitting for predicted versus actual values for SWR, for AR2T4 specimen.
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Fig. 21. Surface plot for variation of COF with load and sliding distance for AR2T4 specimen.

The predicted R? of 0.9654 is in reasonable agreement
with the adjusted R? of 0.9803; i.e. the difference is less
than 0.2.

Adeq Precision measures the signal to noise ratio.
A ratio greater than 4 is desirable. The ratio of 36.101
indicates an adequate signal. This model can be used to
navigate the design space.

SWR = +0.005969—0.000046 «* LOAD—4.744E — 7
* SLIDING DISTANCE — 5.056E — 7

« DISK ROTATION. (10)

3.4.2 Statistical validation of COF for AR2T6 specimen

Figure 27 gives the surface plot, while Figure 28 gives the
3D contour plots for COF for AR2T6 specimens and
Figure 29 Curve fitting for predicted versus actual
values for COF for AR2T6 specimens From, the surface
and 3D contour plot, it is evident that the COF
increases with the increment in the load and the sliding
distance.

Further, the regression correlation gives the fit data
(Tab. 21) and the plot for curve fitting the predicted versus
actual data (Fig. 26). While the equation (11) gives the
regression equation from the RSM model for the COF

values obtained using the Design Expert Software. The
COF values of AR2T6 specimen increases with the
increase in the weight percentage of TiOy due to the
ridges and valleys that are formed by the agglomeration
of the reinforcements beyond 4 wt.% of TiO, in some
localized regions and presence of voids in other regions
attributed to inhomogeneous distribution. This agglom-
eration of the ceramic compounds in the form of oxides
increase the coefficient of friction between the rubbing
surfaces in wear test. The increase in the wear tracks for
AR2T6 spcimen is also evident in the SEM images in
Figure 31. This is also ascertained from the findings of
Santhosh et al. [37,38], and Bharath et al. [39], who have
reported the influence of reinforcements on the wear and
hardness characteristics of the composite materials. The
presence of ceramic compounds beyond a certain limit
are found to cause embrittlement in certain regions
and pores in other regions due to microcoring and
segregation.

The predicted R? of 0.5604 is not as close to the adjusted
R? of 0.8867 as one might normally expect; i.e. the
difference is more than 0.2. This may indicate a large block
effect or a possible problem with the model and/or data.
Things to consider are model reduction, response trans-
formation, outliers, etc. All empirical models should be
tested by doing confirmation runs.
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Fig. 22. 3D contour plot for variation of COF with load and sliding distance for AR2T4 specimen.

Adeq precision measures the signal to noise ratio.
A ratio greater than 4 is desirable. The ratio of 14.337
indicates an adequate signal. This model can be used to
navigate the design space.

COF = 40.322944 + 0.001567 * LOAD + 9E — 6
* SLIDINGDISTANCE + 0.000013
* DISKROTATION.

3.4.3 ANOVA for AR2T6

Table 22 gives the ANOV A for SWR for AR2T6 specimens.
The model F-value of 133.62 implies the model is
significant. There is only a 0.01% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model.

Table 23 gives the ANOVA for COF for AR2T6
specimens. The model F-value of 21.86 implies the model is
significant. There is only a 0.27% chance that an F-value
this large could occur due to noise.

P-values less than 0.0500 indicate model terms are
significant. In this case A, B are significant model terms.
Values greater than 0.1000 indicate the model terms are
not significant. If there are many insignificant model terms
(not counting those required to support hierarchy), model
reduction may improve the model.

3.5 Comparisons for SWR and COF for different
composite specimens

The comparative evaluation of the SWR, and COF values
for different composite specimens as shown in Figures 30—
31 clearly depicts that the SWR reduces with the inclusion
of the red mud and TiO, reinforcements in the matrix. This
is due to the embrittlement and subsequent increase in the
hardness caused by the ceramic compounds viz., the oxides
of Ti, and the oxides of Al, Fe in the redmud. However, the
increase in the TiO, content beyond 4 wt.% increases
the SWR and COF owing to the agglomeration of the
reinforcements at certain localized regions and formation of
the voids at other locations resulting in reduced hardness of
the composites. Henceforth, it is evident that the optimum
wt.% of reinforcements for improving the wear character-
istics in the composites is 2 wt.% red mud and 4 wt.% TiO,,
beyond which the wear resistance of the composites
reduces.
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Fig. 23. Curve fitting for predicted versus actual values for COF for AR2T4 specimen.

3.6 Coefficient of friction (COF) with time
for different composition

The variation of the coefficient of friction with time for
different composition give an idea of the variation of the
friction forces during the test period. It helps to identify
the wear profile for different composite specimens for
which the tribological tests are accomplished. The COF
for as cast specimen is found to be maximum in
comparison with the other composites. However, as the
reinforcements are included in the composites, the
coefficient of friction decreases upto 4wt.% of TiOs,
beyond which the COF slightly increases owing to
microcoring and aggregations. Figures 32-35 give the
curves of coefficient of friction (COF') variation with test
time for ‘As Cast’, ‘AR2T2’, ‘AR2T4’, and ‘AR2T6¢’
specimen. The curves of COF variation with test time
gives an understanding of the friction profile for the
composite specimens.

The COF variation is predominant for the AR2T4
specimens, with significantly lesser COF in comparison
with the “As Cast” and other composite specimens. This is
due to stronger bonding between the matrix and reinforce-
ments. The COF for As Cast specimen is higher than the
average value and it reduces with the inclusion of red mud
and TiO, inoculants in the matrix. However, for the
AR2T6 specimen, the COF once again increases justifying

the increase in the wear rate due to the existence of
agglomerated zones in certain locations and voids in other
regions.

3.7 Scanning electron microscopy of wear track

The SEM of the wear track of the composite specimens for
wt.% of the reinforcements are depicted in Figure 36. It is
evident from the SEM images that more number of ridges and
valleys are seen in the as cast specimen, while the number of
ridges, valleys and the wear tracks reduces with the increment
in the wt.% of the reinforcements. The reduction in the number
of wear tracks is attributed to the formation of friction films
that resist the indentation and surface abrasion.

Figure 36a gives the SEM image of the As cast specimen
with damaged surfaces and distinct ridges and valleys.
While, Figure 36b gives the SEM image of the AR2T2
specimen with wear debris and thin layers of friction films,
which begin to form with the inclusion of the reifnorce-
ments. Figure 36¢ gives the SEM image of the AR2T4
specimen with thick friction films that resist the wear and
tear of the specimens. Figure 3d gives the SEM image of the
AR2T6 specimen, wherein the wear tracks again appear
due to the exposure of softer layers of the surface to the
wear and indentation, attributed majorly due to the
agglomeration of reinforcements at certain localized
regions, and formation of voids at other regions.
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Fig. 24. Surface plot for variation of SWR with load and sliding distance for AR2T6 specimen.

4 Conclusions

The aluminium AA 6061-TiOg-redmud composites fab-
ricated are characterized for the wear. It is evident from the
experimental observations and the statistical validations
that the specific wear rate (SWR) and the coefficient of
friction (COF') reduce with the inclusion of reinforcements,
especially the red mud and TiO,. However, the addition of
red mud and TiO, beyond certain limit leads to
agglomeration at certain localized regions and void
formations at other regions.

The statistical analysis of the wear results also
ascertains the experimental findings and the predicted
results are in close agreement with the experimental values.
The error between the experimental output and the
predicted values are within +10% band.

The SWR is maximum (0.00626 mm®/m) for as cast
specimen for R1 experimental trial (load of 10N, sliding
distance of 500 m, disk rotation speed of 200 rpm, while the
SWR is minimum (0.00128 mm?*/m) for AR2T4 composite

specimen with 2wt.% red mud and 4 wt.% TiO, for R9
experimental trial (load of 30 N, sliding distance of 2500 m,
and disk rotation speed of 600 rpm).

The COF is maximum for As Cast composite specimen
(0.411) for R9 experimental trial viz., load of 30N, sliding
distance of 2500 m, disk rotation speed of 600 rpm, while
the COF is minimum for AR2T4 composite specimen for
R1 experimental trial viz., the load of 10 N, sliding distance
of 500 m, disk rotation speed of 200 rpm.

Further, the SEM images also depict the formation of
thick friction films with the inclusion of the red mud and
TiO, reinforcements, leading to a decrease in the wear rate
of the composite specimens. However, an increase in the
TiO, content beyond 4 wt.% leads to localized agglomer-
ation and void formations resulting in distinct pattens of
wear in the composite specimens.

Henceforth, from the findings of the the present work, it is
evident that the inclusion of the hybrid combination of red
mud and TiO, reinforcements upto a certain threshold limit
improves the triblogical characteristics of the composites.
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Fig. 25. 3D Contour plot for variation of SWR with load and sliding distance for AR2T6 specimen.

Table 20. Fit Statistics of wear test for As cast specimen.

AR2T6
Run No. Load (N) Sliding distance (m) Disk rotation (rpm) SWR (mm®/Nm) COF
1 10 500 200 0.00524 0.341
2 10 1500 400 0.00452 0.355
3 10 2500 600 0.00398 0.368
4 20 500 400 0.00452 0.372
5 20 1500 600 0.00416 0.379
6 20 2500 200 0.00378 0.385
7 30 500 200 0.00423 0.374
8 30 1500 400 0.00365 0.388
9 30 2500 600 0.00308 0.396
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Fig. 26. Curve fitting for predicted versus actual values for SWR for AR2T6 specimen.
Table 21. Fit statistics of wear test for As cast specimen.
Std. Dev. 0.0001 R? 0.9877
Mean 0.0041 Adjusted R? 0.9803
CV.% 2.09 Predicted R 0.9654
Adeq 36.1007
Precision
Table 22. Fit statistics of wear test for As cast specimen.
Std. Dev. 0.0057 R? 0.9292
Mean 0.3731 Adjusted R? 0.8867
C.V.% 1.53 Predicted R 0.5604
Adeq 14.3373

precision
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Fig. 27. Surface plot for variation of COF with load and sliding distance.

Table 23. ANOVA for SWR for AR2T6 specimens.

Source Sum of squares df Mean square F-value p-value Remarks
Model 2.988E-06 3 9.959E-06 133.62 <0.0001 Significant
A-LOAD 1.288E-06 1 1.288E-06 172.82 <0.0001

B-SLIDING DISTANCE 1.013E-06 1 1.013E-06 135.90 <0.0001

C-DISK ROTATION 4.601E-08 1 4.601E-08 6.17 0.0555

Residual 3.727E-08 5 7.453E-09

Cor Total 3.025E-06 8

Table 24. ANOVA for COF for AR2T6 specimen.

Source Sum of Squares df Mean square F-value p-value

Model 0.0021 3 0.0007 21.86 0.0027 Significant
A-LOAD 0.0015 1 0.0015 45.02 0.0011

B-SLIDING DISTANCE 0.0004 1 0.0004 11.14 0.0206

C-DISK ROTATION 0.0000 1 0.0000 0.719 0.3680

Residual 0.0002 5 0.0000

Cor Total 0.0023 8
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Fig. 28. 3D contour plot for variation of COF with load and sliding distance for AR2T6.
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Fig. 30. Graph for SWR comparisons.
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Fig. 32. Curve of coefficient of friction (COF) variation with test time for as cast specimen.
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Fig. 33. Curve of coefficient of friction (COF) variation with test time for AR2T2 specimen.
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Fig. 34. Curve of coefficient of friction (COF) variation with test time for AR2T4 specimen.
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Fig. 36. SEM images of the worn surface of (a) As Cast (b) AR2T2 (c) AR2T4 (d) AR2T6 composite specimens.
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