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Abstract

The present work is aimed at developing an Aluminium metal Matrix Composite (AMC) with an industrial waste Limestone Slurry Particulate
(LSP) dust as reinforcement which is available in plenty at no cost. As the stone industry is producing huge amounts of dust as waste, utilization
of this waste dust for producing useful materials can reduce its adverse effects on the environment. AMC with reinforced LSP composites are
manufactured using stir casting process with varying weight% of LSP (0%, 4%, 8%, 12%, 16%). The particle size of LSP varied from 10-60 pm
with an average size of 42 um. The present work investigates the effect of control parameters on tribological properties (coefficient of friction
and wear rate) of AMC reinforced with LSP. The development of suitable wear rate and coefficient of friction models using fuzzy logic is

accomplished during this study.

Keywords: Aluminium metal Matrix Composite, Limestone Slurry Particulate, Fuzzy method, Wear rate.

Introduction

Several modern materials have come into existence to meet
the challenges of industries in the quest for apt materials for
engineering applications. Metal matrix composites have
gained importance in engineering over the past couple of
decades due to their higher specific strength and wide range
of applications. Composites with Aluminium as base metal
are more common than that any other base metal due to the
abundant availability of Aluminium. To curb the cost and
ease of fabrication, aluminium-based composites are now
made with fine powders of Al,O3/SiC utilizing the stir
casting method. However, some hitches are encountered in
the fabrication of aluminium-based composites by this
process due to the difference between the density of matrix
material and reinforcement, variation in melting points,
immiscibility and deprived wettability. Many scientists
believe that particle retention may be improved by using
wetting agents [1, 2 and 6]. Tribology relies on material
science, physics, and chemistry concepts, making it a multi-
disciplinary field. Since wear accounts for more amount of a
loss of machine utilization, it is a huge industrial concern.

Wear occurs whenever two surfaces that are moving
relative to one another come into touch with one another,
resulting in a progressive loss of material. Researchers [7-
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10] have established several wear theories, in which the
physical and mechanical parameters of the materials are
taken into consideration. Reduced wear not only avoids
machine failure but also enhances the industrial process.

Wear can be classified based on surface damage into the
following categories. The most common types are adhesive
and abrasive wear as shown in Figure 1, attributed to Carlos,
A. etal. [11]. Surface fatigue is the type of wear produced
when particles are separated from the solid surfaces due to
the accumulation of micro-damage in the material. The
functioning of the wear mechanism contributes to the
development of fractures and voids in the solid surfaces,
which are then exacerbated as the cycles continue to be
conducted.
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Figure 1. Schematic Descriptions of Adhesive and
Abrasive Wear [11]
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The purpose of this study is to explore the tribological
characteristics of an aluminium metal matrix composite that
has been reinforced with limestone slurry particulate. These
features include dry sliding wear rate and coefficient of
friction (LSP). This work is focused on the development of
approximate models for wear rate and coefficient of friction
using Fuzzy Logic. To determine the effect of control
parameters i.e., load, the weight percentage of LSP, sliding
velocity and sliding distance on fuzzy output parameters. It
also determines the settings of control parameters that result
in the best fuzzy responses [12-19].

1. Review of Literature

Gautam et al., (2022) [20] examined the effects of
incorporating slurry waste from the polishing of dimensional
limestone into black cotton soil to enhance its geotechnical
qualities. Weight-for-weight soil replacement with slurry
began at 2.5% and continued until adding more slurry did
not affect the soil's quality. The soil's workability, load-
bearing capacity, mechanical and durability were all shown
to be enhanced when slurry was used as an addition. The
swelling behaviour of the soil determined by the free swell
index was shown to be reduced when compared to a tidy soil
sample. In this laboratory investigation, the use of
dimensional limestone slurry waste as an additive was found
to improve the characteristics of black cotton soil, making it
suitable for use as a subgrade in flexible pavement.
Additionally, this provided a sustainable alternative for the
disposal of slurry waste created during poising operations.

Lokanadham et al., (2021) [21] studied the tribological
performance of aluminium composite (Al-MgSi) reinforced
with a powder derived from limestone slurry is investigated
(LSP). LSP is used to make an AMC (aluminium metal
matrix composite) with different weight percentages ranging
from 4% wt to 16% wt. A 12%wt LSP. Shows superior wear
performance when compared to competing products. The
Taguchi method was used in the experiment design (L25).
Wear rate (WR- mm3/Nm) and coefficient of friction (CF)
are the outcomes of this research, whereas sliding velocity
(V), % of LSP (R), sliding distance (D), and load (L) are the
input factors. Additionally, grey relation analysis (GRA)
simplifies several variables down to a single one. As a result
of this transformation, the wear-related responses across
several variables may be understood as a single variable,
represented by a grey-scale relation grade. A multi-way
“analysis of variance (ANOVA)” was carried out to assess
the significance of the individual factors and their
connections with the design elements. Grey-fuzzy reasoning
grade (GFRG) has been shown to increase the performance
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of wear behaviour features in the tribological process, as
shown by experimental data.

Lokanadham et al., (2020) [22] stated that a solid waste
called LSP is being employed as a reinforcing material. Al-
LSP composites are made with 4, 8, 12, and 16% weight
ratios, and are manufactured by double stir casting, to
determine the tribological performance of aluminium (Al),
magnesium (Mg), and silicon (Si) alloy to improve the
mechanical and tribological characteristics of “Aluminum
Metal Matrix Composites (AMCs)”. Using the results of
tribological tests carried out on a Pin-on-disc Tester,
calculations were made to determine the sliding wear rate
(WR) and the coefficient of friction (CF). Results show that
while load and sliding speed were increased, wear rates were
also increased, however, LSP had a mitigating effect. As
stress increases, abrasion wear gives way to delamination
wear. To analyse the dispersoids phase in sub-surfaces, as
well as the worn-out surface, and the distribution of LSP in
the base material, a scanning electron microscope (SEM)
and an optical microscope are used. The Taguchi
Orthogonal Array (L25) is a candidate for use in estimating
the best possible response. The effects of sliding distance
and working load on WR and CF were shown to be
statistically significant by analysis of variance (ANOVA).

Dai et al., (2017) [23] investigated that adding Fenton's
reagent and lime allows for deep-dewatering of sludge,
however, this process has limited use due to its high price
tag. To improve the dewatering ability of sludge, a pre-
treatment using Aerobic mesophilic digestion (AMD) and a
novel method using Fenton's reagent and lime (F-L) are
used. The findings showed that AMD pre-treatment shifted
the distributions of EPS fractions in a way that benefited
subsequent reconditioning, and that AMD with F-L
considerably reduced “specific resistance to filtration
(SRF)” by 96.53%. There was a strong correlation between
the Tryptophan-like proteins and the Aromatic proteins of
the soluble EPS and the dewatering ability of the sludge,
which suggested that particle size reduction and surface
modification were key contributors to the improvement in
dewater ability observed. Further, by using a modifiable
pressure filtering system, the combined treatment reduced
the moisture of the dewatered sludge cake to around 47
wt%. Moreover, the early economic study indicated that
treating AMD with F-L was cost-effective.

Jaworska et al., (2014) [24] analysed that a slurry called
limestone slurry is produced during the washing step when
processing limestone to make lime. The solid portion is
carried by water, while the rest is made up of particles
smaller than 2 mm in diameter. The settling tank receives
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the slurry and separates the solid phase from the liquid phase
while the transfer system recovers the surplus water for
reuse. Tank sludge that has been collected is sent to an on-
site landfill for disposal. Because of the resistance, it creates
in the pipeline, the rheological qualities of limestone slurry
prevent its unimpeded movement farther down the pipeline.
Chemical treatment of drilling fluid, the primary goal of
which is to provide the slurry with qualities amenable to
hydro transport, might be used to ameliorate the current
situation. The slurry is treated by adding an appropriate
amount of chemical additives. Adding chemical compounds
to an aqueous solution to disperse suspended particles is
known as deflocculating, thinning, or dispersing. The results
shows that the rheological parameters of limestone slurry
with and without the inclusion of changed chemicals, which
reduces the slurry's viscosity and, hence, the shear stress for
the chosen shear rate. To get the outcomes that need, users
will need to increase the dispersion of the solid phase inside
the carrier liquid. This will allow the liquid to move more
smoothly and with less resistance, once it is put under
pressure.

1.1 Comparison of reviewed technique

The following study expands on the previous Wear rate
Modelling and Analysis of Limestone Slurry Particulate
Composites Using the Fuzzy Method; several researchers
explain their findings as seen in table 1 below.

Tablel. Comparison of reviewed techniques.

load on WR and CF
were shown to be
statistically significant
by analysis of variance

(ANOVA).
Dai et al., (2017) AMD The combined
[23] treatment reduced the

moisture of the
dewatered sludge cake
to around 47 wt% by
using a modifiable

pressure filtering
system.
Jaworska et al., Chemical The results shows that

(2014) [24] treatment the rheological
parameters of limestone
slurry with and without
the inclusion of
changed chemicals,
which  reduces the

slurry's viscosity.

Authors[Ref.] Technique Outcome

Gautam et al.,
(2022) [20]

Dimensional | In  this  laboratory
limestone investigation, the use of
slurry waste | dimensional limestone
slurry waste as an
additive was found to
improve the
characteristics of black
cotton soil, making it
suitable for use as a
subgrade in flexible
pavement.

2. Materials and Methods

®  Matrix

The composite used in the current work uses Al-Si-Mg alloy
as matrix metal and Limestone particulates as reinforcement
material to fabricate the AI-LSP composites. Due to decent
properties such as low density, moderate strength, superior
corrosion resistance, and good castability Al-Si-Mg alloys
are utilized as matrix material in the preparation of the
composites. These properties make them a good choice for
automotive applications like brake drums, cylinder liners,
and connecting rod bearings of internal combustion engines.
Table 2 depicts the chemical components that make up the
matrix material.

Table 2: Chemical Composition of Al-Si-Mg Alloy

Si Mg Cu Zn Fe Mn Al

Lokanadham et GFRG
al., (2021) [21]

Grey-fuzzy reasoning
grade has been shown
to increase the
performance of wear
behaviour features in
the tribological process,
as shown by
experimental data.

0.85% | 0.35% | 0.1% | 0.1% | 0.08% | 0.05% | >98%

Lokanadham et SEM
al., (2020) [22]

The effects of sliding
distance and working
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° Reinforcement

In the preparation of granite and marble which is
predominantly used in the building of domestic and
industrial infrastructure, the stone processing industry plays
a key role. These industries produce large amounts of
residue with different particle sizes. Recycling this stone
dust waste is a significant factor in sustainable development,
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thus the adverse effect of this residual waste on the
environment would be minimized.

The reinforcing LSP in its wet condition was obtained
from a stone-cutting factory located close to Tekkali,
Andhra Pradesh, and goes by the name Siva Sai Granites. To
remove the moisture content in the wet slurry, it is dried for
15 days followed by preheating for 3 hours (up to 300°C).
The dry slurry is shifted to a ball mill for making fine
particulates monitored by screening with 90 BSS mesh (< 60
pm). The fine LSP particulates have been utilized as
reinforcement to fabricate AMCs. The detailed sequence of
operations to prepare LSP is shown in Figure 2.

Preheated
Powder ——*

Step-7 Step-8

LSP

Step - 1: Stone cutting Step - 5: Heating up to 300°C (3 Hrs.)
Step - 2: Collection of Wet slurry Step - 6: Ball milling to obtain fine particles
Step - 3: Drying Step - 7: Screening in Sieve Shaker

Step - 4: Pre-heating Step - 8: Treatment of LSP using tube furnace

Figure 2. Stepwise Procedure to produce LSP.
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e  Composite Preparation

After examining the LSP through the standard scanning
electronic microscope and Xray Diffractometer for various
phases, then it is forwarded to fabricate the composite along
with matrix material. The matrix material Al-Si-Mg alloy is
cut into tiny pieces and then preheated to a temperature of
300°C for 1 hour. The preheated material is transported to a
vertical furnace maintained at 800°C. The melting process is
carried out in an inert (Argon) environment to prevent
oxidation. The furnace is equipped with a speed regulating
(PID controller) stirrer. The vortex is created by gradually
lowering the spindle into the liquid pool. Simultaneously,
the LSP (preheated up to 950°C) particles are dropped into
the vortex. The spindle is gently agitated to ensure the even
distribution of LSP particles in the molten liquid.

To retain the fine powder in the liquid pool, it is
necessary to have a higher viscosity of the molten liquid.
This is achieved by gradually lowering the temperature of
the liquid pool from 800°C to 750°C. The above-molten
liquid is then poured into a steel mould (100 x 20 x 40 mm?)
maintained at 400°C. Four Al-LSP composites are prepared
by varying the weight percentage of LSP from 4 to 16 in
steps of 4%.

e  Tests on Composite Specimens

These Al-LSP composite specimens are subjected to various
tests to study the mechanical properties related to their
strength and toughness. Accordingly, the wear tests which
are of interest in the current study are performed under dry
sliding conditions on a pin-on-disc machine.

The diameter and length of the test samples are 6 mm
and 27 mm, respectively, following ASTM G 99-95
specifications. Each sample is polished with 240 grit,
followed by 320 grit, and finally 600 grit of silicon carbide
emery paper before being tested. All of the tests are
performed on a 50 mm circular track. Acetone was used to
clean the test samples. The wear test experiment on Al-LSP
composites along with the working principle is shown in
Figures 3 and 4.
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Figure 3. Specimens

Figure 4. Pin-On-Disc Apparatus

Figure 5. Working Principle

The weight loss is estimated by taking the difference of
measured weights of test samples before and after each test
by using an electronic balance. The wear rate is obtained by
taking the ratio of volume loss to sliding distance. The
frictional force divided by the normal load unit is used in the
calculation of the average coefficient of friction. The wear
rate is computed using the Equation,

Am/p

W.R.= (1)

v.it

Where Am is the mass loss of the alloy composite during
the wear test in (g), W.R. is the wear rate in (mm3/m), V is
the sliding velocity (m/s), pis the density of the composite
(g9/cm?), and t is the test duration (s).

e  Wear Rate Modelling

In this research, the Fuzzy Logic Toolbox of MATLAB
R2021b is used for fuzzy logic modelling. It is experiential
that wear rate depends significantly on sliding distance
(70.9%, p = 0.000 < 0.05), and then on load (19.9%, p =
0.001 < 0.05). Wear rate depends on sliding velocity only to
a very small extent (5.5%, p = 0.034 < 0.05). To keep the
fuzzy logic model simple enough, only the top 2 significant
inputs are taken while modelling the responses. As the
number of input variables grows, the number of membership
rules to be written increases exponentially and this requires
a lot of experience or information about the dependence of
the response variables in terms of its input variables.
Generally, such information is not available, and thus it is
advisable to keep the fuzzy logic model simple. Thus, Fuzzy
Wear Rate is assumed to be dependent on load and sliding
distance only in the present work.
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Fuzzy Wear Rate (F_WR) = f (Load, Sliding Distance)

Figure 6 shows that the Fuzzy Wear Rate depends on 2
inputs viz., load and sliding distance.

Figure 6.Fuzzy Interface System of Wear Rate.

e Input and Output Membership Functions of Fuzzy
Wear Rate

In this research, Gaussian fuzzifiersare used as membership
functions to fuzzify input control parameters load and
sliding distance, along with the response wear rate. To better
depict the smoothness of the transitions in the input and
output variables from one zone to the next zone, Gaussian
membership functions were chosen over the more frequent
triangle and trapezoidal membership functions (without
sharp function endings). In nature too, transitions from one
zone to its adjacent zone are closer to the smoother Gaussian
functions.

3 linguistic membership functions viz.,, Low (L),
Medium (M), and High (H) are used for input parameters
load and sliding distance. The Matlab Fuzzy Logic
Toolbox's input variable load's Gaussian membership
functions are detailed in Table 3. Figure 7 shows graphically
the three Gaussian membership functions of the load input
variable.
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Table 3. Membership Function Specification of Load

Type of Coded
Level Symbol . L
y Function f)w.er U'pp.er Valuel Value2
Limit Limit
0.00 0.4
L L Zmf 1 . . . .
ow m 0 Starting Point Ending Point
. 0.15 0.5
Medium M gaussmf 0 1 Standard Deviation Mean
. 0.60 1.0
High H Smf 0 1 Starting Point Ending Point
Type of Actual
Level Symbol -
y Function ng.er U_ppfer Valuel Value2
Limit Limit
10 26
Low y S 10 50 Starting Point Ending Point
6 30
Medium M gaussmf 10 50 Standard
.9 Mean
Deviation
. 34 50
High it L 10 50 Starting Point Ending Point
4 Membership Function Editor: WR-Gauss £x a
File Edit View
RS Variables Membership function plots st $t

F_WR

XX XX\

XX

D

input variable "L*

Figure 7 Membership Function of Load
Table 4 shows the specifications of Gaussian membership functions of input variable sliding distance.

Table 4. Membership Functions Specification of Sliding Distance.

Type of Coded
Level Symbol .
eve ymbo Function L(?wgr Ur_)p(_er Valuel Value2
Limit Limit
Low Zmf 0 1 0.00Starting Point 0.4Ending Point
. L 0.5
Medium Gaussmf 0 1 0.15Standard Deviation
Mean
High Smf 0 1 0.60Starting Point 1.0Ending Point
Type of Actual
Level Symbol .
eve ymbo Function LC.JW?r Uppe_zr Valuel Value2
Limit Limit
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Low L Zmf 500 2500 500Starting Point 1300Ending Point
Medium | M | Gaussmf | 500 | 2500 300Standard 1500
Deviation Mean

High H Smf 500 2500 1700Starting Point 2500Ending Point

Figure 8 shows graphically the 3 Gaussian membership functions of the sliding distance input variable.

Figure 8 Membership Functions of Sliding Distance

Mambersh p function plots

“

5 linguistic membership functions viz., Low (L), Small-
Medium (SM), Medium (M), High-Medium (HM), and High
(H) are used for output response wear rate. For the output
variable fuzzy wear rate, Table 8.3 details the requirements
for the Gaussian membership functions.

rput variabls °D"

Table 5 shows the specification of the 5 Gaussian
membership functions used for output variable fuzzy wear

rate.

Table 5. Membership FunctionsSpecification of fuzzy Wear Rate.

IJRITCC | November 2022, Available @ http://www.ijritcc.org

Coded
Level Symbol ypgol Lower | Upper
y Function _W_ pp_ Valuel Value2
Limit Limit
Low L zmf 0 1 0.000 0.25
Small-
Medium SM gaussmf 0 1 0.078 0.25
Medium M gaussmf 0 1 0.078 0.50
High-
Medium HM gaussmf 0 1 0.078 0.75
High H smf 0 1 0.750 1.00
Type of Actual
Level | .
eve Symbo Function ng_er Uppfar Valuel Value2
Limit Limit
1.00 3.25
Low L zmf 1 10 Starting Point Ending Point
Small- 0.70 3.25
Medium SM gaussmf 1 10 Standard Deviation Mean
. 0.70 5.50
Medium M gaussmf 1 10 Standard Deviation Mean
High- 0.70 7.75
Medium HM gaussmf 1 10 Standard Deviation Mean

139


http://www.ijritcc.org/

International Journal on Recent and Innovation Trends in Computing and Communication

ISSN: 2321-8169 Volume: 10 Issue: 1s
DOI: https://doi.org/10.17762/ijritcc.v10i1s.5818

Article Received: 22 August 2022 Revised: 27 October 2022 Accepted: 19 November 2022

| High ‘ H smf
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7.75
Starting Point

10.00
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Figure 9 shows graphically the 5 Gaussian membership functions of the fuzzy wear rate output variable.

4] Membership Function Editor; WR-Gauss2
File Edit View

plot points: 181

FIS Variables

ip function plots
T

XX
74

D

SM

T T
M HM H

output variable "F_WR"

Figure 9. Membership Function of Fuzzy Wear Rate

e  Membership Function Rules for Fuzzy Coefficient
of Friction

Total of 9 fuzzy rules are developed for two input control
parameters load, weight% of LSP and one output
(coefficient of friction) using IF and THEN conditions
(Table 6 & Figure 10) from the results obtained from Las
Taguchi experimental runs.

Table 6. Membership Rules for Fuzzy Coefficient of
Friction (Load and weight%L SP)

L\R L M H
L SM L L
M HM M SM
H H H HM

4 Rule Editor: CF

File Edit View Options

_If (Lis L) and (R is M) then (F_CF is L) (1)
_If (Lis L) and (R is H) then (F_CF is L) (1)
_If (L is M) and (R is L) then (F_CF is HM) (1)
_If (L is M) and (R is M) then (F_CF is M) (1)
_If (L is M) and (R is H) then (F_CF is SM) (1)
_If (Lis H) and (R is L) then (F_CF is H) (1)
_If (Lis H) and (R is M) then (F_CF is H) (1)
_If (Lis H) and (R is H) then (F_CF is HM) (1)

We b wih

Figure 10. If/Then Conditions of Fuzzy Coefficient of
Friction (Load and weight%LSP)
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MATLAB allows viewing all the membership rules in a
graphical surface format (Rules Surface). Figure 11 shows
the Rules Surface for the Fuzzy Coefficient of friction.

Figure 11. Rules Surface of Fuzzy Coefficient of Friction
(Load and weight%L SP)

e  Defuzzification and Fuzzy Coefficient of Friction
Calculation

Using the centroid de-fuzzification technique, the
defuzzifier transforms the fuzzy value into a clear result.
Fuzzy Coefficient of friction is calculated for each of the
Taguchi Lys data points by inputting the corresponding load
and sliding distance values in the Rules Viewer Screen of
MATLAB. Figure 12, shows the determination of the Fuzzy
Coefficient of friction for the minimum coefficient of
friction point where L =10 N and R = 16% LSP.
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1 | |

F— =

Figure 12 Rule Viewer at Minimum Fuzzy Coefficient of
Friction Point

Comparing the Fuzzy Coefficient of Friction with
the Experimental Coefficient of Friction

Table 7 shows the actual experimental coefficient of friction
values obtained from Taguchi Lys along with the predicted
Fuzzy Coefficient of friction values using the Fuzzy Logic
model developed in this research. The error percentages
vary from +15% to -35%. Thus the error percentages
indicate that the developed fuzzy logic model for the fuzzy
coefficient of friction with such limited input information is
a reasonably good approximate model. Compared with the
Fuzzy Wear Rate model, the Fuzzy Coefficient of Friction
model is more accurate as it has a lesser error% when
compared to experimental Taguchi L5 data.

Table 7. Comparison of Coefficient of Friction and Fuzzy Coefficient of Friction

Exp.No L R D v CF F_CF %Error
1 10 0 500 0.500 0.311 0.202 -35%
2 10 4 1000 0.875 0.230 0.190 17%
3 10 8 1500 1.250 0.182 0.131 ~28%
4 10 12 2000 1.625 0.168 0.143 ~15%
S 10 16 2500 2.000 0.186 0.130 -30%
6 20 1000 1.250 0.363 0.295 19%
l 20 1500 1.625 0.267 0.281 5%
8 20 2000 2,000 0.205 0.234 14%
9 20 12 2500 0.500 0.259 0.223 -14%
10 20 16 500 0.875 0.200 0.180 ~10%
11 30 1500 2.000 0.412 0.400 3%
12 30 2000 0.500 0.397 0.357 10%
13 30 2500 0.875 0.294 0.300 2%
14 30 12 500 1.250 0.229 0.243 6%
15 30 16 1000 1.625 0.267 0.200 -2504
16 40 2000 0.875 0.540 0.420 22%
17 40 2500 1.250 0.389 0.377 3%
18 40 500 1.625 0.317 0.366 15%
19 40 12 1000 2.000 0.308 0.319 4%
20 40 16 1500 0.500 0.398 0.305 23%
21 50 2500 1.625 0.543 0.470 13%
22 50 500 2.000 0.466 0.457 2%
23 50 1000 0.500 0.487 0.469 4%
24 50 12 1500 0.875 0.436 0.410 -6%
25 50 16 2000 1.250 0.418 0.398 -5%
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3.

Conclusions

Based on the results of the fuzzy analysis, it can be shown
that the fuzzy values for wear rate, coefficient of friction,
and grey relational grade are all in line with their classical
counterparts. This suggests that the fuzzy logic model
developed for predicting fuzzy wear rate and fuzzy
coefficient of friction is reasonably accurate enough to be
used for prediction purposes. However, whenever actual
experimental data is available, always it should be used
because fuzzy is an approximate model and never be better
than actual experimental model results.
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