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ABSTRACT N\

The present work aims at developing an Aluminﬁtal Matrix Composite (AMC)
[ J

o &

with an industrial waste Lime Stone PO@»(LSP) as reinforcement, which is
available in plenty at no cost. The mair%ctive of the present study is to investigate
the effect of four control par%rs iz.: load (L), percentage of LSP reinforcement
(R), sliding distance (D), @ng velocity (V) on two tribological properties wear rate
(WR) and coefficiel&@iction (CF) of AMC reinforced with LSP. The composites
are manufactuégng the stir casting process with varying LSP percentages (0%,
4%, 8%@@16%). The wear test is conducted using Pin-on-disc apparatus. Taguchi
L25Wonal array design is employed to investigate the effect of the above control
parameters on the tribological responses. Analysis of Variance (ANOVA)
employment indicates that wear rate depends on sliding distance and load, while the
coefficient of friction depends on load and wt.% of LSP. The minimum wear rate of
AIl-LSP is found to be 0.1952, while the minimum coefficient of friction of Al-LSP

determined is 0.0905. To minimize wear rate and coefficient of friction
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simultaneously, a composite objective function is created using Grey Relational
Analysis (GRA).

KEYWORDS: Al-composite; Grey approach; lime stone powder; wear rate;
coefficient of friction.
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1. Introduction

With technological development, a lot of materials have been developed, a@ﬁk{al
matrix composites are one of these developed materials. These m@ exhibit
different characteristics like wear resistance, high strength, rigi it&(&making them
a good fit for various aerospace and automobile appli.catizﬁii%e matrix materials
used to develop composite materials are magnesium, &%ﬂium, titanium, etc. Out of
there aluminium matrix is mainly used, and th@\%cteristics are improved using
various reinforcement like silicon nitrid S@% B4C, AlxOs, etc. With the increase
in the demand for the aluminiu (%osite, the measurement of its physical,
mechanical and tribological cteristics also increases. Researchers developed
different techniques to d@p the composites, which increase the strengthening of
fibers and ceramic iCles [1]. Most of the time, the particulate composites are
developed wit dition of particulates externally.

Out of Qvailable processing techniques, most of the techniques used the mixing
of W and reinforcement to develop composite. Due to the negative pressure
difference, the externally attached liquid particles are strained. The vortex present also
draws the air bubble, which causes the porosity in the casted composite. There are two
ways of adding particulates (i) the addition of particulates above the liquidus
temperature; (ii) In semi-solid slurry, the particulates are added in the compo-casting

temperature range [2]. In both of the methods mentioned above, the vortex technique
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iIs used. The closeness of ceramic particles in the matrix material affects the
tribological characteristics. Hard particles like Al2Os, SiC, SisNs, etc., decrease the
wear rate and improve the mechanical properties compared to the base alloys [2, 3].
The shape and size of particles in the composite play a pivotal role in the
characteristics of the developed composite. It has been observed from the previously
published research that the WR significantly reduces with the increase in hard-phase
volume fraction and particle size [4-6]. In dry sliding wear, the wear behavu@}()b’

developed composite relies on many factors like volume fraction, disp ages and

size [7, 8], abrasive size [7, 9, 10], abrasive load applied [ S ke angle [7].
th

Researchers investigated the wear behaviour of Al-Si aIIo ithout the addition
of 3% alumina [11]. The wear resistance significantl &}e\ses at a load of 1MPa for
the developed composite. In another experiment @ed by researchers [12, 13] on
lower and higher percentage alumina ir@ed composite, it was found that the
higher amount of resistance and duc iI@fter the 15% addition of Al2Os, the tensile
strength decreases due to t ﬁveration of the particulate. The morphological
investigation of the dev composite revealed that the particles are uniformly
distributed in stir casting, which reflects a great bonding among the ceramic particles
and matrix m

The chae%zation envisaged that the properties depend upon the reinforcement
typ%r bonding, and size [14]. Researchers developed the composite using SiC and
graphite and tested the developed composite by dry sliding wear. It was found that the
graphite-based composite shows a significantly low amount of wear rate as compared
to the SiC-based composite [15, 16]. In another research on a dry sliding wear testing

machine after varying the sliding velocity (1.25 to 3.05 m/s), load (10-50 N), and

sliding distance (0.5 to 3 km) [17]. It was investigated that an increment in the weight



percentage of alumina in AA2014 increases the wear resistance in dry sliding [4]. The
lubrication characteristics were incorporated into the composite after adding graphite
[18, 19]. The tribological behaviour was significantly enhanced after the inclusion of
particulate. However, a small change in the mechanical properties was observed. The
anti-seizing characteristics were improved after incorporating self-lubricating
materials like graphite or mica; however, abrasion resistance is improved after

including hard particles like SiC, alumina, B4C, SisNa, etc. [20-22]. R O

A recent study by Patil et al. (2024) investigated the use of fly ash a@ as hybrid

reinforcements in aluminium composites, reporting significan%%vements in wear
resistance and hardness [23]. Similarly, Bologun .&(DJ (2022) explored the
tribological behaviour of aluminium composites rei@%’d with waste glass particles,
demonstrating a 30% reduction in wear ra c pared to conventional composites
[24]. Another study by Ventura et %022) highlighted the potential of using
recycled carbon fibers from ind&sﬁsal waste as reinforcements, achieving a 25%

improvement in tensile stgh ;d wear resistance [25].

Despite these adv P&nts, limited research has been conducted on the use of
Iignocellulosic@a materials, such as lignocellulosic solid waste (LSP), as
reinforc S in aluminium composites. A recent study by Narendran et al. (2023)
exthhe mechanical properties of aluminium composites reinforced with coconut
shell ash, reporting a 20% increase in hardness and wear resistance [26]. However, the
tribological performance of AI/LSP composites under varying wear conditions

remains unexplored, presenting a significant research gap [27].

It is clear from the literature that the developed composite exhibits better tribological

characteristics than the alloys. Therefore, composites have several applications in



automobile and aerospace industries, especially in wear-prone areas. From the
literature, limited work has been observed on industrial waste like LSP. Thus, in the
current work, an effort has been made to develop AI/LSP composite by stir-casting
technique. The developed composite has been characterized by various combinations
of input parameters. To verify the applications of the developed composite regarding
the seizure or scuffing resistance in the tribological system, it is mandatory to check
the developed composite against the criteria mentioned earlier. Tk@re@, the

developed composite is checked in the following two areas: ;QN

(1) The influence of the weight percentage of LS&;& e tribological

behaviour (b'

[
(i) Investigation of WR and CF on AI/LSF’%posite at various wear

conditions ° @

(i)  Implementation of GRA ::n@e performance characteristics and

investigation of the best weareondition to minimize the WR.
2. Materials and methods %
2.1. Matrix material and@forcement

The matrix m used in this work is Al-Si-Mg alloys, which have good
corrosion resi@c nd castability. Due to these characteristics, these alloys have
applicat@q connecting rods, cylinder liners, brake drums, etc. Industrial waste
(Iin%t%e powder) is used as a reinforcement for the development of composite. The
limestone powder (LSP) is collected from the stone processing industries. Thus, using
industrial waste in composite materials goes towards sustainable development by
reducing the adverse effects on the environment. LSP is dried for 15 days and heated
for 3 hrs at 300°C. The matrix material is cut into small pieces and then preheated for

1 hour at a temperature of 300°C. The matrix material and reinforcement are put



together in the muffle furnace, and the stirrer is rotated at a constant speed of 300
RPM at a temperature of 800°C. Figure 1 illustrates the XRD analysis of LSP, which
reveals its composition. The analysis shows that LSP primarily consists of calcite
(CaCO:s), with minor quantities of dolomite (Mg(CaCQOs)2) and quartz (SiO2). This
information is crucial for understanding the material properties and their influence on
the composite. The presence of calcite contributes to improved load-bearing capacity,
while dolomite and quartz enhance hardness and wear resistance. These char@%cs

make LSP a suitable reinforcement material for composites, provi@lmproved

mechanical and tribological properties. ,\»&(b
Figure 1. XRD of the developed (Q;@{e.

Figure 2. Sequence of Processes in@present work.

Figure 2 shows the sequence of process.e&g ted in the current research, which
includes the raw material for compo@evelopment. The stir-casting process has
been adopted for the composite lopment. Then, the wear rate and coefficient of
friction are evaluated usirgpmm-disc apparatus. Both responses are analysed and
interpreted. @

2.2. Recording offresponse variables

In the pres@ﬁk, WR and CF are the responses considered for analysis. A wear test
is performéd on the Ducom TR-20 pin-on-disc apparatus. The coefficient of friction
(Clkrectly measured from the display. However, the wear rate (WR) is measured
from the loss of mass and Eq. 1. The specimens are extracted from the developed
composite. The specimen is 6 mm in diameter and 27mm in length (ASTM G-99-95).
All the specimens were polished before the wear test. The pin's weight is measured

before and after the wear test in 'g' using a weighing balance. The counter surface is



made of EN31 hardened steel and cleaned with acetone after each run. Eq. 1 is used to

measure wear rate (WR) in mm?3m.
Ary
P
WR =—--— 1
Vi 1)

Here, WR- Wear rate (WR) in (mm3/m), Am- loss of mass in (g), V- sliding velocity

>

2.3.Experimental array and level of parameters . C)

(m/s), p - density (g/cm?3); t-test duration (s).

The experiments are performed based on Taguchi’s Los orthogo@y in the
present work. The steady-state wear rate and coefficient of fricti ere determined
for different boundary conditions and Taguchi Los, oryﬁgonal array design of
experiment methodology was used to determine the ef“@%f input control parameters
on the output wear rate and coefficient @Qction variables. Performance
characteristics are determined through S@ratio and smaller-the-better criteria are
suggested as the least wear rate and leastcoefficient of friction are desirable for best
tribological performance. @A)

The four control pa@eters viz., load (L), reinforcement weight% of LSP (R),
sliding distance (D x@@sliding velocity (V), at 5 levels are shown in Table 1. The
process parar@r and their levels are selected after performing preliminary
experimetjo

Yv Table 1. Levels of Control Parameters for Taguchi Los.
The tribological parameters are determined for a load range of 10-50 N, wt.%
LSP range of 0-16%, sliding distance of 500-2500 m, and sliding velocity range of
0.5-2.0 m/s with an increment of 0.375 m/s at each level. The experiments are

conducted in random order and the results are depicted in supplementary Table S1 to



Table S6. Table 1 shows the values of the different levels of the 4 control parameters,
which are to be used in the L2s design.
3. Methodology
The methodology adopted in the current work is presented in Figure 3, which
describes the work divided into four steps.
The first step develops the experimental layout using a Taguchi-based Los orthogonal
array. All experiments were performed as per the experimental layoyt, @9 e
responses (WR and CF) were recorded. In the second step, the GRQ applied,
which includes data pre-processing, deviational sequence ca@J tion of grey
coefficients, and grade values. In the next step, the AI\lOWs implemented on the
grade values, keeping the reinforcement, load, slidin a&}rce and sliding velocity as
input parameters. Further, the optimized.se@bof the input parameters is
investigated considering grade values s@ﬁ)onse parameters. At the suggested
setting of input parameters, the r@mes are initially predicted and then
experimentally evaluated. T egtage error is computed between the predicted
result and experimental v@r at the suggested optimized setting.
Figure,3."Proposed methodology in the present research.
4. Results and disCyssion

The exp@gtal values of WR and CF corresponding to Los OA are depicted in

TabEz’.

A grey system is a system where some information is known, and some

Table 2. Los Experimental layout.

information is unknown. When complete information is known, that system is termed
white; when the complete information is unknown, it is termed a black system.

However, when we have some set of known information and some set of unknown



information, then it is known as a grey system. The ideal situations never exist in the
real-world problem. Here, we always deal with the extremes of black and white,
which are grey, fuzzy or hazy. There is always some uncertainty between the middle
of extremes or in the grey area. Therefore, the lack of information in the system is
completed from black to white through grey. Thus, the grey analysis provides a
complete set of solutions to a problem where only some of the information is
available, and others still need to be discovered. In this approach, ong s@@is
completely undefined (namely '0"), and for one solution, all informati@ﬁ perfectly
available (with a distinct solution, namely '1"). The number of@%etween these
two varies from O to 1. . (b'

The grey analysis can precisely handle the @ems that are unclear or
incomplete information is available. The applic@%f grey relational analysis are
found in performance evaluation, predi io@mlysis, project selection, the effect of
factors on response, etc. Numerous ese%chers implemented grey theory to optimize
the process performance as d with multiple responses using the grade values

[28]. b,

4.1. Steps Involved ’&y Relational Analysis

The use @1 aguchi method with GRA to optimize the tribological responses

with m esponse characteristics involves the following steps [29]:

Wify the process parameters and tribological responses to be determined.

= Determine the different levels of the input parameters.

= Choose the appropriate design of experiments (DOE) and designate the process
parameters to the OA.

= Perform the experiments based on the arrangement of the OA.

= Normalize the experiment results.



= Calculate the GRC.
= Calculate the GRG by averaging the grey relational coefficient.
= Perform ANOVA on grade to determine the significance of process parameters.
= Perform Response Surface Regression on GRG.
= Conduct Response Surface Optimization on GRG.
4.2.Multi-response optimization using GRA
To optimize multi-responses effectively, GRA is used. Therefore, if is@f?t;al
to transform multiple responses into an equivalent single response to a:@ the best
optimal parameter setting. In the GRA, WR and CF responses@i(@iy normalized

between {0 and 1} to reduce inconsistency. Using s:.ma*ﬁ;the-better criterion by

Equation 2. &N

maxy, (k)-vy, (k) .

Xi(k)=
(k) max y; (k) —miny; (k) C)\ @)
where, X; (k)are the normalized ;ey relation values for the k™ response,

max y; (k)and miny; (k)are%@re test and least values of y, (k) for k" response.

For experimental runs (=2 ... n) and factors (k =1, 2 ... k).

The GRC (&) is @ted as follows:
5‘ (k) — A in @Amax
S By(K)+ e,

Where A, (k) is the deviation sequence from the reference sequence, which

©)

may be computed by taking the difference among x, (k)and x (k). The

distinguishing coefficient (¢) value is assumed based on distinguished ability.

Usually, the distinguishing coefficient (¢ ) value is considered 0.5.

A (k) =% (k) =% (k)C @
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min min

A= ien vk 0% (k)=x (k)0 (5)
max max
AmaXZViend 0% (k)—=x (k)0 (6)

Therefore, the GRG may be determined by the average of GRC for each

response.
ponse . Q(b
7 = %ZH)N@ (k) WhereZn)Ni =1 ,& ()
k=1 k=1

The GRG value indicates the overall performance index: &(b
4.3.GRG calculations . (DJ

The values of wear rates of Taguchi L» )%gn for AI-LSP composite,
Normalized WR rates, Deviation Sequence qu@ and GRC for WR are shown in
Table 3. Further, the maximum, minigiu gﬁ mean values of each column are used
in the computation of GRC and gradg, as shown in Table 3.

Table 3. GR(wG de Calculations for WR and CF.
Deviation Seque@éﬂes are obtained by subtracting normalized values from 1.

Deviation Seque@!’— Normalized Value (8)

It is@@se of this inversion, maximum GRC corresponds to minimum WR.

Singce t eviation sequence is inverted here, maximum GRC corresponds to the
miniZum CF. After calculating individual GRC for WR and CF, the composite grade

is determined by using the following formula.

GRG =0.5xGRC,; +0.5x GRC. 9)
In this research work, both WR and CF are assigned equal weights (W, =

0.5, W= 0.5), as optimization is performed without being application-specific.

11



Table 3 lists the overall Grey Relational Grade value along with its rankings. GRG
with maximum value is assigned Rank 1, and subsequent rankings are assigned in the
descending order of GRG values.

Table 3 shows that the highest GRG (0.956) value is obtained for experimental
run 5 ranked with 1 representing the best-combined performance of wear rate and
coefficient of friction. Run 22 represents the least combined performance with a GRG
(0.360) value with a rank of 25. . Q(b

The influence of different control parameters on GRG is shown@px response
table. The response table is tabulated for different levels of par. a@ y determining
the average value grey grade and is shown in Table 4. . (b'

Table 4. Response Table of d@

The influence of different parameters at e\@%el IS shown in Table 4. From
Table 4, it can be inferred that the load j h@ost influential parameter on GRG, with
the highest delta value, followed by Ii%ﬂjistance, % LSP, and sliding velocity.

Fig esponse graphs of GRG.

Figure 4 shows the@in effects plot for means for GRG in terms of control
parameters (L, R, D’Q},

The res gaph for GRG reveals that load (L) is the most influencing factor
at level ), followed by % of LSP (R) at level 4 (12%), and sliding distance (D)
at leyel’5 (2500 m) as well sliding velocity (V) at level 5 (2 m/s), referring to the
highest average grey relational grade. GRG's optimal parameter combination is L1 R4
Ds Vs (L-10 N, R-12%, D-2500 m, V-2.0 m/s).
4.4.ANOVA of GRG

Analysis of variance (ANOVA) is computed to determine the ranking order of

significance of the control parameters on the GRG for the AI-LSP composites.

12



ANOVA is performed to reveal the significance of control parameters on the response
CF.
Table 5. ANOVA of GRG.
From the ANOVA (Table 5), it is determined that the load (63.4%, p = 0.000 <
0.05) is the most critical parameter, followed by sliding distance (21.1%, p = 0.000 <
0.05) and % of LSP (13.9%, p = 0.000 < 0.05). The sliding velocity (0.4%, p = 0.678
> 0.05) is insignificant on the grey relational grade. o Q
4.5.Response Surface Regression Modelling of GRG &
The model adequacy is investigated with the help of resi& |0tS, which are
shown in Figure 5. .
Figure 5. Residual Plots of Grey Rel%&é(lb:;rade.
Figure 5 suggests that the residuals foLIov@ rmal distribution and satisfy the
conditions of randomness and indepen c@}ch other.
Using linear regression, the GRG model is developed in terms of control
parameters: load (L), % of LSWi distance (D), and sliding velocity (V).

GRG 0.0 L 0.00903R 0.000098D 0.0290V

(94.10%)20'5914@19%) T (11.52%) T (21.34%) © (1.05%) 10)

The GR@oe is directly proportional to % of LSP (R), sliding distance (D)

and ind'@roity (V) and inversely proportional to load (L). Further, load is the
mo%ortant parameter on GRG, followed by sliding distance, wt% LSP. The effect
of sliding velocity on GRG is insignificant.
5. Response Surface Optimization of GRG

Response surface optimization is conducted on Grey Relational Grade to

evaluate the optimum control parameter settings that yield maximum Grey Relational

13



Grade. The optimization problem of maximizing Grey Relational Grade can be stated

as

Objective Function : Maximize(GRG )0.5914—0.008253 L +0.00903R

(11)
+0.000098 D +0.0290V
Constraints: No Constraints
Design Variables Bounds : 10< L <50,0<R<16,500<D<2500,0.5<V <£2.0 (12)

As a starting point for the optimization, the point with maxij@)(Qéy
Relational Grade in the Los experiments are specified: (Exp No. 5) L :,@: 16, D
= 2500, V = 2.0. After several iterations, MINITAB fou iﬁ(a;ximum Grey
Relational Grade point as L = 10 N, R = 16%, D = 2 z$,(v = 2.0 m/s, and
maximum Grey Relational Grade = 0.957. &N

Figure 6. Contour plots between the GRG @ put process parameters.

Figure 6 (a-f) depicts the counterplot t@n the grade values and input process
variables. The counter plots defin@a retationship of input parameters with the grey
grade by colour coding. Theﬁ@

Figure 6 (a-f). The hig)@ay grade values are preferred for better performance

of colour code is already provided in the inset of

characteristics. Therefof€, the purple colour presents grey grade values greater than
0.9, and the c ding values of input parameters are adjusted to set suitable wear
conditio .c\)om every Figure, it is evident that a low value of load, and the high
vaIWeinforcement, velocity and distance are preferred for high grade.
Table 6. Confirmation results at the Optimized Setting.

Table 6 provides the confirmation experiment results, predicted value and comparison
of the rank 1 experimental setting from 25 experiments and the optimized setting
investigated from analysis. The rank 1 experimental setting is L: 10 N; R: 16%; D:

2500 m and V: 2 m/s; however, the optimized setting from the analysis is L: 10 N; R:

14



12%; D: 2500 m and V: 2 m/s. The comparison between the performance
characteristics in both cases has been made, and it has been observed that the WR
increases by 4.67%. However, an improvement of 24.83% has been found for CF.
Figure 7. EDAX of Worn Surface of Al-12%LSP composite.

The EDAX analysis reveals Fe and O in the surface, confirming the formation
of a Mechanically Mixed Layer (MML) on the worn surface (Figure 7).

Figure 8. Microstructure of the developed composite at (a) 12% LSF@;P('b)

Figure 9. SEM Images of Worn-out Surface for (a) AI-% Al-4%LSP (c)
Al-8%LSP (d) Al-129%LSP. , (b'

Figure 8 shows the microstructure of the develg mposite for 12% and 16%
LSP addition in the Al-alloy. Figure 9 represent@ orn-out surfaces of Aluminium
alloy and AI-LSP composites (develo @1 different reinforcement percentages)
using a Scanning Electron Microscope M). Figure 9 presents the micro-cutting,
particle pull-out and deep g different reinforcement percentages. Figure 9a
depicts the SEM microgr@f Al-alloy, which shows the micro-crack and some pull-
out material, which"Q%rs due to the movement of the pin on the counter surface.
The formation@c ks is due to the alteration in the CF values during the wear test.
Figure @;éws an SEM micrograph of the worn-out surfaces of the 4% LSP
reir%gment composite. The worn-out surface shows that the plastic deformation
decreases as compared to base-alloy. With the addition of more reinforcement (8%
LSP), the material became thermally stable, which can be observed in Figure 9c. The
worn-out surface after 12% LSP addition was depicted in Figure 9d, which shows that
the surface quality is improved than the lower reinforcement percentage, and indicates

some improvement in surface features of aluminium with 12% wt. of LSP composite.
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The surface is much smoother, has fewer depth of cuts and is finer. As reinforcement
increases, the al-composite becomes thermally stable, which makes the surface much
harder due to strain hardening. The addition of reinforcement decreases the CF, which
protects the developed composite from raising the temperature and maintains a low
coefficient of thermal expansion.
6. Conclusions
Industrial waste (LSP) has become an issue for the environment, T@e,
the use of LSP for the fabrication of composites is a mark of l@tainable
development of the composite material. The characterizai r&%e developed
composite was completed using the grey approach. Botp thological performance
characteristics (WR and CF) are combined into a sin I&}blogical index called GRG
using GRA. The conclusions from the presentw@kummarized below:
1. The optimal parameter combinati n@t results in maximum GRG is L1 R4 Ds
Vs (L:10 N, R:12%, D: 2500 m, V2.0 m/s).
2. The ANOVA reveal L Jas the maximum influence (63.4%) on grade
value followed by@l.l%) and R (13.9%).
3. GRG of Al Is directly proportional to the reinforcement percentage of
LSP ar@ ing distance, and inversely proportional to load. Therefore, the
alue increases with the increase in reinforcement percentage and D,
While the grade value decreases with the increase in L.
4. After implementing the grey approach, the wear rate increases by 4.67%,
while CF decreases by 24.83%. Thus, a significant improvement in the
tribological characteristics of the AI/LSP composite can be obtained after the

grey approach.
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5. The SEM micrograph shows that at the optimized setting of reinforcement
percentage of LSP, the material becomes thermally stable, which makes the
worn-out surface much smoother.
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Figure 2. Sequence of Processes in the present work.
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TablexL. =€vels of Control Parameters for Taguchi Los.
@gd ‘L’ | Reinforcement ‘R’ | Sliding Distance ‘D’ | Sliding Velocity ‘V’
~ &N (wt.%) (m) (m/s)
Levelsl o/ 10 0 500 0.5
Lev%y 20 4 1000 0.875
3 30 8 1500 1.25
Level 4 40 12 2000 1.625
Level 5 50 16 2500 2

Table 2. Los Experimental layout.

Input Parameters Responses
Exp. Sliding | Sliding
No Load | Reinforcement | distance | velocity WR
(N) (%) (m) (m/s) | (mm¥m)| CF
1 10 0 500 0.500 5.725 0.311
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2 10 4 1000 0.875 4.482 0.230

3 10 1500 1.250 3.324 0.182

4 10 12 2000 1.625 2.252 0.168

5 10 16 2500 2.000 1.265 0.186

6 20 1000 1.250 5.480 0.363

7 20 4 1500 1.625 3.947 | 0.267

8 20 2000 2.000 2.500 0.205

9 20 12 2500 0.500 1.687 0.259

10 20 16 500 0.875 7.901 0.200 IS

11 30 1500 2.000 4,586 ,O.A@b’

12 30 2000 0.500 2.403 Aﬁm

13 30 2500 0.875 2.57 294

14 30 12 500 1.250 @V 0.229

15 30 16 1000 1.625 46 0.267

16 40 2000 0.8 5@ 3.682 0.540

17 40 2500 Ié 3.480 | 0.389

18 40 500 ﬁzs 9.434 | 0.317

19 40 12 100 " 2,000 6.245 | 0.308

20 40 16 N @}b 0.500 3720 | 0.398

21 50 0 %500 1.625 4.399 0.543

22 50 4 4 500 2.000 | 10.222 | 0.466

23 50 ) NC J | 1000 0500 | 6.238 | 0.487

24 50 blZ 1500 0.875 4760 | 0.436

25 50 16 2000 1.250 5277 | 0.418

Ta QRC and Grade Calculations for WR and CF.
@ ) Deviation
=xp. IO CF Normalized Sequence GRC Grade Rank

NON& WR CF WR CF WR CF
1 ‘ 5725 0.311 0502 0.619 0.498 0.381 0.501 0.567 0.534 15
2 4482 023 0641 0.835 0359 0.165 0582 0.752 0.667 7
3 3.324 0182 0.77 0963 0.23 0.037 0.68 0.931 0.808 4
4 2252 0.168 0.89 1 011 0 0819 1 0.9095 2
5 1.265 0.186 1 0.952 0 0.048 1 0.912 0.956 1
6 548 0363 0529 048 0471 052 0515 049 05025 18
7 3947 0267 0701 0.736 0299 0264 0.625 0.654 0.6395 8
8 25 0205 0862 0.901 0.138 0.099 0784 0835 0.809 3
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Table 4. Response Table of GRG.

Level L R D \
1 0.7749 0.4987 0.5087 0.5841
2 0.6747 0.5707 0.5377 0.5921
3 0.5908 0.6362 0.5973 0.5837
4 0.5164 0.6558 0.6625 0.6078
5 0.4414 0.6368 0.6920 0.6305
Delta 0.3335 0.1571 0.1833 0.0468 (b,

Rank 1 3 2 4 ’ C)
O

Table 5. ANOVA of GRG. )\,;b’

Source DF SS MS F P, @ % Contribution

L 4 68.763 17.191 103.60 0.0& 63.4%

R 4 15.097 3.774 22.75 0 13.9%

D 4 22.904 5.726 34.51 @% 21.1%

V 4 0.393 0.098 0. \ 0.678 0.4%
Error 8 1.327 0.166 % 1.2%
Total 24 108.484 S 0.4073 R-Sq=98.8% R-Sq(adj) = 96.3%

Table 6. irmation results at the Optimized Setting.
L 2500V 2 L10R12D2500V>
Responses N . X X Improvement (%)
Xperimental Predicted  Experimental
Grey Grad 0.957 0.95428 - -
WR (mn@) 1.265 1.364 1.327 -4.67

0.186 0.15236 0.149 24.83
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