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A B S T R A C T

Quenching is one of the major processes of heat treatment of medium carbon steel that aims at improving its
mechanical properties. However, the effectiveness of this process is dependent on several control factors that must
be maximized to obtain optimum results in terms of hardness, yield strength, ultimate tensile strength among
others. This study aims at optimizing the process of improving the mechanical properties of medium carbon steel
by varying some key factors like the quenchant used (A), heat treatment temperature (B), and soaking time (C).
The measured responses in this study were the hardness, yield strength (YS), and ultimate tensile strength (UTS).
Optimization was conducted in two stages. The first stage dealt with the mono-optimization of process parameters
using Taguchi's Signal-to-Noise (S/N) ratio. A total of nine (9) experiments were performed based on standard L9
orthogonal array because each of the three control factors has three (3) levels. The second stage was multi-
objective optimization using Taguchi-based grey relational analysis (GRA). The optimal conditions for hard-
ness, YS, and UTS were obtained at A2B3C3, A3B2C3, and A3B3C3, respectively. Using ANOVA as statistical
analysis, it was observed that the soaking time was the main control factor for all three measured responses
(31.95% contribution ratio for hardness, 62.46%, and 66.76% for YS and UTS, respectively), while the quenchant
had the least contribution. Analysis of the Taguchi-based GRA revealed that the results obtained are in total
conformance to that of the Taguchi method, with soaking time having the highest contribution ratio of 69.41%.
1. Introduction

Heat treatment is a property enhancement process that deals with the
heating and cooling of metal in a solid-state. The objective of heat
treatment is to impart certain desirable properties on metals (Ahaneku
et al., 2012). Heat treatment can be performed on metals, ceramics, and
composite material. Heat-treated materials undergo phase, microstruc-
tural, crystallographic, and phase transformation (Sreeja et al., 2016).
The major aim of heat treatment is to enhance the mechanical properties
of steel such as hardness, yield strength, tensile strength, ductility, and
impact resistance. Heat treatment of steel involves the combination of
controlled heating and cooling operations (Adeleke et al., 2019). The
cooling process could be achieved by allowing the heatedmaterial to cool
slowly under natural air or by dipping it in a quenchant. As reported by
Ikubanni et al. (2017), quenching is a major process of heat treatment in
enhancing the properties of carbon steel. Quenching is carried out to
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disallow the formation of ferrite or pearlite but to support the formation
of bainite or martensite. Oil is a major quenchant (quenching medium),
which consists of water, aqueous polymer solution, and various addi-
tives. Owing to the importance of quenching in the heat treatment pro-
cess, several researchers had previously used different kinds of
quenching media to improve the properties of steels (Adeleke et al.,
2018; Ikubanni et al. 2017, 2018; Adekunle et al., 2013; Odusote et al.,
2012; Ndaliman, 2006).

The Taguchi method was first used in 1987 by Genichi Taguchi. It is
one of the prominent optimization and statistical tools used in ranking
the importance of different factors for a target function (Taguchi, 1987).
Though the method was majorly applicable in experimental analysis, it
could also be used in theoretical and numerical analysis (Hu et al., 2018;
Naqiuddin et al., 2018; Arslanoglu and Yigit, 2017; Bao et al., 2013). In
the study of Ikubanni et al. (2017), quenching media, heating tempera-
ture, and soaking time were identified as the major process parameters in
0
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Table 1. Chemical composition of the medium carbon steel.

C Si Mn S Cr Ni Cu Fe

0.39 0.18 0.98 0.03 0.11 0.14 0.37 97.81
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the heat treatment of medium carbon steel (MCS). The mechanical
properties evaluated were hardness, yield strength, and ultimate tensile
strength. However, to optimize these process parameters, a further study
involving the use of Taguchi analysis as well as Grey Relational Analysis
(GRA) is required to be carried out. Taguchi method allows a fewer
number of experimental tests because it uses orthogonal arrays to mini-
mize the effects of noise factors (Palanikumar, 2011; Taguchi and
Konishi, 1987). The Taguchi method utilizes a loss function to determine
the deviation between the experimental results and the desired values.
This loss function is further converted into Signal-Noise (S/N) ratio
(Asilturk and Akkus, 2011). There are three types of quality character-
istics in the analysis of S/N ratio; namely the lower-the-better, the
nominal-the-best, and the higher-the-better (Gupta et al., 2011; Gunes
et al., 2011; Liu et al., 2009; Jun et al., 2005).

Though Taguchi is a powerful optimization tool, it is not a suitable
method for the simultaneous optimization of multi-objective functions
(Canbolat et al., 2019). Therefore, GRA was applied to the mechanical
properties of MCS to obtain the order (rank) of the importance of each
process factor by maximizing the hardness, YS, and UTS of MCS. The
concept of the Taguchi design of experiment, which is now applicable in
all fields of research was first introduced in agriculture. According to
Turgay (2014), the Taguchi method has been widely used in engineering
applications such as design, analysis, engineering management, and so
on. Hussein et al. (2018) optimized the heat treatment parameters for the
tensile properties of medium carbon steel. The optimal factors of heat
treatment such as tempering temperature, nanoparticles percentage, base
media type, nanoparticles type, and tempering time that would increase
the yield strength, ultimate tensile strength, and ductility of the MCS
were determined using Taguchi technique. In manufacturing processes,
Kumar and Singh (2019) optimized the rotary ultrasonic drilling of BK-17
optical glass using the Taguchi method and utility approach. The study
focused on enhancing the machining efficacy by simultaneous optimi-
zation of conflicting target functions using utility approach. The L9
orthogonal array was adopted for the experimental work. Feed rate,
rotational speed of the tool, and ultrasonic power were selected as pro-
cess parameters to evaluate their effects on the material removal rate and
surface roughness.

Several studies have been done in the utilization of combined
Taguchi-based and GRA methods in optimizing different processes. For
instance, milling characteristic was optimized using Taguchi-based GRA
by Sarikaya et al. (2016). The effects of the process parameters such as
depth of cut, feed rate, cutting speed, and the number of inserts on the
cutting force, vibration, and surface roughness were investigated. The
findings revealed that the optimum conditions were achieved at the
depth of cut of 1 mm, feed rate of 0.05 mm/rev, cutting speed of 308
m/min, and the number of insert of 1. A similar study was conducted by
Meral et al. (2019) to optimize the characteristic of the hole drilled by
novel drill geometries. In this study, the selected input parameters were
drill geometries, cutting speed, and feed rate; while the measured re-
sponses were drilling torque, thrust force, and surface roughness. It was
concluded that the desired surface roughness and thrust force were ob-
tained with the geometry 4.

Nguyen et al. (2020) and Muthuramalingam et al. (2020) also
adopted Tagugi-based GRA in the electrical discharge machining (EDM)
process. In their study, Nguyen et al. (2020) chose peak current, pulse off
time, pulse on time, and gap voltage as controllable factors. Responses
such as average surface roughness, material removal rates, average layer
thickness, and microhardness were obtained based on the selected
controllable factors. Also, in the wire EDM process, Muthuramalingam
2

et al. (2020) affirmed that the selection of the wire electrode was the
main factor that affects the quality measures in the wire EDM process;
owing to its ability to create the energy required for a spark. In energy
studies, Taguchi method together with the GRA was used in a sizeable
number of researches such as the use of Taguchi method and GRA on a
tubulated heat exchanger (Celik et al., 2018); multi-response optimiza-
tion of geometric and flow parameters in a heat exchanger tube with
perforated disk inserts by Taguchi grey relational analysis (Chamoli
et al., 2016); and flat-plate collector process optimization with multiple
quality characteristics in solar energy collector manufacturing (Kuo et al.,
2011).

From the available literature, little or no study has been conducted on
the application of the Taguchi-based method with GRA technique on the
optimization of heat treatment parameters of MCS. Therefore, this study
aims at optimizing process parameters for the enhancement of the me-
chanical properties of MCS by using liquids that could have been termed
as wastes such as engine oil (spent), coconut, and pap water as quen-
chants. The study optimized the responses such as hardness, yield
strength, and ultimate tensile strength of heat-treated MCS by adopting
the higher-the-better characteristics. The mono-objective optimization
was done via Taguchi's S/N analysis while Taguchi-based gray relational
analysis was utilized for the multi-objective optimization of the
responses.

2. Materials and experimental method

2.1. Specimen preparation, heat treatment, and quenching

The sample used in this study is a medium carbon steel (MCS) ob-
tained from Omu-Aran metropolis market, Nigeria. The chemical
composition of the MCS is as shown in Table 1. Quenchants used were
coconut water (CW), pap water (PW), and spent engine oil (SPE). With
the aid of a medium-size lathe machine, specimens for hardness testing
and tensile testing were prepared from MCS following ASTM standards.

For induced stress reduction during machining, metallurgical re-
conditioning, phase re-adjustment, and homogenous structure, the
specimens prepared were initially heat-treated to a temperature of 840
�C using a muffle furnace and normalized. The prepared specimens were
later heated in a muffle furnace to 730, 760, and 790 �C, and soaked for
30, 45, and 60 min, respectively. After, the samples were quenched in the
different quenchants (CW, PW, and SPE). Mechanical tests such as
hardness and tensile tests were later conducted on the quenched samples.

2.1.1. Hardness test
Brinell hardness tester (EEDB 0006/43, Edibon) was used in deter-

mining the hardness values of the samples base on the ASTM E10-18
standard. A load of 500 N was used to cause an indent on the samples
using a ball indenter. The dwelling time of 15 s was used. The indented
diameter value was obtained. Eq. (1) was employed to evaluate the
Brinell's hardness number (BHN) for each sample. The average value of
the BHN was recorded after triplicates hardness tests were done on each
sample.

BHN¼ 2F

πD
�
D�√D2 � d2

� (1)

where F is the Force (N), D is the indenter's diameter (mm), d is the
average indentation's diameters (mm).



Table 2. The three process parameters and their levels.

Parameters Symbols Levels

1 2 3

Quenchant A CW PW SPE

Temperature B 730 760 790

Soaking time C 30 45 60
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2.1.2. Tensile test
Tensile testing was done on a Testometric machine (M500-50AT

model) based on the ASTM E8 standard. The tensile test specimen was
loaded until it fractured. Recording of the gauge lengths of the samples
was done before applying load. The yield and tensile strengths of each
sample were also estimated from the generated data.
2.2. Experimental design and optimization

2.2.1. Taguchi method and design of experiment
The experimental design followed the Taguchi method to obtain the

ranking of importance of different process parameters for the target
functions (responses). In this study, the three (3) process parameters
considered are quenchant, heating temperature, and soaking time. The
three levels for each factor chosen are shown in Table 2.

Taguchi method was applied to the heat treatment process in this
study to maximize the hardness, YS, and UTS of MCS. The L9 orthogonal
array was chosen to allow the three process parameters at the three
different levels considered (Table 2). In Taguchi analysis, the values of
the responses were transformed into signal-to-noise (S/N) ratios. Since
all three (3) responses (hardness, YS, and UTS) were desired to be
maximum, the higher-the-better performance characteristics for calcu-
lating the S/N ratio was chosen in this study by using Eq. (2).

S
�
N¼ � 10 log

 
1
n

Xn
i¼1

1
y2i

!
(2)

where n is the number of replication for each experiment and yi described
the result value for the ith performance characteristics.

2.2.2. Analysis of variance (ANOVA)
ANOVA is a statistical tool used in determining the individual in-

teractions and the contribution ratio of all the parameters in the exper-
imental design. ANOVA was used to analyze the effects of quenchant,
heating temperature, and soaking time on the hardness, YS, and UTS of
the MCS. Since ANOVA highlights the importance order of influencing
parameters on the response, it helps in validating the results obtained
through the Taguchi method. In this study, Minitab 19 (Statistical soft-
ware) was used for both ANOVA and Taguchi analysis.

2.2.3. Confirmation test
After establishing the optimum values of hardness ðHdoptÞ, yield

strength ðYSoptÞ, and ultimate tensile strength ðUTSoptÞ using the Taguchi
method, a confirmation test was conducted to validate the optimum
conditions (Mandal et al., 2011). Optimum values of the responses were
estimated using Eqs. (3), (4) and (5):

Hdopt ¼mh þðA2 �mhÞþ ðB3 �mhÞ þ ðC3 �mhÞ (3)

YSopt ¼my þ
�
A3 �my

�þ �B2 �my

�þ �C3 �my

�
(4)

UTSopt ¼mu þðA3 �muÞþ ðB3 �muÞ þ ðC3 �muÞ (5)
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where (A2B3C3), (A3B3C2), (A3B3C3) represent the values of the optimum
level of hardness, yield strength, and ultimate tensile strength respec-
tively. mh, my and mu are the average of all the Hdopt , YSopt ; and UTSopt ,
respectively, obtained from the experimental study. To determine if the
optimum values of the responses agree with the experimental values,
confidence intervals (CI) were calculated for each response (Dvivedi and
Kumar, 2007) using Eqs. (6) and (7).

CI¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fα; 1;fe Ve

�
1
neff

þ 1
R

�s
(6)

neff ¼ N
1 þ Tdof

(7)

where Fα; 1;fe ¼ F ratio at a 95% confidence, α ¼ significance level, fe is
the degrees-of-freedom of error, Ve ¼ variance's error, neff ¼ effective
number of replications, R ¼ number of confirmation experiments' repli-
cation. N ¼ total number of experiments, and Tdof is the total main pa-
rameters degrees of freedom.

2.2.4. Grey relational analysis (GRA)
Taguchi is an unsuitable method for the simultaneous optimization of

multiple-objective functions. Hence, the GRA method was applied to
achieve the ranking of importance of each process parameter on multiple
performance characteristics by maximizing all the responses (hardness,
yield strength, and ultimate tensile strength) simultaneously.

First, the experimental results were normalized (usually in the range
of 0–1). The higher-the-better performance characteristic in Eq. (8) was
used for all the target functions because the maximum values of all the
three responses are desired.

The higher � the� better; yiðsÞ¼ xiðsÞ � minxiðsÞ
maxxiðsÞ � minxiðsÞ (8)

After normalization, the grey relational coefficient is calculated using
Eqs. (9) and (10)

εiðsÞ ¼ Δmin þ φΔmax

ΔoiðsÞ þ φΔmax
(9)

where ΔoiðsÞ is the deviation sequence calculated from Eq. (10)

ΔoiðsÞ¼ jxoðsÞ� xiðsÞj (10)

xiðsÞ is the comparability sequence, max xiðsÞ and min xiðsÞ are maximum
and minimum comparability sequence respectively, xoðsÞ is the referen-
tial sequence, ϕ is the identification coefficient which ranges from 0 to 1.
In GRA, using any value between 0 and 1 for ϕ would not change the
order of importance of the parameters but 0.5 is normally chosen
(Naqiuddin et al., 2018; Acir et al., 2017; Chamoli et al., 2016; Turgut
et al., 2012; Kuo et al., 2011; Tosun, 2006).

The grey relational grade (GRG) was then estimated by using Eq. (11)
before the final ranking was done.

GRG¼ 0:3547 Hardnessþ 0:3246 YSþ 0:3207 UTS (11)



Table 3. Experimental results and their S/N ratios.

Exp No. Process parameters Responses (Target functions) S/N ratio for various Responses

A B (�C) C (mins) Hd (BHN) YS (MPa) UTS (MPa) Hd YS UTS

1 CW 730 30 166.40 162.90 171.10 44.423 44.238 44.665

2 CW 760 45 609.97 264.80 268.80 55.706 48.458 48.589

3 CW 790 60 573.35 358.50 399.20 55.168 51.090 52.024

4 PW 730 45 349.19 116.10 138.50 50.861 41.297 42.829

5 PW 760 60 532.37 407.40 427.80 54.524 52.200 52.625

6 PW 790 30 471.59 224.10 252.60 53.471 47.009 48.049

7 SPE 730 60 332.27 342.20 399.20 50.430 50.686 52.024

8 SPE 760 30 243.48 236.30 277.00 47.729 47.469 48.850

9 SPE 790 45 311.41 317.80 342.20 49.867 50.043 50.686

Table 4. Response for S/N ratios (Hardness vs quenchant, temperature and soaking time).

Level Quenchant Temperature Soaking time

1 51.77 48.57 48.54

2 52.95 52.65 52.14

3 49.34 52.84 53.37

Delta 3.61 4.26 4.83

Rank 3 2 1

ΣDelta 12.7

Weight 35.4749%

Bold value signifies to show the level at which the optimum condition is achieved for each process parameter.

Figure 1. The main effect plots for S/N ratios on hardness (Taguchi).
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3. Results and discussion

3.1. Analysis of the signal-to-noise ratio (S/N)

The hardness (Hd), yield strength (YS), and ultimate tensile strength
(UTS), which are the responses (target functions) of the MCS, are dis-
played in Table 3. Table 3 also presents the S/N ratios for the various
responses.

3.1.1. Analysis of a response (Hardness)
The average S/N ratios and the ranking of the importance of

process parameters on the hardness value (Table 4). Figure 1
4

represents the main effect of each parameter on the hardness of the
MCS. According to Canbolat et al. (2019), when the highest and
lowest S/N ratios variation is small, it implies that there is a relatively
low effect of the parameter on the response. More so, the design pa-
rameters level with maximum S/N indicates the optimum conditions
of the system. Hence, the process parameters to obtain the optimum
values for maximum hardness are determined as Quenchant ¼ PW,
Temperature ¼ 790 �C, and Soaking time ¼ 60 min (Figure 1). This
implies that when the heat treatment is done in PW at a heating
temperature of 790 �C with a soaking time of 60 min, i.e. A2B3C3, the
highest hardness can be obtained. Therefore, the optimum hardness
from the operating condition range of this study is found when the



Table 5. ANOVA results on the Hardness of MCS.

Source DF Seq SS Adj SS Adj MS F-Value P-Value R-sq

Quenchant 2 47902 47902 23951 1.73 0.366 0.86

Temperature 2 54349 54349 27175 1.97 0.337

Soaking Time 2 60981 60981 30491 2.21 0.312

Error 2 27625 27625 13813

Total 8 190858

Figure 2. Contribution ratio of each process parameter on the Hardness of
MCS (ANOVA).
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heat treatment process was done under the optimum working condi-
tion (A2B3C3). This agrees with the study of Ikubanni et al. (2017),
which opined that CW and PW could be used as quenchants when
improving the hardness of MCS.

For the results to be statistically reliable, the ANOVA method was
used to validate the Taguchi analysis results (Sarikaya and Güllü, 2014).
This is done to estimate the percentage contribution of each parameter of
the heat-treated samples in the different media on the hardness property
of the MCS. The usage of the ANOVA shows the impacts of process pa-
rameters on the hardness, as shown in Table 5 and Figure 2.

Soaking time was observed to be the major process parameter on the
hardness of the heat-treated MCS with an impact ratio of 31.95 % based
on the ANOVA results. Contribution ratios, shown in Table 4, also in-
dicates that the ranking of the importance of the process parameters on
the hardness of the MCS was Soaking time > Temperature > Quenchant.
The main effect plots of the Taguchi method and the ANOVA results gave
Table 6. Response for S/N ratios (YS and UTS vs quenchant, temperature and soakin

Level Quenchant

Yield strength

1 47.93

2 46.84

3 49.4

Delta 2.56

Rank 3

ΣDelta 11.62

Weight 32.46%

Ultimate tensile strength

1 48.43

2 47.83

3 50.52

Delta 2.69

Rank 3

ΣDelta 11.48

Weight 32.07%

5

a similar ranking of the effect of the process parameters on the hardness
of MCS. The results in the present study affirm the report of Singh et al.
(2013) on the effect of soaking time on the behaviour of carburized mild
steel, where it was stated that soaking time increment has a direct in-
fluence on the hardness value increment of the mild steel used. It was
similarly reported by Valdes-Tabernero et al. (2019) that fraction of the
recrystallization ferritic matrix with embedded martensitic and retained
austenite grains generally tends to increase with increasing soaking time,
thus, the tendency of an increased hardness in mild carbon steel.
Therefore, an increase in soaking time above all other process parameters
during heat treatment of MCS has the largest impact on its hardness.

3.1.2. Analysis of target functions (Yield strength and ultimate tensile
strength)

Table 6 shows the average S/N ratios and the rank of the importance
of the process parameters on the values of YS and UTS. Figures 3 and 4
represent the effect of each parameter on the YS and UTS, respectively. It
can be observed from Table 6 that soaking time was ranked first with a
higher influence on the yield strength of the heat-treated MCS among the
three process parameters that were considered. Similarly, Table 6 shows
that soaking time, which was constantly ahead of temperature, had the
highest influence on the ultimate tensile strength of the heat-treated
MCS. The use of SPE as quenchant while operating at 760 �C and soak-
ing for 60 min was the optimum values of the process parameters for
which the maximum YS, as shown in Figure 3 (A3B2C3). While the
soaking (60 min) and the quenchant (SPE) were unchanged as the opti-
mum values as process parameters to obtain optimum ultimate tensile
strength for the treated MCS, the temperature changed from 760 to 790
�C, as shown in Figure 4. The maximum UTS was obtained when the heat
treatment was done under the optimumworking condition (A3B3C3). The
ANOVA results of the effects of various process parameters on the YS and
UTS are presented in Table 7, while the contribution ratios are presented
in Figure 5. This corroborates the study of Ikubanni et al. (2017). It was
stated that the usage of SPE would assist in improving the strength of the
g time).

Temperature Soaking time

45.41 46.24

49.38 46.6

49.38 51.33

3.97 5.09

2 1

46.51 47.19

50.02 47.37

50.25 52.22

3.75 5.04

2 1



Figure 3. Main effect for S/N ratio of each parameter on yield strength (Taguchi).

Figure 4. Main effect for S/N ratio of each parameter on ultimate tensile strength (Taguchi).
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MCS. Oil gives better strength compared to water-based quenchants
(Adeleke et al., 2018; Vivek et al., 2014; Odusote et al., 2012); hence, for
utilization in areas where strength and ductilitiy are important, SPE
should be used. The ANOVA results in Table 7 show that soaking time has
the largest influence on the YS and UTS of the heat-treated MCS. A
similar trend was observed with the contribution ratios in Figure 5,
where soaking time has the highest values of 62.46 and 66.76% for the
YS and UTS, respectively. Therefore, based on the contribution ratio, the
important order of the process parameters on the YS of the heat-treated
MCS was Soaking time > Temperature > Quenchant. For all the three
target functions (hardness, YS, and UTS), the quenchant was less influ-
ential in determining the manner of behaviour of the heat-treated me-
dium carbon steel when compared with other parameters such as
6

temperature and soaking time. An increase in soaking time yielded an
increase in tensile strength. This agrees with the study of Valdes-Ta-
bernero et al. (2019). The study reported the influence of soaking time on
the heat treatment process of MCS. The Taguchi analysis and ANOVA
method used in this study also ranked the soaking time as the most
influential factor, followed by the temperature, while the quenchant was
ranked least. The ranking order of both methods was the same, which is a
means of confirming the reliability of their use as optimization tool
(Canbolat et al., 2019; Celik et al., 2018; Chamoli et al., 2016).

3.1.3. Confirmation test
This study conducts a confirmatory check to accurately determine the

correct optimization of the process. The obtained result was conducted to



Table 7. ANOVA results of the effect of process parameters on the yield and ultimate tensile strengths of MCS.

Source DF Seq SS Adj SS Adj MS F-Value P-Value R-sq

Yield strength

Quenchant 2 3969 3969 1985 0.73 0.579 0.92

Temperature 2 17840 17840 8920 3.27 0.234

Soaking Time 2 45369 45369 22685 8.32 0.107

Error 2 5455 5455 2728

Total 8 72634

Ultimate tensile strength

Quenchant 2 8040 8040 4020 2.62 0.276 0.96

Temperature 2 16875 16875 8437 5.5 0.154

Soaking Time 2 56197 56197 28099 18.32 0.052

Error 2 3068 3068 1534

Total 8 84180
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Figure 5. % Contribution of each process parameter on the yield and ultimate
tensile strengths of MCS (ANOVA).

Figure 6. GRG for the maximum performance characteristic.
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check if the values are within the confidence interval (CI). CI was esti-
mated using Eq. (6). F0.05,1,2 ¼ 18.51 (F-table), VeH ¼ 13813 (Table 4),
VeYS¼ 2728 (Table 8), and VeUTS¼ 1534 (Table 8), R¼ 3, N¼ 9, Tdof¼ 6
and neff ¼ 1.2857 (Eq. (7)). Confirmation experiments were conducted
based on the established optimum conditions for each target function and
the result is presented in Table 8. The computed values of CI in Table 8
Table 8. Experimental values obtained for each Target function based on optimum c

Target Function Optimum condition

Hardness (BHN) A2B3C3 (Q ¼ PW, Temp ¼ 790 �C, St ¼ 60)

Yield strength (Mpa) A3B2C3 (Q ¼ PW, Temp ¼ 790 �C, St ¼ 60)

Ultimate tensile strength A3B3C3 (Q ¼ PW, Temp ¼ 790 �C, St ¼ 60)

Table 9. Normalized results, grey relational coefficients, grey relational grade and ra

Exp. No. Normalized Results Grey R

Hardness YS UTS Hardne

1 0.0000 0.1607 0.1127 0.3333

2 1.0000 0.5105 0.4504 1.0000

3 0.9174 0.8321 0.9011 0.8583

4 0.4121 0.0000 0.0000 0.4596

5 0.8251 1.0000 1.0000 0.7408

6 0.6880 0.3708 0.3944 0.6158

7 0.3739 0.7762 0.9011 0.4440

8 0.1738 0.4126 0.4787 0.3770

9 0.3269 0.6924 0.7041 0.4262

7

show that experimental optimum values for each process parameter are
within an acceptable limit.

3.1.4. Grey relational analysis (GRA)
The optimum working conditions obtained from Table 8 are not the

same for hardness, YS, and UTS. Hence, the multi-objective technique is
required to complement the Taguchi method used. GRA method was
onditions.

Optimum value by Experiment CI

499.23 �533

382.90 �237

325.90 �178

nk.

elational Coefficients GRG Rank

ss YS UTS

0.3733 0.3604 0.3550 9

0.5053 0.4764 0.6715 3

0.7487 0.8349 0.8152 2

0.3333 0.3333 0.3781 8

1.0000 1.0000 0.9080 1

0.4428 0.4522 0.5072 6

0.6908 0.8349 0.6495 4

0.4598 0.4896 0.4400 7

0.6191 0.6282 0.5536 5



Table 10. Response for GRG.

Level Quenchant Temperature Soaking time

1 -5.34 -7.06 -7.34

2 -5.06 -4.27 -5.68

3 -4.74 -3.81 -2.12

Delta 0.6 3.26 5.22

Rank 3 2 1

Figure 7. Main effect for S/N ratios of each parameter on the multiple performance characteristics.

Table 11. ANOVA for Grey relational grade.

Source DF Seq SS Contribution Adj SS Adj MS F-Value P-Value R-sq

Quenchants 2 0.00715 2.44% 0.00715 0.00358 0.9 0.527 0.97

Temperature 2 0.07442 25.42% 0.07442 0.03721 9.34 0.097

Soaking time 2 0.2032 69.41% 0.2032 0.1016 25.5 0.038

Error 2 0.00797 2.72% 0.00797 0.00398

Total 8 0.29275 100.00%
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adopted to reduce the three target functions (maximization of the
hardness, YS, and UTS) of MCS into a single objective function (known as
multiple performance characteristics, MPC). Using Eqs. (8), (9), (10), and
(11), the result of the normalized response, grey relational coefficients
(GRC), grey relational grade (GRG), and ranks were determined and
presented in Table 9. The variation of the GRG is shown in Figure 6.
According to Kuo et al. (2011), an experiment that has the highest GRG
among all the experiments gives the maximum MPC. In this study,
experiment 5 gave the maximum MPC. The response was generated, as
shown in Table 10, for the GRG to estimate the ranking of the importance
of each parameter. Accordingly, the importance orders were ranked as
Soaking time > Temperature > Quenchant (Table 10). Figure 7 shows
the main effect of each parameter on the MPC of the heat-treated MCS.
The level three of each of the process parameters (A3B3C3) gave the
optimum condition for multiple characteristics of MCS. ANOVA method
was used to evaluate the results of GRG and the % contribution of each
parameter, as displayed in Table 11. ANOVA method indicates that the
soaking time and temperature were the two parameters with the highest
effect on MPC with a % contribution of 69.41% and 25.42%, respectively
8

(Table 11). The ranking order is Soaking time > Temperature > Quen-
chant. These results are consistent with the responses in Table 10 for the
grey relational grade.

4. Conclusion

In the present study, the combination of the Taguchi method and the
Gray relational analysis has been utilized to determine the optimal heat
treatment process parameters required to improve the mechanical
properties of medium carbon steel. The heat treatment parameters such
as temperature, soaking time, and quenchant used have been used to
analyze the effects on the hardness, yield strength, and the ultimate
tensile strength. The experimental results were evaluated and validated
by the ANOVA method. It can be concluded that:

i. The optimal conditions for maximizing hardness, yield strength,
and ultimate tensile strength were obtained with the combination
found to be A2B3C3 (quenchant (PW), temperature (790 �C), and
soaking time (60 min)); A3B2C3 (quenchant (SPE), temperature
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(760 �C), and soaking time (60 min)), and A3B3C3 (quenchant
(SPE), temperature (760 �C), and soaking time (60 min)),
respectively.

ii. The soaking time is the most significant parameter for all the three
target functions with 31.95% contribution ratio for hardness,
62.46% for yield strength, and 66.76% for ultimate tensile
strength).

iii. The measured values of the responses (hardness, yield strength,
and ultimate tensile strength) were within a 95% confidence in-
terval based on the confirmatory test results.

iv. The Grey relational analysis and Taguchi method confirmed
soaking time as the major process parameters having the highest
contribution ratios that were above 60% in both cases

v. The results show that the Taguchi method as well as the Grey
relational analysis is a reliable method for the maximization of
mechanical properties (hardness, yield strength, and ultimate
tensile strength) of medium carbon steel quenched in various
media.

Future studies could be considered on the effect of afore-mentioned
process parameters on the properties and performance of MCS such as
corrosion resistance, wear resistance, machinability and so on.
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