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Abstract
This work aims to optimize the micro-hardness (H), thickness of the hardened layer (THL), carbon contents (%C) and surface 
roughness (Ra) of XC10 steel using a gas carburizing thermochemical treatment. The combination of Taguchi and grey rela-
tional analysis (TA-GRA) was applied with 9 experiments on the basis of L9 orthogonal design using the following factors: 
carbon flow rate (0.9%, 1% and 1.2%), temperature (900°, 920° and 940°) and holding time (4 h, 5 h and 6 h). A statistical 
analysis of the results was carried out on the basis of the S/N ratio and an ANOVA to identify the most significant parameters 
affecting the experimental responses. A desirability function approach was established to find the optimal factors to maxi-
mize H, THL and %C and minimize Ra. The gas carburizing treatment has shown a strong increase in the micro-hardness 
with about 140%, the thickness of the hardened layer with more than 1400 μm, carbon content 775% and good decrease in 
the surface roughness (Ra) with 140%.

Keywords  Gas carburizing of steel · Surface roughness · Thickness of the hardened layer · Micro-hardness · TA-GRA​ · 
Desirability function

1  Introduction

Low carbon steels have been commonly used because 
they guarantee high performances such as good plasticity, 
toughness and wear resistance. Moreover, it is one of the 
most used in the national economy, and it is often used 
after heat or thermochemical treatment [1–3]. Some carbon 
steel parts (shafts, gears, connecting rods and machine tool 
parts, etc.) must have enough toughness to resist fatigue 
(resistance to dynamic loads), tribological properties 
(resistance to friction and wear) and corrosion (resistance 
to chemical attack) [4–7]. The surface hardening was an 

accepted technology around the world because of its cost 
and its characteristics [8].

Up to date, different methods of cementing with different 
principles have been studied to produce activated carbon, 
such as gas carburizing [9], plasma carburizing [10, 11], 
vacuum carburizing [1], plasma electrolytic carburizing [12], 
electron beam carburizing [13] and laser carburizing [14].

In gas carburizing, the surface of low carbon steel can be 
enriched with carbon up to 1% (weight) [15, 16]. The increase 
of the surface layer with the carbon content shows the trans-
formation of austenite into martensite and finally formation of 
cementite (Fe3C) [17–19]. Furthermore, there are a lot of trans-
formations in the core of the samples; ferrite and pearlite (ini-
tial phase) are transformed into retained austenite and bainite 
(after treatment phase) [20–22]. After thermochemical case 
hardening, if the steels are cooled in the furnace, an accumula-
tion of thick and hard layers of cementite will occur within the 
grain boundaries, so case hardening without quenching and 
tempering has several drawbacks [21, 23, 24].

The case hardening treatment was carried out between 880 
and 950 °C to improve the surface hardness of the steel parts, 
resulting in case hardened layers of up to 20–25% [25, 26]. The 
researchers have shown that the outer layer of the steel is charac-
terized by a higher hardness when there is a similar increase in 
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carburation time [17, 26, 27]. In order to obtain a hard, wear and 
fatigue-resistant outer surface, it is necessary to choose the right 
type of steel to match with the appropriate treatment method 
[28]. The surface roughness parameters are very important fac-
tors to affect the micro-pitting life [29, 30]. Sougata and Zhe 
have shown that the case carburizing treatment and especially 
the holding time influence the surface roughness [31, 32].

Taguchi’s method is one of the optimization and statistical 
tools used to classify the factors that influence the experi-
mental responses (most significant, least significant and 
non-significant) [33–35]. As the use of this method is mainly 
applicable for experimental treatments [36–38], it can also be 
used for numerical and theoretical analyses [39, 40]. How-
ever, to optimize the parameters that influence the responses, 
a further study involving the use of Taguchi analysis as well 
as grey relational analysis (GRA) to obtain the order (rank) 
of the importance of each process factor is needed [41, 42].

This study aims to optimize the parameters of the ther-
mochemical gas carburizing treatment such as carbon flow 
rate, temperature and holding time, to see their influences 
on the surface micro-hardness of the steel (HV), thickness 
of the hardened layer (THL), carbon contents (%C) and sur-
face roughness (Ra) using the Taguchi-based GRA method. 
In addition, the analysis of variance (ANOVA) was used to 
determine the influence of each parameter on the responses. 
To the author’s knowledge, a very few studies have adopted 
the TA-GRA (Taguchi + GRA) analysis in the field of ther-
mochemical treatment and specifically gas carburizing to 
better measure the quality of the phenomenon. Finally, the 
microstructure of XC10 steel was investigated by spark 

optical emission spectroscopy to see the transformation of 
austenite to martensite and then into cementite (Fe3C).

2 � Materials and methods

2.1 � Materials

The material used in this study is a low carbon steel (XC10) 
whose chemical composition is shown in Table 1. Figure 1 
shows the manufacture of the primary samples which were 
obtained by lubricated cutting of a cylindrical bar with a 
diameter of 55 mm and a thickness of 10 mm, using an 
SN-40 lathe.

2.1.1 � Thermochemical treatment (gas carburizing)

The heat treatment of the samples was carried out on a line 
consisting of a carburizing furnace, a hardening oven, an 
oil-quenching bath and a washing system. The line is con-
trolled by the Axron Swiss Process Control software. First, 
the samples were prepared on a hanging stainless-steel pot 
rack. Then, the samples were introduced into the bell furnace 
(type 11-CG, SOLO-Swiss, Switzerland) with an atmos-
phere consisting of a carrier gas made up of 39.36% of H2, 
0.23% of CO2, 19.83% of CO and 0.76% of %H2O, enriched 
in propane C3H8. The samples were processed by the gas 
carburizing treatment according to the following factors: 
carbon flow rate (A), temperature (B) and holding time (C) 
where each factor has three levels as summarized in Table 2.

Table 1   The chemical composition of steel XC10 (weight %)

Element C Mn Si S Cu AL Ti Ni Cr Mo Sn W Co Ta N Fe

Weight % 0.10 0.50 0.31 0.010 0.047 0.003 0.003 0.033 0.087 0.012 0.015 0.018 0.09 0.073 0.051 98.7

Fig. 1   Preparation of samples
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After the sample surfaces are enriched with carbon, a dif-
fusion step is required for 90 min to ensure that the carbon is 
diffused evenly over the surface of the workpiece, followed by 
a quenching treatment at 830 °C for 20 min. Thereafter, the 
specimens throw a tank of oil at 60 °C for 18 min; afterward, 
they dried in a drying machine for 25 min. Finally, the sam-
ples were annealed at a temperature of 180 °C for 120 min.

The carbon penetration into the steel depends on time 
and temperature selected during carburizing. Fick’s sec-
ond law generally satisfies the relationship between the 
thickness of the carburized layer and carburizing time; it 
is defined as follows [43]:

where Cx is the concentration at distance x from the surface, 
t is the time, D is the diffusion coefficient, �Cx

�t
 is the variation 

of the volume concentration as a relation to time t, and �
2Cx

�x2
 is 

the concentration gradient varies with distance x.
As the hardness of steel increases, the carbon atoms vary 

with their absorption from the atmosphere by the hardness 
surface layer, which is estimated by the micro-hardness dis-
tributions. In some cases, the case carburizing process can be 
defined by the Van Ostrand-Dewey diffusion formula [44]:

where Cs is the superficial carbon concentration and Co is the 
initial concentration of the carbon in the base steel.

2.1.2 � Microscope

The micrographs were captured using digital camera Axi-
oCam MRc 5 attached to a Leica DMi8 inverted microscope 
(Leica Microsystems CMS GmbH, Wetzlar, Germany), and 
the thickness layer of the samples was performed in three dif-
ferent points by Leica IM50 software3.

2.1.3 � Micro‑hardness measurements

The Vickers micro-hardness tester measurements were 
performed under a test load of 0.5 kgf and a 10-s dwell 

(1)
�Cx

�t
= D

�2Cx

�x2

(2)
Cs − Cx

Cs − Co

= erf

(

x

2(Dt)1∕2

)

time, using a micro-hardness tester by Zwick Roell, model: 
ZHV10-A. The test was performed at a room temperature 
and hardness measurements were taken to five different loca-
tions on each sample to obtain an average hardness value.

2.1.4 � Spark optical emission spectroscopy

The chemical composition of the steel XC10 samples before 
and after the case hardening treatment was conducted by 
spark optical emission spectroscopy (S-OES) using a SPEC-
TROMAXx MX6M-BT metal analyzer from SPECTRO 
Analytical Instruments GmbH, and it is given in mass per-
cent throughout this work. The tests were measured under an 
argon atmosphere at a pressure of 3 bar during the chemical 
analysis. The values indicated correspond to the average of 
at least three individual measurements.

2.2 � Methods

2.2.1 � Taguchi method

In this study, a Taguchi design plan was used to minimize 
the number of experiments from 27 to 9 experiments, where 
each experiment contains five samples. The signal-to-noise 
ratio (S/N) can be used to analyze experimental results, that 
assess the influence of factors and their levels on the response 
by measuring the difference between the answer and the 
expected value [45, 46]. There are three types of S/N ratios 
to find the best experimental results. The larger is better (LB), 
the nominal is best (NB) and the smaller is better (SB).

In the current study, the larger is better was used for hard-
ness, thickness of the hardened layer and carbon contents, but 
the smaller is better was used for the surface roughness. The 
corresponding S/N ratio can be expressed and calculated as a 
logarithmic transformation using the following equation [47]:

where the S/N is the signal-to-noise ratio (dB), n is the num-
ber of repetitions for each experiment and Y is the response 
values obtained during the tests.

ANOVA analyses were performed to determine the most 
influential factors in the responses [48]. The F-value and 
P-value were used in the ANOVA to test the significance 
of each parameter in all responses in this study. Then, linear 
regression analysis was used to create mathematical regression 
models for each response against the independent factors. Fur-
thermore, the optimum parameter levels were determined by 
the desirability function to obtain simultaneous maximization 

(3)S∕NLarger = −10log10

[

1

n

∑n

i=1

1

Y2

i

]

(4)S∕NSmaller = −10log10

[

1

n

∑n

i=1
Y2

i

]

Table 2   Formulation of test input parameters and their level

Parameter Symbol Level

Min (−1) Medium (0) Max (+1)

Carbon flow rate 
(%)

A 0.9 1 1.2

Temperature (°C) B 900 920 940
Holding time (h) C 4 5 6
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of micro-hardness, thickness of the hardened layer and carbon 
contents and minimization of surface roughness (Ra).

2.2.2 � Grey relational analysis method

A grey relational analysis (GRA) starts by standardizing the 
results within a range of 0 to 1, commonly known as the 
grey relational generation. Then, the grey relational factor 
between all the reference sequences and the base sequence 
is established to define the correlation between the data of 
the desired (ideal/best) and the actual experimental values. 
Finally, the grey relational score is established by averaging 
the grey relational score of each response.

The overall ranking of the different responses is deter-
mined by the grey relational score. The grey relational 
score thus makes it possible to optimize many responses by 
transforming them into a single grey relational score. The 
estimated grey relational score ranges from 0 to 1, and the 
larger the value, the closer it is to the idle value. Of all the 
combinations of process variables used, the one with the 
highest degree of grey relational score between the reference 
sequence and itself is judged to be the correct parametric 
combination and therefore recommended. If a higher value 
indicates a better performance such as hardness, thickness 
of the hardened layer and carbon contents, it is normalized 
according to the following equation [49]:

If a lesser value indicates a better performance such as 
surface roughness (Ra), it is explained as follows:

The relational grey coefficient can be determined as 
follows:

where ∇ij =
[

Xoj − Xij

]

, ∇min = Min
[

∇ij, [i = 1,2, 3… ., n

and j = 1,2, 3… .,m
]]

 and ∇max = Max
[

∇ij, [i = 1,2, 3… .,

n and j = 1,2, 3… .,m
]]

  � is the distinguishing coefficient 
that is defined in the range 0 to 1.

Generally, the distinctive coefficient can be adjusted to 
fit the practical requirements. Considering micro-hardness, 
thickness of the hardened layer, carbon contents and surface 
roughness (Ra), both are given equal weights that assume 
a value of 0.5. The grey relational grade can be expressed 
as follows:

(5)

Xij =
Yij −Min

[

Yij, i = 1, 2, 3… n
]

Max
[

Yij, i = 1, 2, 3… n
]

−Min
[

Yij, i = 1, 2, 3… n
]

(6)

Xij =
Max

[

Yij, i = 1, 2, 3… n
]

−Yij

Max
[

Yij, i = 1, 2, 3… n
]

−Min
[

Yij, i = 1, 2, 3… n
]

(7)

Y
(

Xoj,Xij

)

=
∇min + �∇max

∇ij + �∇max

[

i = 1, 2, 3… ., n and j = 1, 2, 3… .,m
]
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where m is the number of response parameter.

3 � Results and discussion

The average experimental values of 5 samples for each com-
bination obtained by the Taguchi method with their signal/
noise ratios in relation with the micro-hardness, thickness of 
the hardened layer, carbon contents and surface roughness 
(Ra), for the different combinations of the gas carburizing 
treatment parameters and according to the experimental design 
L9, are presented and compared with the raw in Table 3. The 
micro-hardness values obtained in this study show an increase 
of more than 140% from 336 ± 5 HV to 815 ± 15 HV. These 
established values are higher than those found by several 
authors, who have reported an increase in micro-hardness 

(8)Γ
(

Xo,Xi

)

=
1

m

∑m

i=1
Y
(

Yoj, Yij
) of around 80% [50, 51]. The found values for the thick-

ness of the hardened layer are between 1044.76 ± 6.81 μm 
and 1419.04 ± 7.13 μm. These values are greater than those 
reported by several authors, which found that the thickness 
of the hardened layer resulted is in the range of 1000 μm and 
1300 μm [22, 52]. The obtained carbon content values show 
an increase from 0.1 to 0.875% which means an increase of 
about 775%. These values are high compared to those found 
in the literature by several authors, such as Hiremath et al. [53] 
and Oyetunji and Adeosun [54], where the maximum carbon 
content found was 0.8%. The surface roughness (Ra) improved 
from 1.433 to 0.597 µm, which means an improvement of 
140%. These values have given some importance to those 
found by several authors Liu et al. [31] and Roy et al. [32].

Figure 2a shows that the carbon flow has a positive effect 
on the micro-hardness, thickness of the hardened layer, car-
bon contents and surface roughness (Ra) with 9.78%, 8.74%, 
35.53% and 8.82% respectively. This study was also validated 

Fig. 2   Taguchi design result for the hardness, Thickness of the hardened layer, carbon contents and surface roughness (Ra). a Main effect plot 
means and b main of S/N ratio

7941The International Journal of Advanced Manufacturing Technology (2022) 120:7937–7949
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by Dechow and Douglas [55]. Regarding the temperature 
parameter which has a significant influence on the responses 
such as micro-hardness, thickness of the hardened layer and 
surface roughness (Ra) at 13.76%, 14.51% and 20.53% respec-
tively, but it has a weak effect on the carbon contents (%) 
at 1.15%. This result was also confirmed by Li et al. [25] 
and Oyetunji [56]. Finally, the holding time has a great influ-
ence on the micro-hardness, thickness of the hardened layer 
and surface roughness (Ra) by 15.01%, 10.62% and 27.21% 
respectively, except that the influence of this parameter is less 
significant on the carbon contents with 7.84%. Benarioua [17] 
and Abdenour et al. [22] showed a significant increase in the 
micro-hardness, thickness of the hardened layer and carbon 
contents.

Figure 2b gives the influence of the average signal-to-
noise ratio (S/N) on the micro-hardness, thickness of the 
hardened layer, carbon contents and surface roughness (Ra). 
It can be seen that the carbon flow rate, temperature and 
holding time have a main effect on the previous responses, 

only for the carbon content, which is less affected by the 
temperature and holding time.

3.1 � Analysis of variance

Table 4 presents the ANOVA analysis of micro-hardness, 
thickness of the hardened layer, surface roughness (Ra) and 
carbon percentage. The P-value shows that there is a statistical 
significance in the responses since it is much lower than 0.05 
[38, 57]. Only the temperature parameter is not statistically sig-
nificant in the carbon content because the P-value greater than 
0.7. The average experimental results in terms of these models 
are statistically tested to identify the most significant variables 
that act to improve the measured responses. In other words, the 
model can be confirmed by the highest correlation coefficients 
(R2, adjusted R2 and predicted R2), which corresponds to the 
established selection criteria.

Regarding the effect of the parameters A, B and C on micro-
hardness. The holding time (C) and temperature (B) have the 

Table 4   ANOVA for the linear model of hardness, thickness of the hardened layer, surface roughness and carbon contents

Source DF Adj SS Adj MS F-Value P-Value Cont % Remark

M
ic

ro
-H

ar
dn

es
s Model 3 44984 14994.7 54.25 <0.001 97.01% Significant

A: Carbon flow rate 1 8503 8502.9 30.77 0.003 18.33% Significant

B: Temperature 1 16679 16678.9 60.35 0.001 35.97% Significant

C:  Holding time 1 19802 19802.2 71.65 <0.001 42.70% Significant

Error 5 1382 276.4

Total 8 46366

Fit Statistics R² =  0.9702;          Adjusted R² =  0.9523;            Predicted R² = 0.8778

ehtfossenkcihT
rey al

denedrah

Model 3 107494 35831.2 92.81 <0.001 98.24% Significant

A: Carbon flow rate 1 22035 22035.3 57.08 0.001 20.14% Significant

B: Temperature 1 56510 56510.0 146.38 <0.001 51.64% Significant

C:  Holding time 1 28948 28948.4 74.98 <0.001 26.45% Significant

Error 5 1930 386.1

Total 8 109424

Fit Statistics R² =  0.9824;          Adjusted R² =  0.9718;            Predicted R² = 0.9296

Su
rf

ac
e 

R
ou

gh
ne

ss

Model 3 0.1112 0.0370 66.80 <0.001 97.56% Significant

A: Carbon flow rate 1 0.0061 0.0061 10.98 0.021 5.35% Significant

B: Temperature 1 0.0371 0.0371 66.91 <0.001 32.57% Significant

C:  Holding time 1 0.0680 0.0680 122.51 <0.001 59.66% Significant

Error 5 0.0028 0.0005

Total 8 0.1140

Fit Statistics R² =  0.9757;          Adjusted R² =  0.9611;            Predicted R² = 0.9146

stnetno
C

nobra
C

Model 3 0.1518 0.0506 89.19 <0.001 98.16% Significant

A: Carbon flow rate 1 0.1469 0.1469 258.89 <0.001 94.97% Significant

B: Temperature 1 0.0001 0.0001 0.16 0.702 0.06% No-significant

C:  Holding time 1 0.0048 0.0048 8.52 0.033 3.13% Significant

Error 5 0.0028 0.0006

Total 8 0.1546

Fit Statistics R² =  0.9817;          Adjusted R² =  0.9707;            Predicted R² = 0.9357
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biggest contribution values of 42.70% and 35.97% respectively, 
but the carbon flow rate (A) has a less contribution with 18.33%. 
For the thickness of the hardened layer, the temperature (B) has 
the largest contribution value of 51.64%; besides, the effect 

of holding time (C) and carbon flow rate (A) contributes with 
26.45% and 20.14% respectively. About the surface roughness 
(Ra), the holding time (C) and temperature (B) have the greatest 
contribution with 59.66% and 32.57% respectively. The effect 
of carbon flow rate (A) contributes slightly to the roughness of 
the surface (Ra) with 5.35%. In addition, the carbon flow rate 
(A) has the most contribution carbon contents with 94.97% and 
the effect of holding time (C) contributes slightly with less than 
3.2%. The temperature parameter has a negligible contribution 
to the carbon contents.

Multiple linear regression models were obtained using 
Minitab18 software for micro-hardness (Y1), thickness of the 
hardened layer (Y2), surface roughness (Ra) (Y3) and carbon 
contents (Y4). The completes models can be given by the fol-
lowing equations:

(9)
Y1Micro Hardness (HV) = −2260 + 264.4 × A + 2.636 × B + 57.45 × C

(10)
Y2Thickness (μm) = −3984 + 396.7 × A + 4.852 × B + 69.46 × C

(11)Y3 Surface Roughness (μm) = 5.046 − 0.2087 × A − 0.003933 × B − 0.10644 × C

(12)Y4Carbon Contents (%) = −0.332 + 1.0243 × A − 0.000197 × B + 0.02839 × C

Fig. 3   Pareto diagram of standardized effects on micro-hardness, 
thickness of the hardened layer, roughness and carbon contents

Fig. 4   3D plots showing the effect of the input parameters and their interactions of a micro-hardness, b thickness of the hardened layer, c rough-
ness and d carbon contents
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Table 5   The best solutions for the gas carburizing treatment parameters with their related responses

Solution Carbon flow 
rate (%)

Temperature (°C) Holding time
(h)

Micro-hardness 
(HV)

THL
(µm)

Carbon contents 
(%)

Roughness 
(Ra)
(µm)

Composite 
desirability

1 1.20 929.50 6.00 830.57 1419.15 0.883 0.50 0.995
2 1.20 940.00 6.00 858.27 1470.12 0.881 0.46 0.993
3 1.14 940.00 6.00 843.03 1445.59 0.818 0.47 0.942
4 1.20 940.00 4.29 760.13 1351.47 0.833 0.64 0.777
5 1.01 940.00 6.00 810.54 1393.32 0.68 0.50 0.775
6 1.20 940.00 4.01 743.90 1331.84 0.83 0.67 0.720
7 1.20 916.47 4.01 681.75 1217.53 0.83 0.76 0.500
8 1.20 916.33 4.01 681.39 1216.86 0.83 0.76 0.499
9 1.20 900.00 4.01 638.61 1137.94 0.83 0.83 0.324

Fig. 5   Response optimiza-
tion plot for carburizing gas 
parameters
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The correlation coefficients (R2) show that the proportion of 
response variation explained by the models exceed 97%, which 
makes them reasonably in agreement with the adjusted (R2) and 
predicted (R2) models which exceed 95% and 87% respectively.

Figure 3 shows the gas carburizing treatment tests 
and surface roughness on the Y-axis and their normal-
izing effects on the X-axis. It can be seen on the X-axis 
that the gas carburization processing parameters (car-
bon flow rate, temperature and holding time) exceed the 
normalized effect values (baseline of 2.571). Only the 
temperature parameter is lower than the baseline, so it 
is considered an insignificant parameter with 0.163 on 
the carbon content. Only the factors above the baseline 
are taken, when developing reduced regression models 
for all responses.

3.2 � 3D response surface design analysis

3D response surfaces are represented graphically to dem-
onstrate the combination of interaction effects of the input 
parameters on the measured responses. Figure 4 shows the 
3D responses in relation to the micro-hardness, thickness 
of the hardened layer, surface roughness (Ra) and carbon 
contents with the three combinations of significant interac-
tions (A–B, A–C and B–C). The response surface is plotted 
simultaneously for two-factor, while the remaining factor 
takes its average value. All the interaction (A–B, A–C and 
B–C) shows a great effect on the responses; only the inter-
action of the combination (B–C) shows a minor effect on 
the response of carbon contents (Fig. 4d). The RSM graphs 
show a good agreement between the predicted and revealed 
values, which indicate that the developed models have a sat-
isfactory predictive capacity.

3.3 � Optimization

The linear regression method was used to choose the set 
of parameters for the gas carburization treatment, which 
leads to the maximization of micro-hardness, thickness of 
the hardened layer and carbon contents and at the same 
time to minimize the surface roughness (Ra). Three fac-
tors are used for the optimization: carbon flow rate (A), 
temperature (B) and holding time (C). According to the 
predicted results shown in Table 5 and confirmed in Fig. 5, 
the optimal value is the high value of desirability which 
is very close to 1 [45, 57]. The values of the desirability 
function make it possible to choose the best level for each 
parameter value to find the best case among many solu-
tions, as shown in Table 5.

Figure 5 illustrates the best solution of optimal response 
values for micro-hardness, thickness of the hardened layer, 
carbon contents and surface roughness (Ra) that are equal to 
830.57 HV, 1419.15 µm and 0.883% and 0.5 µm respectively. Ta
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They were obtained for a carbon flow rate of 1.2%, a temper-
ature of 929.5 °C and a holding time of 6 h with composite 
desirability of 0.995 (very close to 1) as shown in Table 5.

The grey relational analysis (GRA) allows to optimize 
the four responses at the same time by a single set of pro-
cess variables. Table 6 presents the results of the grey rela-
tional coefficients, grey relational scores and their ranks. The 
results show that the L9 test has the highest grey relational 
grade, which suggests that it is the most suitable condition 
for gas carburizing treatment for better micro-hardness, 
thickness of the hardened layer, surface roughness and car-
bon contents. In general, the higher the value of the grey 
relational grade, the closer the corresponding treatment 
parameters are to the optimal level [33, 42].

The models established in this investigation using Taguchi’s 
method show reasonable agreement between experimental and 
expected values, making them competitive with many other 
experimental designs and approaches such as artificial neural 
network (ANN), genetic algorithm (GA), fuzzy, multi-objective 
optimization and finite element method (FEM) have been used by 
several researchers to model gas carburizing responses [58–61].

3.4 � The microstructure of XC10 steel

After the treatment carburizing of XC10 steel, the thick-
ness of the surface layer increases more than 35% with 
the increase of holding time and temperature (from about 
1050 μm to more than 1400 μm), similar result was found 
by Boubaaya et al. [52]. Showing in the Fig. 6, the results of 
the enrichment of the surface layer with the carbon content 
demonstrate a transformation of austenite into martensite 

and finally a formation of cementite (Fe3C); a same goal 
was obtained through many studies [16–18]. Also, there are 
transformations in the core of the samples, ferrite and pearl-
ite (initial phase), that are transformed into retained austenite 
and bainite (after the treatment phase) [3, 20, 21]. It is also 
shown that when the solidification time increases, the grain 
size also increases. A similar microstructure was obtained 
by Cullen et al. [62] and Liu et al. [63]. They concluded that 
the different grain sizes in the material have a diverse effect. 
As the grain size increases, the yield strength decreases and 
the risk of elongation at break is much higher.

4 � Conclusion

The DoE carried out in the present study according to 
Taguchi’s L9 experimental design combined with grey 
relational analysis was adopted to identify the optimal 
parameters of the gas carburizing treatment such as holding 
time, carbon flow rate and temperature used to optimize the 
experimental responses namely the micro-hardness, thick-
ness of the hardened layer, surface roughness (Ra) and car-
bon contents. The experimental results were evaluated and 
validated by the ANOVA analysis method. After the case 
carburizing treatment, we can observe the microstructure 
of the steel (core and edge). The main conclusions can be 
summarized as follows:

–	 The gas carburizing treatment tests show a strong 
optimization in micro-hardness, carbon content and 
surface roughness (Ra) (140%, 775% and 140% 

Fig. 6   Observations of the 
metallographic layers: a steel 
without carburizing (raw), b 
case-hardened steel (bad case), 
c case-hardened steel (best case)

7946 The International Journal of Advanced Manufacturing Technology (2022) 120:7937–7949



1 3

respectively) compared to the reference values 
(without carburizing). Comparing the response 
values from the bad case to the best case, they can 
improve up to 40% for micro-hardness, 36% for 
thickness, 60% for carbon content and 53% for sur-
face roughness (Ra).

–	 The models obtained showed a reasonable agree-
ment with R2 and R2-predicted values which were 
respectively greater than 95% and 87% respec-
tively. This shows the possibility of using these 
models to predict responses with satisfaction.

–	 The optimal responses obtained such as micro-
hardness, thickness of the hardened layer, carbon 
contents and surface roughness (Ra) are 830.57 
HV, 1419.15  µm and 0.883% and 0.5009  µm 
respectively, and they were obtained for a carbon 
flow rate with 1.2%, a temperature of 929.5 °C and 
a holding time of 6 h with composite desirability 
very close to 1.

–	 According to the analysis of the major effect plot 
of grey grade, the optimal gas carburization treat-
ment parameters have been found for high values 
of carbon flow rate, a the temperature and a holding 
time. The results show that trial number 9 has the 
highest degree of grey relation, which confirms the 
results of the Taguchi method.

–	 The enrichment of the superficial layer in carbon 
content shows the transformation of austenite into 
martensite and finally into cementite (Fe3C), which 
increases the thickness of the superficial by layer 
more than 1400 μm.

–	 Ultimately, the developed models in this investiga-
tion will help industries to improve the design of 
manufacturing processes of different products such 
as gears, screws, shafts, rolled plates, rollers, bands 
and levers.
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