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Abstract

Induction hardening serves as one of the best mass production processes used recently due to its ability to quickly generate high-
intensity heat in a well-defined location of the part. Numerous advantages of this method make it a reliable technique to produce a
thin martensite layer on the part surface that has compressive residual stresses. In this regard, the presented study is devoted to
investigating utilizing induction heating for surface hardening of AISI 4340 steel disc. The purpose is to evaluate the performance
of magnetic flux concentrators and the effects of the induction process parameter on the case-depth and edge effect in the surface
hardening of the disc. Once the proper range of parameters is defined, Taguchi experimentation planning is used to frame
comprehensive experimentation with the minimum possible trial. Then, the case-depth of discs is evaluated on their cross-
sections (edge and middle plane) through hardness profile measurement of samples using a micro-indentation hardness machine.
The results are then statistically analyzed using analysis of variance (ANOVA) and response surface methodology (RSM) to
determine the best combination of parameters to achieve maximum case-depth yet minimum edge effect. The goodness-of-fit
regression models are then developed to predict the case-depth profile as a function of machine parameters based on linear
regression utilizing case-depth responses in the edge and middle planes of discs. Results imply that maximum case-depth with
minimum edge effect can be produced by using the highest heating time along with the average amplitude of the power, axial gap,
and radial gap. This study gives a good exploration of case-depths optimized by setting up process parameters when a magnetic
flux concentrator is utilized; thus, a guideline to reduce discs edge effect in induction surface hardening application is given.
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1 Introduction

The importance of induction heat treatment and its numerous
applications have been increased over the last decades. One of
the most sought-after usages of this phenomenon is the hard-
ening of metals [1, 2]. Multiple advantages of induction heat
treatment make it superior to traditional methods: capability to
produce high power density in a shorter time that results in
saving time, being high energy efficient, limiting the risks of
distortion and deformation during conventional heat treat-
ments [3]. It is a fast and clean-energy process and repeatable

>4 Sasan Sattarpanah Karganroudi
sasan_sattarpanahkarganroudi@ugqar.ca

' Department of Mathematics, Computer Science and Engineering,

Université du Québec a Rimouski, Rimouski, Quebec, Canada

in terms of treating parts with the same quality. Also, the
ability of fast heat generation in well-defined points of the
specimen and eliminating other undesired-treated parts, being
environmental-friendly along with other mentioned character-
istics, makes this method well-received for mass production
and industrial purposes [4]. The ability to generate localized
heat during the heating process in hardening processes is one
of the most important industrial applications of induction
heating employing improving wear and fatigue resistance of
the parts such as bearings, shafts, and disc-shaped parts like
gears [35, 6].

Parts geometry, surface topology, chemical composition,
and induction heating processing parameters are crucial ele-
ments in induction surface hardening [7]. This study aims at
investigating the effects of induction machine parameters on
parts with plain geometry like a disc. While the result of this
simplification can be generalized to gears [8], considering
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simpler geometries like disc rather than gear can eliminate
some redundant parameters which are related to gear-shaped
parts and geometrical complications (Fig. 1).

Similar to conventional hardening methods, the induction
hardening process is based on increasing the temperature up to
the austenitic area, then cooling the part rapidly. As a result,
the martensite phase, a very hard steel structure, is formed.
However, the hardenability of the metal alloy plays a key role
in the final percentage of the martensite phase. In this study,
AISI 4340 steel, which is known for its heat treatable proper-
ties, is used to achieve high strength, good fatigue resistance,
and proper atmospheric corrosion resistance behaviors.
Referring to the main goal of the study, obtaining a hard sur-
face on 4340 steel discs, creating maximum martensite in
surface layers is intended since the formation of any pearlite
or bainite phase causes a drop in the hardness of the material.
To eliminate producing pearlite or bainite formation, rapid
quenching of a uniform austenite layer is essential [9]. A de-
sirable form of austenite layer highly depends on induction
process parameters that could maximize the austenite phase
formation. The subsequent step of quenching is done by a
water shower to create a uniform martensitic layer on the
parts’ surface. According to these facts, a typical heat treat-
ment temperature for AISI 4340 alloy steel parts is within a
range of 790 to 915 °C (850 °C in our study) to create a
uniform austenite layer, and a rapid quenching to produce
the maximum possible percentage of martensite layer
[10-13].

Despite the brilliant advantages of induction hardening, the
process yet involves some challenges that lead to undesirable
results. The major issue in induction heat treatment is the edge
effect due to the disproportionate density of magnetic flux in
different areas of a part [4, 14]. This variation causes non-
uniform generated temperatures over the surface of parts.
Subsequently, an uneven formation of martensite phases will
occur on the surface of the specimen following the quenching
may lead to undesirable metallographic structure. These phys-
ical phenomena arising from magnetic flux characteristics
coupled with coil geometry limitation provide a varying
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Fig. 1 Induction hardening of the gear [8]
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temperature distribution in radial and axial directions. In the
case of high-frequency induction hardening of a small disc
with a single-shot method, two facts could be concluded to
justify the non-uniform temperature distribution: First, the
temperature gradient in the radial direction due to the more
proximity in the outer layer of the disc to the induction coil
compared with the distant layer to the coil toward the center of
the disc’s geometry. The second reason for nonuniform tem-
perature distribution comes from the distortion of magnetic
field at coil and bending of the induced current in the edge
regions of the workpiece, namely, the edge effect phenome-
non. This results in a temperature gradient in the axial direc-
tion wherein the generated heat profile between the middle
plate and side plates of a disc is not uniform as shown in
Fig. 2. Thermal gradient because of the edge effect is negligi-
ble for big parts, though this is not applicable for small parts.
The smaller the workpiece, the more serious challenge in the
quality of the final product [15—17]. Due to the complexity of
this physical phenomenon, there is no definite solution to
eliminate it; however, a great deal of researches has been
dedicated to reducing its consequences as much as possible.
One efficient solution is to utilize magnetic flux concentrators.
Axial/radial gaps between magnetic flux concentrators and
coil/disc are two effective parameters in the edge effect that
are included in this study. This study investigates the effect of
the concentrators position (radial and axial gap) as well as the
induction heating process parameters including machine pow-
er, frequency, and heating time on the edge effect aiming at
tuning them to minimize the edge effect. Figure 3 demon-
strates a schematic presentation of the position of the coil,
concentrator, and workpiece.
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Fig. 2 Axial cross-section of an induction hardened sample [20]
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Fig. 3 Schematic presentation of induction heating with magnetic flux
concentrators

Since the discovery of the induction phenomenon in 1831,
plenty of efforts have been hailed on detecting all effective
elements and improving the induction machine component to
make this process more productive and user-friendly. In the
last few decades, the development of computer technology
has brought a great deal of facilitation in this field alongside
experimental investigation. Indeed, numerical computer sim-
ulation currently plays a fundamental role in the development
of this complex and multi-physical process. Investigations on
residual stress profiles produced by induction surface heating
and quenching [ 18] and numerical simulation to find a relation
between induction process parameters and phase transition in
surface hardening [19] can be cited as examples.

Furthermore, looking at academic researchers on induction
heating and heat-treating shows applying computer modeling
along with experimental has replaced the word “usefulness”
with the word “necessity.” Studies such as the formation of
surface stresses in forming rolls hardened by induction hard-
ening are analyzed by FEM simulation [21]. In another re-
search, case hardening of gray and ductile iron was studied
by induction hardening [22]. In a practical approach, the ki-
netics of structural transformation of roll steels was examined
[23]. Dutka et al. [24] utilized computers along with experi-
ments to predict phase transformation during the induction
process applied for cutting tools. Also, the functionality of
spray cooling was tested for induction hardening of the gear-
wheels [25]. Multiphysics modeling was executed to make
experiments faster and more accurate for induction hardening
of the ring gear [26]. Furthermore, initial microstructure and
heating rate were investigated for induction hardening of 5150
steel [27]. In more recent studies, induction heating was per-
formed to enhance the fatigue strength of AISI E52100 bear-
ing steel [28]. Experiment analyses are also applied to study
distortion of cold-drawn and induction-hardened components
[29]. Jeong et al. [30] tried to predict the deformation of curve
shape steel plates in high-frequency induction heating. The
eddy-current method is used to define the case-depth of cast

iron hardened by induction [31]. Estimation of stress and dis-
tortion during the induction case hardening tube was per-
formed by Nemkov et al. [32], and another experimental ap-
proach has been done to investigate the numerical modeling of
the induction process [33]. To improve fatigue strength and
avoid cracks in stress and strain during induction hardening,
numerical simulations were performed by Ivanov et al. [34].
The effects of initial microstructure of 4140 steel on the fa-
tigue behavior after induction hardening were also explored
[35], and multiple investigations applied finite element analy-
sis (FEA) to determine effective process parameters and to
find ways for microstructural enhancement of the final
induction-hardened product [36-38]. Utilizing ELTA soft-
ware induction heat treatment of steel is simulated [39] where-
in a combination of numerical and experimental investigations
is applied for local induction hardening of large-diameter gear
rolling [40]. This research team has recently utilized both ex-
perimental and FEA simultaneously to enhance induction
hardening process applied to gears. 2D simulation is used to
observe the effect of changing in the geometry of the compo-
nent on hardness profile [41], and 3D simulation is applied to
improve the case-depth of induction-hardened helical gears
[42]. In another research using 2D models, the effects of in-
duction heating process parameters on hardness profiles of
4340 steel bearing shoulders were studied [43]. The effect of
frequency on the hardness profile of spline shaft heat-treated
by induction is also examined [6]. Another study was focused
on the effects of induction machine parameters on the case-
depths of 4340 spur gear with a 2D model [44], and explore
how machine parameters and geometrical factors are effective
on the hardness profile of 4340 steel disc hardened by induc-
tion hardening [45]. Furthermore, surface methodology and
artificial neural network modeling were exploited to observe
the effects of flux concentrators on changing of edge effect in
spur gear treated by induction [46]. Barglik et al. [47] recently
performed a numerical study on dual frequency hardening
process of a AISI 300M gear. They introduce a mathematical
model of the process by the help of CCT and TTA diagrams.
In 2019, Baldan et al. [48] investigated the induction heating
process from another point of view, implementing multi-
fidelity optimization approach to reduce process time. In early
2019, Li et al. [49] tried to optimize the induction heating
temperature of a 55CrMo steel ball screw specimen and used
the martensite fraction value as a main criterion of their study.
The outcome of the study shows that the temperature increase
is in favor of martensite formation and hardness gain.

This study aims at determining the most effective process
parameter on edge effect in induction hardening of disc-
shaped parts while flux concentrators are applied. As previ-
ously mentioned, employing disc-shaped parts in this study
could helpfully eliminate some difficulties of using parts with
complex geometry like gears while the result can be applied
for both shapes. In this experimental effort, the ANOVA
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statistical method is used to model and analyze case-depth for
different combinations of process parameters and location of
concentrators. This method has proved its reliability in statis-
tic approaches and shows the way to understanding the effect
and measure of each multi-physical parameter and helps to
reduce errors and wasting time on calculations. In this regard,
the first step is to identify the most effective range of the
process parameters by preliminary tests. The second step is
to plan the most effective tests with the minimum number of
trials employing Taguchi planning method. The last steps are
respectively performing the planned tests, statistical analysis,
and then discussing the results and finally, elaborating conclu-
sion according to the evidence. These proceeds led to yield an
effective, accurate, and robust statistical model that can be
used to predict the case-depth of disc-shaped workpieces.
This article is formed as follows: Section 2 presents the meth-
odology of our experimental tests based on induction surface
heating and its related parameters, while results of experimen-
tation, statistical, and sensitivity analyses are reported in
Section 3. In the end, Section 4 presents conclusions and ideas
for future works in this field.

2 Experimental procedure
2.1 Materials and method

Induction hardening is applied to 4340 steel discs aiming at
fast surface heat treatment, which is low alloy steel known for
its high toughness and strength in the heat-treated condition
while preserving fatigue resistance. Mentioned characteristics
make it a reliable choice for making industrial disc-shaped
parts. The chemical composition of AISI 4340 steel and its
mechanical characteristics are noted in Tables 1 and 2
respectively.

The induction heating machine that is used for this study
employs two generator sets of a medium and high frequency
to produce a wide range of frequencies. The maximum range
of frequency, approximately 1 MW, could be achieved by a
combination of the two generators. Here is the machine pro-
cedure to drive the maximum range of frequency: first is to
create maximum power of 550 kW by using audio-frequency
technology with solid-state converters that operate at 10 kHz,
and the second is to deliver maximum power of 450 kW by
running a transistor radiofrequency generator at 200 kHz. To
achieve high frequency, a thyristor radiofrequency (RF)

generator operates at 200 kHz. Process controlled utilizing
real-time monitoring (RTM) module to ensure the state of
machine parameters during the process validating whether
the actual parameters are the same as the input parameters.

A disc is positioned on a ready-made stand kit between two
magnetic flux concentrators. Discs and flux concentrators are
in the same material, shape, and geometry; AISI 4340 steel
with an outer diameter of 104.3 mm, and a thickness of 6.5
mm. AISI 1010 steel shims are inserted between disc and
concentrators to ensure distance between them (axial gap).
The thickness and the outer diameter of each shim are 0.2 +
0.05 mm and 31.75 mm respectively. The geometrical speci-
fication of copper-made coil is 140 mm for the outer diameter
and 110 mm for the inner diameter with a useful section of
7 mm x 7 mm and thickness of 2 mm. Figure 3 displays a
schematic position of magnetic flux concentrators, master
disc, and coil. Finally, a jet of a cooling solution containing
92% water and 8% of polymers is used as coolant fluid for
quenching the disc after induction heating. It should be men-
tioned that all disc samples have undergone a uniform
quenching and tempering treatment to have approximately a
uniform hardening of 45 HRC through the discs. This is to
prepare an equal initial condition for all samples before
starting the induction heating process. As previously men-
tioned, because of the variety of flux densities in different
areas of the disc, different amounts of heat will be generated
through the disc and can be stocked in some areas. Therefore,
the area that is exposed to the more magnetic flux is consid-
ered critical that must be heated within the range of
austenization (above Acs) to avoid overheating more or less
than this specific temperature range. To serve this purpose, a
typical guideline for the induction hardening of the AISA
4340 disc is followed.

To avoid useless trial and error tests, an optimized number
of'tests should be done; therefore, a rigid method for designing
the experiments is adopted to provide the maximum amount
of information from the minimum number of experiments. In
this study, the Taguchi planning method is applied because of
the capability of this method in executing efficient and sim-
plified factorial results [52, 53]. To apply this optimized ex-
perimental planning method, a list of effective parameters is
required with a defined level of each. During the induction
heating, machine power, heating time, and frequency are three
input variables of the induction machine that control the gen-
erated heat and consequently the temperature amplitude on the
part. It should be considered, in contrast to the power and

Table 1 AISI 4340 steel chemical

composition in wt% [50] Element Ni Cr Mn C Mo Si S P
Content 1.65-2.00 0.70-0.90 0.60-0.80 0.38-0.43 0.20-0.30 0.15-0.30 0.04 0.035
(%)
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Table 2 Mechanical properties of
AISI 4340 steel [51] Yield strength Ultimate tensile strength Elongation at break Hardness Rockwell C
(MPa) (MPa) (%) (HRC)
710 1110 13.2 35

heating time, frequency is not tunable. Other effective factors
are the axial gap (the gap between each concentrator and mas-
ter disc), and the radial gap (the gap between the coil and
discs) as shown in Fig. 3. Accordingly, the input parameters
are power, time, axial, and radial gap. The levels of input
parameters and their ranges were defined by low, medium,
and high levels as presented in Table 3. Regarding the abbre-
viation list in Table 3, in the following, P, T, AG, and RG are
used instead of power, heating time, axial gap, and radial gap
respectively.

Taguchi experiment planning is well-known as one of the
most reliable and robust planning-designers to perform a min-
imum efficient number of experiments. A proper range of
factors by preliminary tests along with using Taguchi experi-
mental design makes the process more robust, efficient, and
with a minimum number of trials [54, 55]. Indeed, performing
an induction hardening within the maximum and minimum
range of parameters is of critical importance to create maximal
and minimal case-depth transformation. An Lo orthogonal
matrix corresponding to nine (9) experimental tests is ad-
dressed by the Taguchi planning method; consequently, each
test consisted of a unique combination of parameter levels as
shown in Table 4.

2.2 Micro-indentation hardness tests

Micro-indentation tests using Clemex machine are performed
to measure the hardness of specimens at their cross-section.
After surface-hardening process by induction heating method,
discs specimens are cut into two halves. In the following, the
middle plane refers to the surface that cut the thickness of disc
in two equal parts parallel to the edge plane. The edge plane,
in its turn, refers to the outer surfaces of the disc as depicted in
Fig. 4. Micro-indentation tests are then performed in both
edge and middle planes, and results are summarized in
Table 5. These responses present the measured case-depths

Table 3  Experimental factors and range of values for each level
Parameter Unit  Abbreviation  Level 1 Level2  Level 3
Power kW P 85.0 100.0 115.0
Time s T 0.40 0.50 0.60
Axial gap mm  AG 0.20 0.80 1.40
Radialgap mm  RG 2.60 2.80 3.10

of discs at the edge and middle of discs respectively denoted
as dg, dy. It worth mentioning that the defined case-depths on
edge planes are calculated as the mean value of case-depths
measured on the two exterior surfaces of the disc (edge
planes). Doing so could avoid complications in analyses re-
lated to outliers.

The results in Table 5 imply that the maximum case-depth
in both middle and edge planes occurred using test 9 param-
eters, while the minimum case-depth in middle and edge
planes is observed in test 1. In detail, results of tests 9 and 1
are presented in Fig. 5a and b, in which the hardness profile of
induction heat-treated discs is evaluated. Three distinguished
regions could be defined in these figures; the first region pre-
sents a hardened surface layer due to martensitic phase forma-
tion (the line approximately parallel horizontal axis), the sec-
ond region displays a hardness drop to approximately the core
material hardness (the part with deep slope), and the third
region in which discs tempered before the tests and preserve
the initial core material hardness (approximately 45 HRC)
[56]. Figure 5a demonstrates the hardness profile and obtained
case-depth at edge plane (dg) resulted respectively from test 9
and test 1, while Fig. 5b shows the hardness profile and case-
depth at the middle plane (dy).

There are three main conclusions to be drawn from Table 4.
First, the maximum case-depth at the edge plane happens in
the maximum level of power and axial gap, and a minimum
level of radial gap. Meanwhile, the minimum case-depth at
edge plane occurs when P, T, AG, and RG are set at their
minimum level. Second, the minimum amplitude of the
case-depth difference between middle and edge planes (Ad),
which is an indication of reaching a minimum edge effect, is

Table 4  Design of experiences, Lo orthogonal matrix

Test no. AG (mm) P (kW) T (s) RG (mm)
1 0.2 85 0.4 2.6
2 0.2 100 0.5 2.8
3 0.2 115 0.6 3.1
4 0.8 85 0.5 3.1
5 0.8 100 0.6 2.6
6 0.8 115 0.4 2.8
7 1.4 85 0.6 2.8
8 14 100 0.4 3.1
9 14 115 0.5 2.6
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Edge plane
Middle plane

Fig. 4 Schematic of the disc representative for middle and edge planes

reached when heating time is in its maximum level of varia-
tions. Third, a proper variation of process parameters in terms
of covering the measured maximum and minimum case-
depths confirms the credibility of designed tests based on
Taguchi method.

3 Effects of parameters on hardness profile
3.1 Statistical analysis and parameters contribution

To estimate the effectiveness degree of each variable in the
experimental, outputs are analyzed utilizing the statistical
method of analysis of variance (ANOVA) [57, 58]. ANOVA
uses an F-test to appraise the regression model. To evaluate
the degree of parameters’ participation in responses (case-

Table5 Microhardness test results in middle plane (dyy) and edge plane
(dp)

Test no. Parameters (variables) Responses
AGmm) T(s) P&W) RG(mm) dg(mm) dy (mm)

1 0.2 04 85 2.6 0.525 0.90
2 0.2 0.5 100 2.8 1.225 1.30
3 0.2 0.6 115 3.1 1.475 1.550
4 0.8 0.5 85 3.1 0.80 1.050
5 0.8 0.6 100 2.6 1.575 1.550
6 0.8 04 115 2.8 1.125 1.250
7 14 0.6 85 2.8 1.30 1.30
8 14 04 100 3.1 0.930 1.10
9 14 05 115 2.6 1.725 1.550

@ Springer

depth at middle and edge planes), the main effect diagram
for each dependent variable (specific range combination of
the parameters) is first plotted. The results of ANOVA
concerning the case-depth at edge and middle planes are
shown in Tables 6 and 7 respectively. In these tables, the
degrees of freedom (DoF), sum of squares, contribution per-
centage, F-value, and p-value are the terms that declare the
results of the analyses. Also, to estimate the precision of the
regression model, the coefficient of determination (denoted by
R? or R-squared) is calculated. The term p-value determines
statistically whether the effect of process parameters on the
case-depth is significant. In other words, ANOVA calculates
the p-value and compares it with the significance level (x) to
determine whether the null hypothesis is rejected. In fact, the
null hypothesis states that the effect of studied parameters is
insignificant. The null hypothesis can be rejected when the
calculated p-value is lower than or equal to the designated
significance level. The defined significance level (o) for this
study is 95%, which means that there is a 5% risk of consid-
ering a specific parameter as having a noticeable effect on the
process when there is no real effect.

Linear regression is then performed based on ANOVA
results to develop predictive equations for case-depths in the
edge and middle planes (dg and dy; respectively) as a function
of power (P), heating time (T), axial gap (AG), and radial gap
(RG). Here outputs are case-depths that are termed dependent
variable, and input parameters of P, T, AG, and RG are termed
independent variables. The ANOVA conditions in this study
are selected as a stepwise method wherein interactions be-
tween factors are included. The stepwise method aims at ex-
cluding less important factors and interactions in each step
giving more importance to the effective factors. Analyses
were proceeded by including the most important interactions
to prevent changing the meaning of the lower order coeffi-
cients. Furthermore, involving any redundant term to the mod-
el while the related P-value is higher than 0.05 could make the
model more complicated [59].

P-values for T, P, PxAG, and RG are respectively 0.001,
0.002, 0.030, and 0.060 as given in Table 6. Except for RG, all
p-values are less than 0.05; hence, the null hypothesis is
rejected. It can be observed that in dg, the heating time (T)
and machine power (P) are the most effective parameters on
the case-depth and then, PxAG with less degree of importance
regarding their descending quantity of p-values. P-value of
0.030 for PxAG connotes interaction between power and the
axial gap was in such a way that combining these two inde-
pendent variables gave a different effect on dg. Table 7 intro-
duces P, T, TxRG, and RG as the most effective variables in
dy; concerning the P-values (respectively 0.00, 0.005, 0.015,
and 0.031). Results for both dg and dys prove the involving
interactions as the P-values of PxAG and TXRG are respec-
tively 0.030 and 0.015 from Tables 6 and 7. The contribution
of each variable and interaction is also defined in the edge and
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Fig. 5 Hardness profile of test 1 and test 9; a in middle plane dg, b in edge plane dy;

middle planes of the disc. From ANOVA results in Table 6, it
can be concluded that in dg, P and T have the main effect on
the response as their contribution is respectively 40.31% and
43.69%. In dy;, the contribution of P and T indicates their
dominant effect in the response is slightly more than their
effect in dg as their ratios are respectively 44.81% and
48.98%.

3.2 Main effect plot and predictive regression models

To define the correlation between each independent variable
and dependent variable, main effect plots are drawn.
Interpretation by plots provides us a visual trend of response
variation with respect to parameter levels. This approach al-
lows exploiting a goodness-of-fit model that describes the
relationship between variables and predicting the case-depth
with a combination of the input parameters. Main effect plots
are drawn in Matlab™ to describe the most effective param-
eters affecting the response. These plots show a general trend
of how one parameter affects the response allowing their ef-
fectiveness comparison separately. This is performed by ver-
ifying the slope of each variation line between two levels in
which the steeper the slope, the more effective the parameter
on the response. The main effect plots of the responses (dr and

dr) over the 3 levels of their parameters (P, T, RG, and AG)
are shown in Fig. 6. In this figure, dg and dg are presented with
respectively blue and red lines. It can be observed from Fig. 6
for dg that P and T have a significant effect on the case-depth.
The bigger domain of changing in response with steeper var-
iation lines is the evidence of this interpretation. The effect of
the axial and radial gap (AG and RG) on the case-depth at
edge plane is less compared to P and T. This observation is
based on the fact that the slope of AG and RG variation is less
than the one of P and T. Like dg, P and T are the effective
parameters on dy; wherein the slopes of variations are steep.

The effect of AG and RG on dy; can be interpreted as less than
P and T since their variation slop is much smaller. Compared
to AG, increasing in RG shows the opposite effect on the
response as it is vivid from the negative slop from levels 1

to 3.

The main effect plots are used to reveal the relationship of
each independent variable on the dependent variables. The
interaction between the parameters is also studied based on
ANOVA as a combination of interacting variables because the
effect of one variable depends on the value of the other [55].
Studying the interaction of variables indicates that P and AG
(PxXAGQG) in edge plane (dg) and T and RG (T*RG) in middle

Table 7 Results of ANOVA for micro-hardness tests in the middle

Table6 Results of ANOVA for micro-hardness tests in edge plane (dg) plane (dy)
Factors DoF  Sum ofsquares Contribution F- P- Factors DoF  Sum ofsquares Contribution F- P-

value value value value
P 1 0.48167 40.31% 46.21 0.002 P 1 0.201667 44.81% 331.70  0.000
T 1 0.52215 43.69% 66.03 0.001 T 1 0.220417 48.98% 29.76 0.005
RG 1 0.06695 5.60% 6.73 0.060 RG 1 0.014803 3.29% 10.76 0.031
P*AG 1 0.09084 7.60% 10.86 0.030 T*RG 1 0.010607 2.36% 16.92 0.015
Error 4 0.03345 2.80% Error 4 0.002507 0.56%
Total 8 1.19505 100.00% Total 8 0.450000 100.00%
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Fig. 6 Main effect plots of case-
depth on middle and edge planes
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plane (dy) present interactions. To this end, a predictive linear
regression of case-depth, which is a function of the important Predicied—M J
input parameters and interactions, is exerted for the edge and  Error (%) = | Predicte easured | % 100 (3)

middle plane. These predictive functions are respectively pre-
sented in Egs. (1) and (2).

dp =—1.130 + 0.01725 x P + 3.042 x T—0.386 x RG
+0.002046 x P x AG (1)
dy = —3.269 + 0.012450 x P+ 7.73 x T + 0.829
x RG-2.053 x T x RG (2)

The coefficient of determination (R?) concerning the re-
gression equation of dg is 97% which declares that the predic-
tive equation represents 97% of the response behavior based
on the presented factors and their interactions. The R? of dy is
calculated 99% which means that the predictive regression
equation represents almost perfectly the variation of response
(dy) in the range of experimentations. The accuracy of regres-
sion equations can also be estimated based on the residual
evaluations. In this regard, the difference between predicted
and measured values represents the possible regression error
(residual). Using Eq. (3), the relative error of predicted models
can be calculated. Our study’s outcomes indicate a good
agreement between experimentally measured and predicted
model for case-depths at the edge plane (dg) and the middle
plane (dy;). The estimated errors of di, are less than 4% except
for test 2 where it reaches approximately 12% while the error
of dy 1s less than 4% for all tests.
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Measured

The goodness of fit, which visually represents the level of
agreement between the measured experiments and predicted
models, is depicted in Fig. 7a and b for d and dy; case-depths
respectively. Predicted values that agree exactly with mea-
sured values would fall on the red line, while the dispersion
of these values (blue points) with respect to the red line rep-
resents the lack of fitness. The plots of Fig. 7 illustrate a very
good agreement between the experimental values and predic-
tive models, for which the predicted model of dy; fits better
than dg.

3.3 Response surfaces and sensitivity analysis

For empirical modeling, response surface methodology
(RSM) is applied whereby the results are shown by contour
plots. Contour plots are 3D diagrams that the response curve is
projected on the plane of variables. In this regard, the response
is shown by contours (color gradient and isolines) on the plane
of variables. Here the variables are P, T, AG, and RG, and
responses are di and dy;. The results of RSM are displayed in
Fig. 8 for dg and in Fig. 9 for dy. It should be noted that the
non-presented parameters in the plots are considered as a con-
stant independent variable in their medium level of 100 kW,
0.5's,0.8 mm, and 2.8 mm for P, T, AG, and RG respectively.
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Fig. 7 Case-depth measured by experiments versus predicted by regression equations in a edge plane (dg) and b middle plane (dy;)

A contour plot of case-depths in edge plane (dg) versus P
and T is illustrated in Fig. 8a wherein the maximum values of
case-depth (1.7 mm) in the upper right corner of the plot
correspond to the highest values of both P and T. The mini-
mum value of case-depth (0.7 mm) in this graph corresponds
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with the lowest values of both P and T. In other words, both T
and P have an increasing effect on the case-depth value as well
as approximately the same impact on the cade depth enhance-
ment. The same trend can be observed in Fig. 8b and ¢ for P
and AG as well as T and AG, but the case-depth value is
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Fig. 8 Contour plots of Power (P), Heating Time (T), Axial Gap (AG), and Radial Gap (RG) versus case-depths at edge plane of discs (dg)
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Fig. 9 Contour plots of Power (P), Heating Time (T), and Radial Gap (RG) versus case-depths at middle plane of discs (dyy)

affected more by changes in P and T than AG in these plots.
As it is already explained in Section 3.2 and can be observed
in Fig. 8d, RG shows the opposite effect on the case-depth
when it is compared with other parameters and the maximum
case-depth happens at minimum RG. This is demonstrated in
the contour plot of case-depths at edge plane versus AG and
RG. As a conclusion, the highest case-depth can be achieved
by increasing P, T, and AG whereas decreasing RG.

Based on ANOVA in Section 3.1, the most effective param-
eters of case-depths in middle plane (dyy) are defined as P, T,
and RG in which their contour plots are presented in Fig. 9. The
increase of P and T results in the case-depth increase as shown
in Fig. 9a. Similar to dg, RG has an inverse effect on dy; as
illustrated in Fig. 9b and c. It can be concluded from Fig. 9 that
case-depth in middle plane of discs is mainly affected by the P
and T in which their increase would increase the case-depth.

4 Edge effect discussion

Considering the principle of magnetic fields, they are denser
near the source of the field. Consequently, moving from the
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outer diameter of the disc toward the center of the disc hard-
ness profile is reduced considerably to around the initial hard-
ness of material as is shown in Fig. 5. Loops of induced elec-
trical currents, namely “eddy currents” arising from changes
in the magnetic field, tend to be stuck in corners that lead to
non-uniform thermal distribution through the disc. Therefore,
a non-uniform hardness profile and finally a different case-
depth profile in edge plane versus the middle plane are
formed. To make a comparison of case-depth profiles in the
edge and middle planes, in this section, the middle plane is
considered as the reference plane and the differences between
the planes (Ad = di — d),) present the edge effect. The ultimate
purpose of this study is to determine the best combination of
process parameters that maximized the case-depth with mini-
mum edge effect utilizing flux concentrators. To this end, the
less the Ad, the less the edge effect that results in a more
desirable uniform case hardening.

The effects of induction hardening process parameters (P,
T, RG, and AG) on the case-depth profile have been already
discussed separately in the middle and edge planes. Results
showed that the case-depth profile is mainly affected by P and
T, while other parameters including RG and AG participated
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less. In this study, the interaction of parameters is also consid-
ered and regarding ANOVA, only PxAG and TxRG are ef-
fective parameters in case-depth. Applying the concept of Ad,
and presenting it in Fig. 10, a reducing trend in edge effect
from test 1 to test 9 can be observed. The minimum edge effect
is then noted in test 7 and test 5. The experiment parameters,
P, T, AG, and RG for test 7, are 85 kW, 0.6 s, 1.4 mm, and
2.8 mm respectively which refers to the low-level of machine
power, the maximum level of T and AG, and mid-level of RG.
The process parameters of test 5 are 100 kW, 0.6 s, 0.8 mm,
and 2.6 mm, respectively, for P, T, AG, and RG. They refer to
the maximum level of P and T as well as the mid-level of AG
and RG. It is worth mentioning that the average case-depth in
test 7 is 1.30 mm while in test 5 is 1.56 mm. Although the best
case-depth results in test 9, the edge effect is also considerable.
It could be concluded that the best scenario, deeper case-
depth, and less edge effect occurred in tests 5 and 7 where
the heating time is tuned in its maximum level, the machine
power, and radial gap are in low and mid-levels, and the axial
gap in its maximum and mid-levels.

5 Conclusions

4340 steel discs are used in this study to investigate the
effects of induction hardening process parameters on the
case-depth and edge effect with the presence of magnetic
concentrators. The process parameters, machine power (P),
heating time (T), the axial gap between disc and concen-
trator (AG), and the radial gap between disc and coil (RG)
are considered to evaluate two responses, case-depth in
edge and middle of discs (dg and dy;). The Taguchi design
method is employed to plan nine tests (Lg) in three-
parameter variation levels. The micro-hardness test and
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Fig. 10 Case-depth difference between middle plane and edge plane (Ad)

resulted from the 9 arrays of experiments

consequently the case-depths are then analyzed by analysis
of variance (ANOVA). Using linear regression, predictive
models are then developed for di and dy; with the coeffi-
cient of determination (R?) of 97% and 99% respectively.
The analyses show that heating time and machine power
are dominant parameters to control the case-depth in dg
and dy; as far as the contribution percentages of T and P
for dg are respectively 43.69% and 40.31%. Taking into
account the effect of parameter interactions, PxAG is con-
tributed 7.60%. In dg variation, the contribution of T, P,
RG, and TXRG in the variation of dg is 48.98%, 44.81%,
3.29%, and 2.36%. Moreover, contour plots based on re-
sponse surface methodology (RSM) show that setting in-
dependent variables of P, T, and AG at maximum level and
RG at minimum level would enhance the case-depths (dg
and dyy). The edge effect, which presents the non-
uniformity of case-depth in the edge plane with respect to
the middle plane, is then analyzed in which tests 5 and 7
present the minimum edge effect. Based on the test results,
maximum heating time, medium machine power, and radi-
al gap as well as maximum axial gap help reduce the edge
effect. It is worth mentioning that the average case-depth in
tests 5 and 7 reaches 1.56 and 1.30 mm respectively. The
results of this study can also be used in disc-shaped parts
such as gears.

Although the results of this study are promising, some
improvements and applications can be foreseen. Future
works can study the generator frequency fluctuation ac-
cording to the variation of geometrical factors (thickness,
axial, and radial gaps) as an induction machine factor.
Moreover, the concentration thickness can be optimized
during the extensive design of experiments. To optimize
surface treatment of the other parts like bevel gears, and
helical gears which have different and more complex
shapes, experimental test benches as well as predictive
models can be developed. In this regard, applying artificial
intelligence to create and enhance the models could be the
next project to perform.
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