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Induction hardening technique was used to produce different case depths on nine AISI 1045 steel rods.

Determining the optimum frequency for each depth below the surface, relations between eddy current

outputs (primary and secondary voltages and normalized impedance) and hardness at each specific

depth were investigated. Finally, the hardness values for each depth with the optimum eddy current

output were determined and hardness profiles were plotted nondestructively. Comparisons were made

with destructive hardness results.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In industrial applications, induction hardening is a common
process performed to improve wear and fatigue resistance of steel
parts. In this surface hardening treatment, determination of the
hardening depth by plotting the hardness profile is an important
quality control factor.

There are two methods for measuring the thickness of the
hardening depth. The first method is metallographic observation
by use of an optical microscope in which the determination of the
transition zone between the martensite layer and ferrite–pearlite
zone is the main disadvantage. Besides, this method is destruc-
tively by nature cannot be used to determine effectively case
depths. The second method consists of establishing a micro-
hardness profile in a cross section of the sample and is also
destructive. Comparing to the optical observation method, micro-
hardness measurements are more accurate for the determination
of effective and total case depths. Both of these methods are
considered destructive, expensive and also time consuming.
Furthermore, there is no chance to control all the products in a
mass production line by these methods.

Nowadays the use of nondestructive methods is not limited to
detect cracks and defects and its application is extended to determine
mechanical and metallurgical properties of materials in a fast and
more economical manner. Eddy current examination is a nondes-
tructive technique with a high sensitivity to chemical composition,
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microstructure and mechanical properties, which make it suitable for
material characterization [1,2]. Indeed any changes in electromag-
netic properties of materials such as electrical conductivity [3,4] and
magnetic permeability [5] can be detected by this noncontact
inspection method. There are advantages for eddy current sensors
compared to the other inspection sensors such as capacitive or optical
ones. Eddy current sensors are insensitive to dirt, dust, humidity, oil
or dielectric material and can be employed in a wide range of
temperatures. Therefore quality inspection can be shifted from off-
line contact to on-line non-contact measurement using eddy current
method [6]. The application of nondestructive methods for measuring
the hardened layer thickness is important in the quality control
process. Recently, several research projects have been performed to
investigate electromagnetic properties of induction hardened steels.
By determining magnetic hysteresis curve properties such as coerciv-
ity, remanence, hysteresis loss values and magnetic Barkhausen Noise
effects [7–9] and also conductivity and permeability profiles in
hardened steels [10], it was shown that there are differences between
magnetic properties of hardened layer with other parts of the sample.
In the above mentioned papers, the electromagnetic properties of
induction hardened steel parts have been investigated, but the
potential to plot hardness profile of the steels has not been explored
nondestructively.

Moreover, using eddy current technique, Zergoug et al. [11]
studied the relation between micro-hardness and changes in the
impedance plane, and Hao et al. [5] investigated the micro-structural
changes in decarburized steels using a multi-frequency electromag-
netic sensor. Indeed the potential of plotting the hardness profile by
the using an electromagnetic sensor in a multi-frequency approach
and also the effect of hardness on the eddy current equipment

www.elsevier.com/locate/ndteint
dx.doi.org/10.1016/j.ndteint.2011.01.005
mailto:saeed_kahrobaee@yahoo.com
dx.doi.org/10.1016/j.ndteint.2011.01.005
dx.doi.org/10.1016/j.ndteint.2011.01.005


S. Kahrobaee, M. Kashefi / NDT&E International 44 (2011) 335–338336
outputs is understandable from their work. Thus in the present paper,
hardness of different depths from the surface has been determined
using a multi-frequency multi-output eddy current technique, which
in turn could be used in determining the hardness profile of the
samples nondestructively.
Fig. 1. General synopsis of the experimental apparatus.
2. Experimental procedure

Nine AISI 1045 steel rods (0.45% C, 0.25% Si and 0.57% Mn) of
30 mm diameter and 150 mm length were prepared for the induction
hardening process. For all samples the frequency and the power of
induction hardening apparatus is fixed at 30 kHz and 50 kW, respec-
tively. By changing the speed of the sample in the course of passing
through the induction coil, different case depths were produced. Since
the eddy current equipment outputs are affected by two important
parameters including microstructure and residual stress [1–3], all
samples were tempered at 250 1C for 2 h (in order to eliminate
produced residual stresses) after induction hardening treatment. Then
specimens were cut from bars for initial metallographic and hardness
measurement. The micro-hardness profile was measured with Vick-
ers indenter on a Bohler micro-hardness tester. For each induction
hardened sample, five indentations were performed using 25 N load
to a depth of 6 mm. Then according to the International Standard ISO
3754, case depths were measured. Table 1 collects the effective and
the total case depths obtained for each of induction hardening
treatment.

Finally eddy current tests were performed on the cylindrical
samples. A schematic diagram of the eddy current system is
shown in Fig. 1. The eddy current testing was performed at 27 1C
with the fill factor of 0.98. Sinusoidal currents with frequencies
from 30 to 3300 Hz were applied to the coil for all samples.
Primary and secondary voltages (Vx and Vy) and input currents
were measured and the impedance of the coil was calculated. The
impedance (Z) of the coil for all samples is given by [1]

Z ¼ V=I ð1Þ

The calculated impedance (Z) for each sample was normalized to
the impedance of the empty coil (Z0) to obtain a new parameter. This
parameter (Z/Z0) is called normalized impedance [2,12].
Fig. 2. (a) Microstructure of the core (ferrite–pearlite) (b) hardened layer

(martensite) and (c) macro-etched image.
3. Results and discussion

Microscopic and macroscopic images obtained from the sam-
ple induction hardened at speed 6.5 mm/s are illustrated in Fig. 2.
As it is seen, the surface layer (hardened area) microstructure is
martensite, which is distinct from ferrite–pearlite matrix at the
core of the sample. In this study, hardness in the martensitic and
ferrite–pearlitic structures is in the range of 625–640 and 230–
235 HV, respectively. Therefore plotting hardness profile is a
suitable destructive method to determine effective and total case
depth of induction hardened samples but can be applied in a
continuous production process only for statistical process control.
Consequently there is a growing need for nondestructive inspec-
tion of induction hardened steels in mass production lines.

Applying the nondestructive eddy current method in order to
determine hardness, the relations between hardness of a specified
Table 1
Effective and total case depth estimated from hardness measurement.

Sample 1 2

Speed of passing through the induction coil (mm/s) 12 11

Effective case depth (mm) 0.7 1.9

Total case depth (mm) 1.65 2.2
depth from the surface and eddy current equipment outputs were
investigated. The induced eddy current penetration must be equal
to the selected specified distance. So by using the well known
equation for electromagnetic skin depth of a homogeneous
magnetic field parallel to the surface as an approximation, the
required frequencies for the evaluation of the penetration depths
can be calculated. The results are presented in Table 2.

The depth at which the field drops to 1/e of the incident value
is the skin depth (d), which is given by

d¼
1ffiffiffiffiffiffiffiffiffiffiffiffi
pfms

p ð2Þ
3 4 5 6 7 8 9

10.5 10 9 8 7.5 7 6.5

2 2.25 2.3 3.2 3.3 3.5 4.1

2.4 2.6 3.2 4 4 4.6 5.6



Table 2
Required frequency for each specified distance.

Induced eddy current depth (mm) 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Calculated frequency (Hz) 3294 823 366 206 132 92 67 52 41 33

Table 3
Results of the regression analysis to relations between eddy current output

voltages and hardness obtained from specified distances.

Depth 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

R2 (Vx) 0.29 0.5 0.12 0.48 0.16 0.39 0.84 0.85 0.48 0.23

R2 (Vy) 0.10 0.26 0.10 0.69 0.36 0.54 0.46 0.37 0.83 0.24

R2 (Z/Z0) 0.17 0.90 0.93 0.83 0.85 0.74 0.40 0.45 0.47 0.21

Fig. 3. Relation between the optimum eddy current outputs and the hardness of

specified distances in the optimum frequencies.
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where d is the eddy current penetration depth, f is the
operating frequency, s is the electrical conductivity, m is the
absolute magnetic permeability equal to mrm0 in which m0 is
4p�10�7 Henry/m and mr is the relative magnetic permeability.

In this study, martensite electrical conductivity and relative
magnetic permeability were considered 0.41�107 O�1 m�1 and
75, respectively [10].

The relations of primary and secondary voltages and normal-
ized impedance with hardness of specified distances from the
surface were investigated and the regression coefficients were
calculated, which are mentioned in Table 3.

In each depth the output that has the highest correlation
coefficient was considered as an optimum frequency.

As it can be seen, best of relations are obtained from normal-
ized impedance for depths 1–3 mm, primary voltage for the
depths 3.5–4 mm and secondary voltage for 4.5 mm depth.
Fig. 3 illustrates the relation between hardness of specified
distances and eddy current outputs at optimized outputs and
frequencies. High regression coefficients obtained indicate the
precision of the process.

The hardness directly depends on microstructure. As eddy
current responses are also affected by microstructure [13], there-
fore, there is an indirect relation between eddy current outputs
and hardness. Fig. 4 visualizes this relation.

Different hardness or better to say different microstructures
(martensite, ferrite–pearlite and mix of them) and therefore
different magnetic properties from surface to the core in induc-
tion hardened steel parts show the capability of the eddy current
method to detect the hardness variation in each depth. In the
surface layer, there is high density of dislocations caused by shear
mechanism, which results from martensitic transformation. Pre-
sence of high density of dislocations in addition to distortion due
to arrested interstitial atoms causes magnetic domain walls
pinning [7,9]. Thus domain walls motion and aligning are
restricted and this requires a higher reverse field to unpin domain
walls and contributes to higher energy loss. As a result the
coercivity and hysteresis loss increase while the permeability
decreases [5,14]. These differences in magnetic properties are the
main reason of different eddy current responses to the samples.
As it is seen in Fig. 3, the hardness of each depth is proportional to
the microstructure of that region.

As indicated in Eq. (2), change in the operating frequency has
an inverse effect on the depth of the induced eddy current
penetration (d). Thus eddy current equipment outputs for each
depth of the samples (in a fixed frequency) are affected by
averaged electromagnetic properties of this layer (d), which in
turn is a function of the microstructure of the layer.

In the case of the present study, the microstructure changes
due to the increase in martensite content in a fixed penetration
depth (d), which results in a reduction in eddy current equipment
output values (Vx, Vy and Z/Z0) and, subsequently, an increase in
the hardness.

For example hardness of a region with 3.5 mm distance from
the surface is different for a specimen with total hardening depth



Fig. 4. Schematic diagram of effect of hardness and microstructure on eddy

current responses.

Fig. 5. Hardness profiles obtained by destructive and nondestructive methods.
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of 3.2 mm (with ferrite–pearlite matrix ) and a specimen with
total hardening depth of 4 mm (with martensite matrix). Thus for
those specimens of which the hardening depths increase, ferrite–
pearlite microstructure changes to martensitic microstructure
with lower magnetic permeability. Considering Eq. (3), it can be
concluded that decrease in m results in a decrease in self-
induction coefficient (L).

L¼ mN2A=l ð3Þ

where m is the magnetic permeability, N is the number of turns
round the coil, A is the cross section area and l is the coil length.

So, according to Eq. (4), by decreasing magnetic permeability
(m), induction resistance (Xl) is reduced and since in ferromag-
netic alloys such as steel, the effect of permeability or reactance is
stronger than the effect of resistance (R) [1,12], the impedance (Z)
is decreased too (Eq. (5)).

Xl ¼ 2pfL ð4Þ

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2

l þR2
q

¼ V=I ð5Þ

According to Eq. (5), the impedance decreases with increase in
hardening depth, which is a good reason to understand the
decrease in the output voltage of eddy current equipment with
the increase in the hardening depth (Fig. 3)

The next step is the hardness determination in different
depths. To do this, using the obtained equation concerning the
relation between the optimum eddy current equipment outputs
and hardness values at the optimum frequency (equations
in Fig. 3 for each depth), hardness can be determined subse-
quently. Finally, calculating the hardness of the samples in eight
different depths (Fig. 3), the hardness profile can be plotted for all
samples nondestructively. Fig. 5 comprises hardness profiles of
sample 5, one obtained by micro-hardness testing and the other
by nondestructive eddy current testing.

It is worth mentioning that in the present study hardness
values related to depths less than 1 mm (martensite microstruc-
ture) and more than 4.5 mm ( ferrite–pearlite microstructure at
core) cannot be measured by eddy current testing .That is due to
micro-structural similarities for all samples in these regions,
which produce no differences in eddy current responses. Since
the hardness values of these regions are nearly constant, the
values obtained for 1 mm depth (full-matensite microstructure)
are used as surface hardness of the sample.
4. Conclusion

By using the nondestructive eddy current method and accord-
ing to the difference in the microstructures and hardness values
of the samples with different hardening layer thicknesses, a linear
relation between hardness values and eddy current equipment
output voltages was obtained. Using an optimum frequency for
each output voltage, hardness at specified distances from the
surface was determined and the hardness profile was plotted.
Good accordance between hardness profiles obtained by destruc-
tive and nondestructive methods confirms the preciosity of
nondestructive method.
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