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Abstract: This work presents an attempt to identify local
changes in materials caused by local grinding burnings
by using the eddy current (EC) method. The locally heat-
treated AISI 9310 steel specimen was prepared by using a
laser surfacing process to imitate three different grinding burns.
These burn marks were characterized in terms of changes in
microstructure and hardness on the surface and cross-section
of the specimen. On such a basis, the depth of the heat-affected
zone caused by the grinding tool was examined. Sub-
sequently, the specimen was subjected to the EC measure-
ments for the quantitative description of the signal from
each of the defects by using a commercial NORTEC 600D
flaw detector working in specimen scanning mode and with
a pencil probe. The changes in the amplitude and the phase
angle of the signal from three defects indicate the possibility
to identify burns along with their quantitative description
and subsequent estimation of their depth. The differences in
the phase angle value, related to the local changes in the
stress state, serve as an effective indicator of the specimen
overheating degree in the area of the EC induction.

Keywords: eddy current, non-destructive testing, hard-
ness, heat-treatment

1 Introduction

Grinding burns are one of the critical issues affecting com-
ponents’ surface integrity and frequently leading to their
failure. The majority of existing methods for grinding

thermal damage identification are based on offline char-
acteristics, for example, residual stress and microhardness
measurements, or visual methods for burned color identi-
fication [1]. In recent years, the development of non-
destructive techniques for grinding burns detection based
on X-ray diffraction [2], acoustic emission [3], and mag-
netic methods [4] was observed. Magnetic methods such
as Barkhausen noise [5] or eddy current (EC) method are
nowadays frequently applied for the detection of burns
without the subjectivity of the inspector (acid etching
method). However, the potential application of these
methods during in-process inspection has not been inves-
tigated in detail as yet [6]. The EC method is a conven-
tional and effective technique used in defectoscopy. This
technique could be used in discontinuity detection as well
as for the localization of recognized changes inmicrostruc-
ture and properties generated at the manufacturing, heat
treatment, or exploitation stage [7]. It was found that one
of the potential EC applications could be the detection of
grinding burns resulting from local overheating of the
material due to the improper surface treatment performed.
As-formed grinding burns occur during heat treatment of
hardened elements, including grinding wheels, and fre-
quently cause increased degradation of the workpieces
which leads to subsequent component failure. For such
reason, it is important to develop diagnostic methods for
the detection ofmanufacturing defects, preferably with the
support of non-destructive techniques. The subject of the
research was therefore to examine the possibility of the EC
technique and the commercial flaw detector application in
the identification and assessment of locally overheated
areas resulting from the laser processing that was pre-
viously used to simulate grinding burns.

2 Methodology

In a standard EC test, a circular coil carrying current is
located in the proximity of the electrically conductive test
specimen. An alternating current in the coil generates a
changing magnetic field, which interacts with the test
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specimen and subsequently generates ECs. Variations in
the phase and magnitude of these ECs can be monitored
by using a second “receiver” coil, or by measuring changes
in the current flowing in the primary “excitation” coil. The
presence of metallurgical changes in thematerial, including
burns, will cause a change in EC and a corresponding
change in the registered signal. The main advantage of
this method is that the inspection could be performed
without contact and with some distance or lift off between
the sensor and the part [8,9].

AISI 9310 steel (in accordance with the AMS 6265
standard) used in this study is a conventional material
for aircraft gear production [10]. It is commonly subjected
to thermo-chemical and mechanical surface treatment
due to the strength and dimensional requirements for
these elements. The chemical composition of the material
is listed in Table 1.

The specimen with artificial defects produced with
laser technique (Trumpf TruLaser Cell 3008) on the AISI
9310 steel was used to represent the burns during grinding
(Figure 1a). Microstructural observations were performed
on the etched specimens using a Nikon Epiphot 200 light

microscope. Microhardness profiles were made under a
load of 500 g by using the NEXUS 4303 hardness tester
to estimate the depth of the heat-affected zone (HAZ)mea-
sured from the surface. The processing parameters and the
values of the depth of burns and HAZ measured on the
specimens’ cross-section are presented in Table 2. The pre-
cise control of the power, speed, and power density of the
laser beam enabled to obtain three different grinding
burns (Figure 1b). These burns were characterized in terms
of changes in the microstructure and hardness of their
cross-sections. As-prepared specimens were subsequently
subjected to the EC measurements for the qualitative
description of each defect. This non-destructive testing
was performed using the commercial flow detector Nortec
600D working in specimen scanning mode and with a
pencil probe.

Figure 1 shows a general view of the specimen with
three laser burns and a cross-sectional view of this
specimen, revealing the microstructure and HAZs. EC
testing was performed on the specimens before cutting
and in perpendicular to the burns’ axis direction. The
pencil probe and four frequencies of induction current
were used to achieve different depths of material pene-
tration. For each linear scan, the signal parameters in
the form of amplitude and impedance phase angle were
recorded.

3 Result

The representative result of EC testing obtained for the
frequency of 500 kHz was presented in the form of indi-
cations on the defectoscope screen as shown in Figure 2a.
Additionally, Figure 2b and c present the results of ampli-
tude and phase angle measurements performed in the
range of frequency from 500 kHz to 6 MHz, respectively.
Slight differences in the values of both parameters depending
on themeasuring frequency were attributed to the highmag-
netic permeability of the hardened layer, which limits the
penetration of ECs to a depth of several hundredmicrometers
into the material [11].

Table 1: Chemical composition of AISI 9310 steel

C Ni Cr Mo Cu Mn Si P Fe

0.13 3.18 1.21 0.11 0.07 0.57 0.28 0.008 Bal.

Figure 1: General view of the specimen with linear burns: (a) cross-
sectional view of the burns in specimen and (b) 1, 2, and 3 are the
burn number.

Table 2: Laser processing parameters and depth of burns and HAZ measured on the cross-sections

Burn number Power of the
beam (W)

Speed of the beam
(mm/min)

Power density
(W/cm2)

Depth of the
burn (µm)

Depth of the
HAZ (µm)

1 80 250 2,550 150 220
2 140 750 4,450 160 375
3 160 500 5,100 425 550
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Based on the cross-sectional observations, a qualita-
tive assessment of the depth of burns and HAZs was con-
ducted (Figure 3). Furthermore, hardness profiles were
performed along the axis of each of the burns to measure
the hardness distribution from the surface to the core
(Figure 4). The microstructural observations and the
hardness profiles were subsequently correlated with the
measured values of the impedance and phase angle as

shown in Figures 3 and 5, respectively. The comparison
of values obtained from the EC method and the depth
of burns and HAZ is almost in perfect agreement. In
defectoscopy, the amplitude of the impedance signal
depends on the change in the depth of the defect in rela-
tion to the reference value. Similarly, the changes in
impedance during the scanning of various depths of
burns could be explained. If the depth of the anomalous
area increases, the difference in the impedance value and
the reference value is higher as well. Such preliminary
analysis shows the potential of non-destructive assess-
ment in structure defect depth estimation during EC mea-
surements of impedance amplitude (Figure 3).

On the other hand, the relation between the hardness
in the overheating areas and the value of the impedance
phase angle was assessed. As could be seen in Figure 4,
the microhardness profiles performed on the cross-sec-
tions of the three different types of burns were different.
The differences found in profile no. 1 were caused by the
specific parameters of the laser treatment and subsequent
changes in the specimen microstructure related to the
level of the residual stress on the workpiece surface being
altered in the grinding process by the action of applied
mechanical forces, thermal stress, and stress owing to
phase transformations [12,13]. These changes were related,

Figure 2: View of the defectoscope screen with three burn indications (a). The measurement results of the impedance amplitude (b) and
phase angle (c) for four measuring frequencies.

Figure 3: The burn and HAZ thickness dependence on impedance
signal amplitude.
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among others, to the creation of excessive tempering zones
and re-quenching, resulting in significant properties in the
layer of the processed material. The comparison of the
microhardness results with the values of the phase angle
measured during linear scanning presents a strong corre-
lation between these parameters. The microhardness at
the burn point, as a function of the distance from the

surface, changes in the same way as the impedance tra-
jectory in these areas, which could be observed in Figure 2a.
The summary of the work’s findings is presented in Figure 5
to further confirm this correlation.

One could observe the dependence of the parameters
induced in the material due to EC measurement on its
surface hardness. Changes in the structure and stress
state of ferromagnetic materials caused by grinding
burn increase the magnetic permeability in the meta-
morphic layer [12]. Since such an increase is propor-
tional to the hardness changes related to the burn and
the permeability affects the value of the EC phase angle
[14], it could be deduced that its changes enable a qua-
litative assessment of changes in hardness at a specific
distance limited by EC depth penetration [15,16].

The presented result extends the potential applica-
tion of EC measurements to the assessment of the surface
and sub-surface hardness changes through variation
in the value of the impedance phase angle. Although
such an assessment is qualitative, it still enables a
non-destructive detection of hardness changes related
to grinding burns.

4 Conclusion

The EC technique enables the qualitative identification of
local hardness changes caused by excessive grinding.
One can find that with an appropriate set of reference
specimens with defined depth and surface hardness, it
is possible to quantify the burns, based on the analysis
of changes in the phase angle and the amplitude of the
signal obtained during scanning of the machined surface.
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