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Abstract

Usual heat treatments of steels like austenitization are generally conducted in air. In such atmosphere, a part of the atoms of carbon
could be removed from the superficial zone of steel. Indeed, those atoms of carbon, combined with oxygen present in atmosphere, can
take gaseous form of carbon monoxide due to the great attraction between atoms of carbon and oxygen. This well-known phenomenon is
called decarburizing. It can change microstructure to a large extent and, as a result, bring dramatic modifications of mechanical
properties of steel, like decrease of fatigue lifetime. To characterize the extent of decarburizing phenomenon, observations by optical
microscopy and/or hardness profiles measurements must be performed in a cross section, as it is advised by international standard. Until
today, the eddy current technique is used to detect superficial defects. In practice, the control consists to create two groups of available
samples or not, from a large sampling. In this study, we propose to estimate the decarburizing extent.

In the present work, different durations of austenitizing at 920 °C temperature before oil quenching (50 °C) were performed on the
SAE 92V45 steel in order to obtain various morphologies and different total depths of the decarburized zone. We will show, in the
continuation, how eddy currents control is used to assess the level of decarburizing after a Fourier transformation performed on
the output signal. This analysis allows us to link the harmonic decomposition of the signal to the duration of the heat treatment and/or to

the total decarburizing depth and, consequently, to the mechanical properties.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Apart from iron, carbon is the most important element
entering into the composition of steels, since this balance
element plays a role on the martensite mechanical proper-
ties obtained after heating and quenching. Moreover,
manufacturing of mechanical parts requires austenitizing,
which cannot be always done in a control atmosphere
furnace. This homogenization treatment is able to produce
carbon diffusion from the sample core to the external
surrounding, facilitated by the oxygen attraction and the
high temperature treatment. The phenomenon induces a
carbon content variation into the sample and, conse-
quently, negligible carbon content at the surface. The
carbon loss at the surface brings out a decrease of the
mechanical properties [1]. In spite of its importance from
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industrial and scientific points of view, very few studies
were published in the literature on the subject during the
last decades. Nevertheless, we can find some papers on the
effect of decarburization on the steel microstructure [2,3],
the resistance to corrosion [4] or the impact on fatigue
behaviour [5,6]. These demonstrate the necessity for better
detection and characterization of the decarburization
extent. The International Standard ISO 3887 advises the
decarburization control using the two following methods.
The first one consists of an optical observation of the
microstructure in a cross section of a sample. After etching,
the structure differs from the martensitic structure from
darker to whiter for ferritic one [7,8]. A disadvantage of
the optical control is the limit determination between the
decarburized zone and the unaffected steel. In fact, this
limit is firstly subjected to analysis errors depending on
the cutting, polishing and etching process and, secondly to
the operator appreciation. The second method consists in
establishing a micro-hardness profile in a cross section of
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the sample after polishing. The two methods are destruc-
tive and need considerable preparation. Therefore, they
cannot be applied directly during the production process.
Nowadays, the eddy current method is based on a large
sampling to detect presence of defect. The aim of this
technique is to create two groups of samples to separate the
good samples and the bad ones. In the present paper, we
will examine the possibility to use eddy currents to measure
precisely decarburizing depth, since this method is quasi-
instantaneous and non-destructive after calibration.

2. Prior eddy current theory

Restivo in 1996 [9] has provided the general way to apply
the eddy current theory whereas Yusa et al. [10] applied
this theory to the detection of surface defects as well as
Zilberstein et al. [11] to control crack initiation and growth
during fatigue test. More recently, Uchimoto et al. [12,13]
have tried with success to apply eddy current to the study
of pearlite proportion in a grey cast iron. For case-
carburized steel, Stevens et al. [14] have confirmed, by
using TEM and magnetic force macroscopy, that this
method is able to determine the microstructure state. In
addition, Moorthy et al. [I5] and Zergoug et al. [16]
have proposed to connect the mechanical micro-hardness
modifications induced by carburizing to the magnetic
properties variations. These last results have motivated
us to apply eddy current methodology to the study of
decarburized steels.

Hughes [17] presents in detail the eddy current theory.
This theory can be resumed in a short way as follows. By
passing an alternative current through a coil, fluctuating
electromagnetic fields are created. When the sample is
introduced into the coil, the electromagnetic fields induce
eddy currents, which change the primary coil impedance.
These induced variations depending on the eddy current
magnitude, which are as a function of electrical conductiv-
ity, magnetic permeability of the sample, test frequency
and distance between the coils and the sample. The basic
relation for the impedance, according to this phenomenon
for a coil of N turns spirally wound, is defined by the well-
known Ohm’s law

=

Z=-=, (1)

~

where V7 and 7 are, respectively, the complex vectors of
Fresnel associated with the tension and the intensity. ¥ and
7 are linked to the complex reluctance (R) of the magnetic
circuit and to the magnetic flux ((}5) by the following

Table 1
Chemical composition in weight percentage

relationships:

Ni=Ré )
and

V =jNod, 3)

where w is the current pulsation.
From relation (1), these two last relations allow to
determine the complex impedance, which can be written as

- wN?
Z:jT=R+jX. 4)

The sensor impedance is characterized by resistive
component (R) and an inductive term (X). The output
signal modified by the impedance variation defined by (4)
gives limited information under this form since it is related
to a distorted signal. Using fast Fourier transformation
(FFT), it is possible to decompose the time function signal
into a sum of frequency signals expressed as complex
exponential functions. Applied to the output signal, we
obtain values of amplitudes and phases for harmonics
numbers 3, 5 and 7. We will show that, firstly, harmonics
could be validly related to the extent of the decarburized
zone and secondly, that eddy current can be an alternative
to the classical methods to appreciate the decarburizing
depth.

3. Materials and experimental methods

The present investigation is conducted on specimens of
SAE 92V45 (54SiCrV6) steel for which chemical composi-
tion is given in Table 1. This steel is known for its resistance
to grain growth at high temperature because of the
presence of vanadium [18]. Then the grain growth, which
could occur during austenitizing treatment, is not con-
sidered as responsible for the eddy current variations.

Specimens of 20 mm diameter and 100 mm length were
cut from bars for which initial metallurgical state was
ferrite and pearlite colonies. In order to obtain different
situations of carbon depletion, all the samples were
maintained at 920 °C during regularly eight different times
ranging regularly from 15 to 120 min. This temperature was
chosen in order to obtain complete dissolution of the
carbides in austenite. After this treatment, samples were
oil-quenched to induce martensitic transformation. Sam-
ples were referenced from A to H according to the
austenitizing time.

The micro-hardness profile was measured with a
Knoop indenter on a Leco micro-hardness tester. For

Steel C Mn Si P Ni

Cr Mo Cu Sn Ti \Y%

54SiCrVe6 0.555 0.680 1.565 0.008 0.075

0.510 0.025 0.185 0.013 0.001 0.125
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Fig. 1. General synopsis of the experimental apparatus (Alphatest OMEGA 2000).

each modality of austenitizing time, five indentations
were performed under a load of 1N in a cross section
perpendicular to the surface, every 20 um from the surface
to a depth of 700 um. The eddy current equipment used
was the Alphatest OMEGA 2000, which allows the
acquisition and the decomposition of the output signal.
The synopsis of a measurement is presented Fig. 1. The
part located at the left shows the probe where the sample is
introduced, the middle part is the measuring channel
(generator, treatment, etc.) and the last part corresponds to
additional options.

The generator provides a sinusoidal current with
a frequency (F) ranging from 0.5 to 3kHz and intensity
(I) ranging from 0.1 to 10A. The output tension is
recorded for various couples I; and F; and then submitted
to the FFT. In a first approximation, harmonics are
computed by using a second-degree polynomial fitting
for each amplitude and phase parameter according to
the austenitizing time. We notice, for each situation of
couple (F, I), that harmonics 3, 5 and 7 can be fitted
due to the hysteresis symmetry. For these harmonics, the
best fit is experimentally found with a couple equal to
(50Hz, 1A).

In the first part, using optical control and micro-
hardness profile of the decarburization zone, we compared
these two methods by the application of the carbon
diffusion theory. In the second part, investigation by
eddy currents will be achieved in order to examine the
decarburization process with the harmonics amplitudes
calculated from FFT. Results obtained by the two
methods will be then compared to validate eddy current
methodology.

Zone 1
Zone 2
y
Zone 3
=

Fig. 2. Optical photography in a cross section of an austenitized sample
during 105 min.

4. Results and discussion
4.1. Optical observations

After austenitizing and oil quenching, the samples were
sectioned and polished with grade from 6 to 1 um diamond
and etched in Nital 4%. Fig. 2 shows an example of the
typical aspect of a decarburized sample.

Three zones of different colours can be noticed in Fig. 2.
Close to the surface, the colour is mainly white and
corresponds to a structure, entirely composed of very low
carbon martensite and/or ferrite, which have the same
microstructural aspect. Towards the core, the colour is
darker but still exhibits some white spots. These spots
correspond to lower carbon martensite associated to spots
of ferrite, located where the diffusion of carbon was easier,
i.e. at the grain boundaries. In the core, colour is rather
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Table 2
Total decarburizing depths estimated by optical measurements
Sample A B C D E F G H
Austenitizing time (7 in s) 900 1800 2700 3600 4500 5400 6300 7200
Total decarburizing depth (x7, +15 in pm) 0 90 95 155 185 245 280 320
homogeneous and associated to a martensite including o
initial carbon content of steel. The total decarburizing ]
depth is associated to the change of colour between zones 2 2 300
and 3. Since it is very gradual, it is difficult to define = i
precisely a boundary between the affected zone near the = 25Oi
surface and the core of the material. Table 2 gives _:éi 200-
an estimation of the total decarburizing depth for all o ]
samples in accordance with the corresponding interna- g 150+
tional standard. e: l

As it was expected, the total decarburizing depth g 100i
increases with the austenitizing time. Since it is governed 504
by the carbon diffusion in austenite, the decarburizing .

04+——F——7—* ——T—T— T

process should satisfy the diffusion equations of Fick.
Applied to the problem of carbon diffusion from the
surface to the core, the solution of the second Fick’s law
takes the following form:

2 x/2+/Dt d
C(x, 1) = Cy + (Cs — Co){1 - ﬁ/o exp(—y) y},
(5)

where C(x,f) represents the carbon content at a given
depth, x, measured from the surface of the sample. The
concentration Cg is the carbon content at the surface and
Cy, the initial carbon content of the steel. D is the diffusion
coefficient of carbon atoms in austenite, which is given by

D = Dy exp(—Qa/RT). (6)

Here, D, represents the diffusivity coefficient. Q4 is the
activation energy for the diffusion of carbon in austenite. R
is the perfect gas constant equal to 8.314 J/mol K. Nowa-
days, relations (5) and (6) are well admitted but different
values for the diffusivity coefficient can be found in
literature. For example, D, is equal to 0.lcm?s~! for
Roy and Manna [19] whereas it is equal to 0.234cm?s™"
for Gamsjager et al. [20]. It should be noticed that the
ratio between these two coefficients gives a value higher
than 2. Then, to avoid any discussion about choice
of such coefficient, we consider the intermediate value of
0.17cm?s™" already used by Lan et al. [21] and Kumar et
al. [22] in their studies. Concerning the activation energy,
QOa, all the values available in literature are sufficiently
close to considerate a mean value. Indeed, Golovin et al.
[23] gives two limits depending on the chromium content in
the steel: 135kJ/mol when no chromium is present and
145kJ/mol with it. For their part, Gamjager et al. [20]
and Agren [24] have used 148 kJ/mol and Lan et al. [21]
and Kumar et al. [22], 143.3kJ/mol. Then, we have
retained 145kJ/mol for Qa in order to take into account

— r
0 10 20 30 40 50 60 70 80 90

Austenitizing duration (in s'/%)

Fig. 3. Decarburizing depth depending on the square root of the
austenitizing time.

presence of chromium in the material (see Table 1).
By considering values of D, (0.17cm?s™') and Qa
(145kJ/mol), we calculate a diffusion coefficient D equal
to 7.6 x 10~8cm?s™! at 920 °C (relation (6)).

Furthermore, total depths of the decarburized zone (x7,)
(Table 2), as it is optically measured, correspond to the
limit for which the carbon content, C(xr,,?), should be
equal to the initial concentration of carbon C, of the
material. In these conditions, according to the second
Fick’s law, the complementary function error of Gauss
should be equal to 0:

2 xT0/2«/1_)vt XTO
{1_«/_7_1/0 exp(—y)dy}:{l—erf<2m>}=

@)

To satisfy this relation, the ratio x7,/ 24/Dt should take a
constant value higher than 2 according to the calculation of
the function error of Gauss and, moreover, it should be
independent of the couple (x7,, ). Then, experimental data
collected in Table 2 should satisfy the following relation
where the constant ratio, k, should theoretically take a
value near 2:

XTO
2+/ Dt

To verify this assumption, we represent in Fig. 3 total
decarburizing depths as a function of the square root of the
austenitizing time. This figure confirms the linear relation
as it was expected but the origin of the straight line is

=k 0rxT0=s~«/fwiths:2-k~«/5. ®)
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Fig. 4. Optical photography of the steel surface during 15min treatment.

different to 0 in contradiction with relation (8). Indeed, the
straight line does not intercept the axes at the origin point
but at a point corresponding to 15min of austenitizing
time. It is not possible to define if this difference is inherent
to the physical phenomenon or to the uncertainty of the
optical measurements.

To support this demonstration, Fig. 4 related to sample
A confirms that no decarburizing is observable after a heat
treatment of 15min. But that does not involve that the
decarburizing phenomenon is not present like we will see it
in the following part.

Nevertheless, it is possible by using Eq. (8) to calculate
the constant ratio, k, from the slope which is equal to
5.65x 10~*cms ™2, Consequently, k is equal to 0.98. As a
result, erf(k) = 0.84 by applying the function error of Gauss.
Therefore, C(xr,,t =)0.84 Cp if we assume that Cy is equal
to 0 as it was confirmed Fig. 2 by the presence of ferrite at
the outer surface. In conclusion, total decarburizing depths,
optically measured in each situation of austenitizing,
correspond to the same relative carbon content, i.e. 84%
of the initial carbons content C; of the steel. This means that
optical measurements lead, in all the cases, to an under-
estimation of the total decarburizing depth.

4.2. Micro-hardness measurements

Relation between micro-hardness and microstructure of
materials is well known [24-26]. For example, hardness of
martensite is a function of the carbon content, from
200HV for 0.2%C to 1000 HV for 1.0%C. Consequently,
decrease of carbon content in the material will give
martensite of lower hardness after quenching. Fig. 5 shows
two profiles of micro-hardness obtained for samples
austenitized during 900s (A) and 7200s (H). For inter-
mediate austenitizing times, all curves are situated between
these two limits.

In all cases, decrease in hardness is observable from the
surface to the material core where it remains constant. This

8 T T T T T T T T T T T T T T

2| Decarburizing depth (100 ym) ]
. géﬁ%@@%ﬁéﬁﬁﬁ e
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27 B H(72005)
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Depth (in pm)

Fig. 5. Micro-hardness evolution for decarburized steels during 15 and
120 min.

remark is not in accordance with Fig. 4, where low carbon
structures are not observed. In this case, the limit between
the two zones is easier to determine. For example, it is
observed in Fig. 5 that total decarburizing depths are
estimated to 100pum for sample (A) and 550um for
sample (H). Table 3 collects the total decarburizing depths
obtained for each situation of treatment.

From Table 3, data of decarburizing depth are presented
as a function of the square root of the austenitizing time in
Fig. 6. Data obtained from optical observations are also
represented to allow a comparison.

Like the optical observations, the line associated to
hardness measurements does not intercept the x-axis at the
origin but at a point corresponding to an austenitizing time
near 300s. This seems to indicate that an incubation time is
necessary for decarburizing initiation. Such an incubation
time is similar to the time necessary for the onset of a
nitride combination layer during nitriding [27].

The slope of the straight line is found equal to
7.9310 *cms™ "2, associated to a constant ratio, k, near
1.44 corresponding to erf(k) = 0.96 (i.e. 96% of the initial
carbon constant compared to the 84% obtained from
optical observations). To conclude, micro-hardness mea-
surements are more accurate than optical measurements
for the determination of decarburizing depth and even if
this result was expected, we demonstrate that mechanical
parameters like hardness are not always in accordance with
the micro-structural observations. Thus, micro-hardness
measures are able to give precise estimations, but they
are destructive. In the continuation, we will present an
alternative method that could be used for non-destructive
characterization of the decarburizing zone, in particular to
appreciate the decarburizing depth.

4.3. Eddy current study

By applying the eddy current theory to the samples, we
have obtained a complete description of the output tension
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Table 3
Total decarburizing depths estimated from hardness measurements
Sample A B C D E F G H
Austenitizing time (7 in s) 900 1800 2700 3600 4500 5400 6300 7200
Decarburizing depth (x7,, +20 in pm) 100 180 260 350 330 410 490 550
600 ——F——F————————T T of view. We will study the possibility to obtain more
1 0 information by using separately the imaginary part and the
500{ ™ Optical measurements . real part of the three harmonics. Fig. 8 shows these two
g ® Hardness measurements parts of the harmonics in function of the austenitizing time.
£ 400 . The imaginary part of the harmonics, which corresponds
£ to the signal phase, is often used to verify the homogeneity
'i 300 P of the experimental data. The representation of these data
| in Fig. 8a, confirms that the values, associated to sample B
2 200 g and in a more obvious way to sample C, are not in
§ accordance with the results obtained for the other samples,
A 1004 i as well as the result deduced from the analysis of the
modulus. In a second time, real part of the harmonics
0 : , : —— can be used to characterize the extent of decarburizing.

T T T  p— T T T T
0 10 20 30 40 50 60 70 80 90
Austenitizing time (in 512y

Fig. 6. Decarburizing depth depending on the square root of the
austenitizing time.

signal (fundamental and harmonics). As mentioned above,
only harmonics 3, 5 and 7 will be used to characterize the
decarburizing depth. The values of the vector modulus, the
imaginary and the real parts are presented in Table 4.

The vector moduli of harmonics are firstly plotted versus
the austenitizing time (Fig. 7). In linear coordinates, Fig. 7a
shows that the modulus increases rapidly in function of the
austenitizing time and allows to separate bad data points,
i.e. corresponding to sample (C).

In logarithmic coordinates for the modulus, the relation
becomes linear (Fig. 7b). Under this form, the representa-
tion allows to better discriminate additional bad data
points (i.e. sample (B)). The deviation of the modulus is
interpreted as a technical problem of the eddy current
measurement or non-homogeneity of the microstructure of
the sample. Whatever is the origin of the problem, optical
observations or/and micro-hardness measurements do not
permit to detect such defect. From a mathematical point of
view, it is possible to represent the modulus as a function of
the time, ¢ (in s), and the order number of the harmonic, 7,
by the following relationship:

exp[6.25 x 1074 1]
g , ©)

where I, is a constant equal to 69.

This relation, represented in Fig. 7 with black lines, gives
a good correlation of the data points. Then, it is possible to
define, by using relation (8), a criterion of decarburizing, as
a critical value for II, corresponding to a critical value or
an acceptable decarburizing depth from industrial point

m=1I,-

Indeed, as it is observed in Fig. 8b, the amplitude of the
signal increases with the austenitizing time and conse-
quently with the extent of decarburizing. By replacing
austenitizing time by the corresponding total decarburizing
depth, collected in Table 3, allows obtaining a relation
between the real part of the harmonics and the total
decarburizing depth (Fig. 9).

It is noticed that the variations of the real part of the
harmonics can be related to the total decarburizing depth.
For the present study, only one of the harmonics could
have been used to represent the decarburizing since the
three harmonics are strongly related. An exponential
relation having the general form applied to describe
variation of the modulus (relation (9)) can represent their
evolution as a function of the total decarburizing depth

exp[0.011x7,,]

R=£Ry - =10,

(10)
where R is the real part of the harmonic (i), Ry is a
constant equal to 9.73 and xr, the total decarburizing
depth. Sign (—) is used for harmonics 3 and 7 and sign (+)
for harmonic 5. A criterion could be defined as a critical
value for the decarburizing depth, xr by rewriting
relation (10)

1 R
= In|£ () -2
0.011 n[ <R0> " ]

In order to consolidate such criterion, we study now the
relation between real part of the harmonics and the Knoop
hardness measured at a given depth. Using bi-logarithmic
coordinates, Fig. 10 shows a linear correlation between
micro-hardness measured at 20 pm from the surface and
the real part of the harmonics with a correlation coefficient
around 0.95 for each harmonic.

Furthermore, it seems to be interesting to study the
harmonic behaviour according to its number [9]. This

critical *

(11)

xTcrilical
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Table 4
Real and imaginary parts from signal decomposition and the values of corresponding vector modulus
Sample A B C D E F G H
Time of austenitizing (min) 15 30 45 60 75 90 105 120
Imaginary part of the harmonic (in rad modulo 27) 3 —16 -70 —646 -52 —46 —164 —222 —672
5 -8 52 464 —14 —42 —26 —18 138
7 —4 -32 —354 6 36 64 66 22
Real part of the harmonic (dB) 3 4 —24 8 -92 —130 —240 —304 —540
5 -2 —4 12 28 52 150 192 422
7 2 -2 —40 —18 —16 —68 —-94 —254
Vector modulus = I7 3 16 74 646 106 138 291 376 862
5 8 52 24 31 67 152 203 444
7 4 32 356 19 39 93 115 255
T T T T T T T T T T T 600 — 77— T T
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Fig. 7. Vector modulus of the 3, 5 and 7 harmonics as a function of the
austenitizing time.

assumption is studied by plotting the coefficient of
correlation, calculated on the straight line In|Re| =
f(In HK) relating to several depths, (xgg), corresponding
to the location of the hardness measurement. Fig. 11
represents the variation of the correlation coefficient
according to the depth (xyx).

Fig. 8. Imaginary (a) and real parts (b) of the 3, 5 and 7 harmonics
depending on the austenitizing time.

This figure clearly shows that the correlation coefficient
is better with a higher harmonic number when the
corresponding depth (xzg) is higher. Therefore, the choice
of the harmonic depends on the frequency of the
fundamental, which is an important parameter since it
could lead to a pre-magnetization for the higher harmonic.
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And, as a consequence, it depends also on the depth where
the characterization should be done.

5. Conclusions

In the present paper, we have shown that optical
measurements underestimate the decarburized depth of
heat-treated steel as regards to the micro-hardness. Indeed,
micro-hardness measurements are more efficient and they
must be used to calibrate the eddy current measurements
despite the micrographic analysis. It was shown that the
eddy current technique is very sensitive and well related
to surface modifications associated to the decarburizing
phenomenon. In order to be used as a systematic means
for industrial control, it needs only to be performed on
reference samples of known hardness or carbon content.
We propose also a criterion of decarburizing, which
could be used to estimate the total decarburizing depth.
But, there is still some work to do, anyway, to be able to
assess the hardness variations due to carbon content
modifications by using over the entire decarburized zone.
Moreover, the harmonics analysis, in particular calculation
of parameters II and R, should take into account the
composition of the studied steel.
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