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Eddy Current Assessment of the Cold Rolled Deformation
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Applicability of the eddy current (EC) technique in assessing martensite phase transformation during cold
reduction in AISI 321 stainless steel was investigated. An empirical model based on measured EC
parameters was developed for predicting the volume fraction of strain-induced martensite. Good agreement
was found between the model-predicted and the experimental data.
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1. Introduction

Austenite stainless steel is widely used because of its
toughness, plasticity, and good corrosion resistance (Ref 1).
Single-phase austenite steel is paramagnetic, and a new
ferromagnetic alpha’ phase can form after cold working. The
alpha’ phase produced is often called strain-induced martensite
because it originates from diffusionless phase transformation
(Ref 2). The volume fraction of this type of martensite has a
significant effect on its material properties (Ref 3).

AISI 321 stainless steel obtained from solution treatment
features a fully austenitic microstructure. Strain-induced mar-
tensite can be formed in the austenite matrix during cold
rolling. The volume fraction of martensite transformed can be
measured by magnetic methods, X-ray (XRD) or neutron
diffraction, and quantitative metallography, among others (Ref
4-6). The eddy current (EC) technique, which reveals the
electromagnetic properties of materials, is sensitive to strain-
induced martensite in austenite matrices. However, it is rarely
used compared with other magnetic methods.

In 1992, Habiby (Ref 7) measured the volume fraction of the
austenite in maraging steel using the EC technique, and
discovered that it was suitable for the rapid and quantitative
determination of the austenite phase. Especially, EC technique
could be applied on the production floor with relative ease
compared to the X-ray method. Some reports also showed that
the EC technique could measure the strain-induced martensite
of austenite stainless steel under low cycle fatigue (Ref 8-10).
In 2006, Lois (Ref 11) established a linear relationship between
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calculated EC parameters (reactance and resistance) and the
alpha’-martensite content of AISI 347 steel with heat treatment
at different temperatures after cold rolling; the slope found was
opposite that of the reactance and resistance lines. This result
showed that it is difficult to conduct EC evaluations without
transformation of experimental output data. In 2008, Khan (Ref
12) recorded the EC parameters of a series of cold rolled
austenite stainless steel specimens, and showed that it was
useful for characterizing the volume fraction of martensite
during cold reduction. However, the relationship between the
hardness and EC parameters was not observed, and the
correlation coefficient of linear fitting between the austenite
percentage and the EC parameter was low.

The present study seeks to establish the relationship between
strain-induced martensite and the EC parameters of cold rolled
AISI 321 steel. XRD was conducted to measure the volume
fraction of alpha’-martensite obtained from cold rolling. The
effect of cold reduction was examined based on the eddy
current array (ECA) and Vickers hardness of the specimen.

2. Experimental Procedures

The specimens used in this work were obtained from one
batch of AISI 321 alloy. The chemical composition of the
materials is shown in Table 1. Specimens measuring
90 mm x 20 mm % 5.5 mm were deformed by cold rolling to
within 0-70% reduction at room temperature. These deformed
specimens were examined using Vickers hardness test. The
volume fraction of strain-induced martensite was measured by
XRD. An OmniScan ECA measurement system, with an
absolute surface probe (SBBR-025-01M-032) with a frequency
range of 300-3000 kHz, was used in this work. The instrument
was calibrated using a specimen without cold rolling; other
specimens were tested using this calibration. The results of EC
amplitude represent the average value of three measurements
over a region of the test piece.

The ECA probe (SBBR-025-01M-032) is absolute bridge
double row probe, which contains 32 coils with diameter of 0.8
and 25 mm coverage. Every coil is one individual EC probe,
and the magnetic field interference of adjacent coils is shield by
exciting at different time slot. The signal processing system can
received every coil signal and display the maximum signal of
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Table 1 Chemical composition of AISI 321 stainless steel (wt.%)

Alloy Si Ni Mn

Ti

Cr C S Fe

AISI 321 0.714 9.15 1.45

0.452

17.550 0.0523 0.021 Balance

Fig. 1 The microstructure of AISI 321 stainless steel with different cold reductions: (a) 0%, (b) 17.88%, (c) 36.20%, (d) 70.3%

them. During measurement, the probe drive voltage is 1.0 V;
the frequency range is 500-2500 kHz.

3. Results and Discussion

3.1 Microstructure

The specimens were polished and etched with a mixture of
nitric acid, hydrochloric acid, and water (10:10:1), and then
examined using an optical microscope (BX51M). The micro-
structures of AISI 321 stainless steel specimens subjected to
different cold reductions are shown in Fig. 1. The grains are
elongated and the strain-induced martensite phase can be seen
after cold rolling.

3.2 Hardness and XRD

The Vickers hardness (HV) of specimens subjected to
different cold reductions was measured to assess their mechan-
ical properties. The curve in Fig. 2 shows that the hardness
increased continuously with increasing cold reduction, but the
rate of increase gradually slowed. Bigdeli Karimi (Ref 4)
explained that the increasing rate of hardness is reduced as a
result of the reduction in the rate of martensite formation.

XRD was conducted using Cu Ko radiation. Typical XRD
spectra obtained from specimens subjected to different cold
reductions are shown in Fig. 3. The specimen without cold
reduction was fully austenitic; austenite peak intensities
gradually decreased and martensite peaks appeared with
steadily increasing intensities with increasing cold reduction.
The volume fraction of alpha’-martensite at each step was
calculated using formula (I) (Ref 13):

Fu  _ /Ry
VPm+Va  Im/Rv+Aa/Ra

(Eq )

where V;, I, and R;, are, respectively, the volume, integrated
intensity, and intensity factor of a certain phase, and the sub-
scripts M and A denote the strain-induced martensite and aus-
tenite phases, respectively.

The volume fraction of the strain-induced martensite for
AISI 321 specimens with different cold reductions are shown in
Fig. 2. The volume fraction of the strain-induced martensite
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increased with increasing cold reduction up to 70%. A dramatic
difference was observed between the volume fraction of the
strain-induced martensite and HV curves in Fig. 2. The
martensite volume changed slightly, but the HV increased
rapidly within 8% cold reduction. Plastic deformation of
austenitic stainless steel during cold rolling resulted in the
appearance of alpha’-martensite and increases in dislocation
density. Thresholds exist for the formation of martensite as a
function of accumulated plastic strain (Ref 9), but the increase
in dislocation density was approximately synchronous with that
of plastic strain. Thus, the increase in dislocation density was
the main factor for the rapid increase in hardness at 8% cold
reduction. However, martensite is the main hardening mecha-
nism of austenite steel (Ref 1). Thus, the hardness and strain-
induced martensite curves became more and more similar with
increasing cold reduction. The relationship between the hard-
ness and the volume fraction of strain-induced martensite under
cold reductions between 8 and 70% is shown in Fig. 4. Figure 4
reveals that the hardness was proportional to the volume
fraction of strain-induced martensite. Hence, the hardness of
AISI 321 stainless steel can be expressed by the volume
fraction of strain-induced martensite subjected to 8-70% cold
reduction.

3.3 Eddy Current Measurements

EC measurements were conducted on polished specimens
with good surface conditions. A standard specimen was chosen
and the instrument was calibrated with it. The standard
specimen used was a polished plate with no defects and no
cold reduction. The calibration contained two variables,
amplitude and phase. The amplitude of the sensor in air was
calibrated to 5.000 V and the phase was 180°. The measured
maximum amplitude of the calibrated EC probe reading A,.x
(the maximum amplitude vector) with different frequencies as a
function of cold reduction are plotted in Fig. 5. It can be
observed that the amplitudes curves of the EC at different
frequencies are similar, i.e., slight changes within 8% cold
reduction, sharp increases under 8-50% cold reduction, and
slow increases within 50-70% cold reduction were observed.
The amplitude decreased with increasing frequency from 500 to
2500 kHz. This phenomenon can be explained by the relation
between the penetration depth of the EC and the exciting
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Generally, Vax (the vertical component of 4,,,,,) is applied
to measure material defects because the phase of maximal lift
off (amplitude in air) is calibrated in the horizontal direction,
and the vertical component (V;,.) can successfully eliminate
the influence of lift off. The relation between Ap,ax (Or Vinax) at
500 kHz and cold reduction is shown in Fig. 6. The trends of
Amax and Vi are similar. Thus, the lift off effect could be
ignored because of little influence on Ap.c. The effect of
thickness had been considered in the measurement (Table S1,
Supporting information). The result indicated that it was
negligible too.

3.4 Establishment and Evaluation of the Eddy Gurrent
Predict Models of Ferromagnetic Martensite and
Hardness

Most EC measurements are conducted in “impedance”
mode. Relative to non-ferromagnetic materials, the coil imped-
ance of ferromagnetic materials increases by one to two orders
of magnitude. Ferromagnetic alpha’-martensite is the main
contributor to the maximum amplitude (4,,,x) in this experi-
ment, although the density of dislocation increases at the same
time. Figure 7 shows the relationship between the A, (or
Vmax) of the EC at 500 kHz and the volume fraction of
martensite. Ayay (Or Viax) 1S proportional to the volume fraction
of strain-induced martensite. Consequently, the prediction
model of strain-induced martensite in cold rolled AISI 321
stainless steel can be expressed as:

M% = —2.647 + 5.864 X Amax, R =0.9985

(Eq 1)

(Eq 2)

where M% is the volume fraction of strain-induced
martensite.

It was previously stated in “Hardness and XRD” section that
the hardness is proportional to the volume fraction of strain-
induced martensite volume beyond 8% cold reduction. Thus,
there is a linear relation between the hardness and A, (or
Vinax) Within 8-70% cold reduction. The fitting results of the
relationship between the hardness and A, (or V. at
500 kHz within 8-70% cold reduction is shown in Fig. 8. The
hardness can be described as follows:

M% = —3.626 + 8.099 X Vyax, R =0.9967
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Fig. 7 The relation of the volume fraction of strain-induced mar-
tensite and A, (Or Vinax) at 500 kHz
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HV = 237.3 + 19.59 X Apax, R = 0.9938 (Eq 3)

HV = 2283 42781 X Vinax, R =0.9874 (Eq 4)

where HV is the Vickers hardness.

In order to verify the validity and stability of these
prediction models, four specimens with different cold reduc-
tions were prepared. The relations between the A,,,, and V.«
of the EC, the Vickers hardness, and the strain-induced
martensite of these specimens were examined under the same
experimental conditions as applied in previous analyses. The
volume fraction of strain-induced martensite and the Vickers
hardness were calculated by applying 4., into models (1) and
(3) and V. into models (2) and (4). The results are shown in
Fig. 9 and 10. The predicted values are consistent with the
experimental ones.

The relative errors (a;) and the average absolute relative
errors (AARE) of the models were calculated using formulas
(II) and (II):
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Fig. 8 The relation of hardness and 4,.x (or Viax) at 500 kHz
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Table 2 The calculated errors of all the models

The relative error, %

Cold reduction, % Model (1) Model (2) Model (3) Model (4)

8.01 3081 —36.97 372 535
20.40 1226 823 089  —043
31.93 024 518 344 552
4487 424 395 059 043
AARE, % 1189 13.58 2.16 2.93
a = Vi = (Eq 1)
Yt
1 _ !
AARE = - u‘ (Eq 11I)
n =1 yt

where y, is the test data, y’t is the predicted value, and n is
the number of predicted points.

The calculated results are shown in Table 2. The relative
errors of models (1) and (2) decreased with increasing cold
reduction, showing that the prediction accuracy of strain-
induced martensite models improved with increasing cold
reduction. The relative errors of the hardness models did not
exhibit this phenomenon. The AARE of models (1) and (3)
were lower than those of models (2) and (4). In this experiment,
the accuracy of the models in relation to A, was higher
compared with the accuracy of the models in relation to V..
This may be due to the fact that V,,,,, is a vertical component of
Amax, and the influence of the horizontal component of A,
produced by strain-induced martensite was ignored. Thus, the
Amax of the EC is preferable when characterizing the strain-
induced martensite of cold rolled AISI 321 stainless steel.
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4. Conclusion

The volume fraction of strain-induced martensite and the
hardness of cold rolled AISI 321 stainless steel can be
estimated by the maximum amplitude (4,,,) and the maximum
vertical component (V,.x) of ECs. A linear correlation existed
between A, (or Vy.,) and the volume fraction of the strain-
induced martensite (or hardness). The evaluated stability of
strain-induced martensite was higher than that of hardness, and
the evaluated accuracy of strain-induced martensite in relation
to Amax Was better than that in relation to V... Accuracy
further improved with increasing cold reduction.
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