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Abstract. We evaluated hysteresis curves and Barkhausen noise properties of the
martensitic stainless steel with and without quench, and then investigated the
relations between magnetic parameters and hardness based on microstructure
changes. The quench introduced to reduce grain size, which relates to an increment
of coercivity and Vickers hardness, a decrease in Barkhausen signal. The magnetic
property changes reflect the changes in microstructures and mechanical property
appeared on the quenched specimen. The obtained results contribute to aim to
develop a magnetic nondestructive evaluation of residual stress appeared on the
ferromagnetic steel combined with and without quench.
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1. Introduction

The demands of nondestructive sensing technologies for monitoring degradation and
health of infrastructures in power generation plants strongly advance in recent year.
The material characterization or nondestructive testing using magnetic measurements
such as hysteresis loop [1-6] and Barkhausen noise (MBN) [7-12] have been proposed
and it is expected to be a candidate contributes to technologies with rapid diagnosis and
low-cost inspection. The steel of turbine components used for a thermal power
generation plant is typically quenched to enforce its mechanical performance. On the
other hand, quenching induces residual stress into the materials, and also the residual
stress is formed during long term operating plants, which sometimes has potential to
lead the turbine components to a failure. Therefore, quantitative assessment of the
residual stress is important. At present, X-ray diffraction is often used for such request,
however, the requirement of pretreatment, time-consuming for measurement, and
difficulty of in-situ measurement are disadvantages of the technique. The magnetic
measurement may be expected to be an alternative method of X-ray diffraction.
Therefore, in this study, as a first step, we investigated the magnetic properties and
microstructures of martensitic stainless steel used as turbine component steel for
thermal power generation plants when the material includes both non-quenched and
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Figure 1 Dimensions and information about specimen used.
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Figure 2 Dimensions and configurations of magnetic yokes. (a) small yoke having 46turns for magnetization
and 86turns for pick-up (Yokel). (b) middle yoke having 150turns for magnetization and 45 turns for pick-up
(Yoke2).

quenched area. Although our final goal is to evaluate residual stress quantitatively
using magnetic measurement, the magnetic properties are very sensitive to not only
stress but also microstructure changes. The main purpose of this study, we discuss
magnetic characteristics attributed to microstructures changes due to quenching.

2. Experimental procedure

The martensitic stainless steel SUS420J (chemical composition: C 0.17-0.22, Si 0.10-
0.50, Mn 0.30-0.80, P < 0.030, S < 0.020, Cr 13.0-14.0, Ni 0.30-0.80, wt.%) was used
for the experiments. The specimen size is 70 mm x 18 mm x 8.5 mm. The specimen
was quenched over the area from one of edge to 20 mm in length direction (See. Figure
1). The Vickers hardness was about 450 — 500 in quenched area and was 290 in non-
quenched (base) area. We prepared two kinds of yoke in this study: small one (Yokel)
made of pure iron and middle (Yoke2) made of Fe-Si steel. Figure 2 shows the details
about dimensions and configurations of both yokes. Since Yokel is smaller than
Yoke2, its spatial resolution is superior to that of Yoke2. On the other hand, Yoke2 can
supply much magnetic flux to the specimen. To investigate these effects, two yokes are
used here. The hysteresis curves and MBN properties were measured using magnetic
yokes and a pick-up or an air-core coil, respectively. The hysteresis curves were
measured using both yokes and MBN signal was measured by Yoke2 only. A
triangular current / of 0.1 or 1 Hz with an amplitude of 1A is applied to an excitation
coil winding around a yoke for magnetizing a specimen, and an induced voltage at the
pick-up coil wounded the yoke leg or the air-core coil located at the surface of the
specimen was measured. The output at the pick-up coil is used for calculation of flux
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Figure 3. Hysteresis curves measured by small yoke (Yokel).
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Figure 4. Dependence of coercivity and remanence on measurement point.

density B and the output at the air-core coil was amplified by 1000 times, filtered (100
— 200 kHz) and then captured by a PC as MBN signal. The root mean square value of a
half cycle of the output at air-core coil was evaluated as the RMS voltage as following.

RMS = ,/%J({ v2dr (1)

where V, is the detected signal after amplified and filtered, and 7 is a half period of
magnetizing field. Based on the results of MBN signal, MBN profile in which the
moving averaged rms voltage, Vms [13] are plotted against the applied current was
obtained at each measurement point. As shown in Figure 1, the quenched edge is
defined as x = 0 and length direction of the specimen is x -direction. Then the yoke
moves along the x -direction and hysteresis curves and MBN signal were measured.
The sensor positions are defined as the edge of the yoke leg for hysteresis measurement,
and as the center of the air-core coil for MBN measurements.

3. Experiment results
3.1 Changes in magnetic parameters on hysteresis curves

Figure 3 shows the hysteresis curves measured by the small yoke (Yoke 1). The applied
magnetic field was parallel to the width direction of the specimen. The curves in the
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Figure 5. Hysteresis curves measured by middle yoke (Yoke2) (a) and dependence coercivity on
measurement point.

quenched area (x = 4—17 mm) has a small slope and the slope gradually increases with
shifting measuring point to the base area. The coercivity and the residual magnetization
were obtained from the hysteresis curves shown in Figure 3, and they are plotted
against a measuring position. The coercivity shows large value in the quenched area,
and has a small value in the base area. In the transition area between quench and non-
quench, the coercivity rapidly decreases when measurement point moves from the
quenched area to the base. On the other hand, the remanence increases with moving
measurement point from quenched area to the base area. We also confirmed that the
magnetic parameters correlate with Vickers hardness; the coercivity and the hardness
are hard magnetically and mechanically, in quenched area respectively, and they
become softer with shifting to the base area.

Figure 5 (a) shows the hysteresis curves measured by the middle yoke
(Yoke2). Though the changes in the profile are qualitatively same as the case of Yokel,
we can see clearer changes on the hysteresis curves. The curve becomes swollen with a
shifting measurement point from the base to the quenched area. Figure 5 (b) plots the
coercivity obtained from the curves in Figure 5 (a) against the measurement point.
Though the tendency of change is same as the results of Yokel, the changing ratio
becomes milder; the coercivity drops suddenly at the boundary between quenched and
base area in case of Yokel. This depends on the size of the yoke. Since Yokel is
smaller, thus its spatial resolution is higher than that of Yoke2. However, its volume is
smaller, which is attributed to less capability supplying magnetic flux to specimen.
Indeed, we can understand in Figure 3 that the magnetic yoke is magnetically saturated.

3.2 MBN profiles

Figure 6 (a) shows the MBN profiles and Figure 6 (b) shows the position dependence
of RMS voltage. The profile shows the results with half cycle, from negative to
positive field. Opposite profile, from positive to negative, and the profile in Figure 6 (a)
are symmetric with respect to the voltage-axis. The peak height is nearly 100 mV at / =
0.2 A in the quenched area while the peak height is above 500 mV at /= 0.05 A on the
base area. The profiles show a little bit complicated behavior in the transition area. For
example, at x = 6 mm, the profile shows another peak around / = —0.1 A, and peak
position at 0.2 A in the quenched area shifts to the lower applied current, and its height
becomes higher with moving measurement point to the base area. The latter peak may
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Figure 6. MBN profiles measured at different point (a) and position dependence of RMS voltage (b).
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be related to the microstructures change due to quenching, while the former may have
relation with another factor; one possibility is due to residual stress. RMS voltage in
quenched area shows low values and it increases at the base area.

4. Discussion

The obtained results in the previous section indicated that the pinning site for domain
wall in the quenched area increases. To investigate the changes in microstructures,
microstructure observations using an electron backscatter diffraction (EBSD) have
done. The specimen for EBSD was cut from the specimen used for the magnetic
measurement. As shown in Figure 7 (a), part (1) and (2) is the base area, (4) and (5) is
the quenched area, and (3) is a transition area. Figure 8 shows the orientation map
obtained from the EBSD observations. We can see that the grain size in the quenched
area becomes fine compared with the base area, which means quench has an effect to
reduce grains size, that is, increases grain boundaries.

The magnetic properties and MBN signal originate from the interaction
between domain wall and pinning site for domain wall. The grain boundary acts as the
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pinning site for domain wall. Since quenching makes grain small, grain boundary
increases, which is consistent with that pinning for domain wall increases. Thus, the
coercivity increases and MBN signal decrease in quenched area. The grain boundary
also acts as a pinning site for dislocations, which contributes to increases hardness.

5. Conclusions.

We evaluated magnetic parameters of martensitic stainless steel with and without
quench. The grains become fine due to quench, which introduces the increase in
coercivity and the decrease in RMS voltage of MBN. Vickers hardness becomes larger
with quench and it has correlations with magnetic parameters. Magnetic properties in a
transition area between bases and quench may reflect microstructures change and stress
distribution. Though the specimen used here includes residual stress partially,
microstructure changes about grain size strongly affect the magnetic properties of
hysteresis and RMS voltage. On the other hand, residual stress may be evaluated using
analysis based on MBN profiles.
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