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magnetization in crack initiation process.

The surface of the specimens was polished using
emery paper and electrochemically polished before
conducting fatigue tests.

A computer-controlled electrodynamic testing machine
was employed for the fatigue tests. Fully reversed
cyclic bending moment (R= 1) with a frequency of 40
Hz was applied to the specimen.

A schematic illustration of the apparatus used in the
measurement of the leakage magnetic flux density
distribution is shown in Fig. 2. MI (magneto-

impedance) sensor was used for measuring the leakage
magnetic flux density of the specimen. The magnetic
flux density can be measured by MI sensor with the
resolution of 0.1mGs, which is 10 times smaller than
the value measured by the hall element used in industrial
use. The magnetic sensing detection of MI sensor is
z-axis, so that this measurement system provides us the
z-component of the leakage magnetic flux density over
the specimen. Output voltage signal from the MI
sensor was measured through A/D converter in the
personal computer.

The measurement points for type A specimen were set
on grid points with a interval of 0.5mm over a measured
area of 9mm 3 10mm. The conditions of measurement
points for type B specimen are as follow; grid points
interval: 0.25mm, measured area: 3mm 3 4mm.

Fatigue test was interrupted after every predetermined
number of cycles, and the specimen was removed from
the fatigue testing machine for the measurement of the
magnetic flux density B, over the specimen. Before
measuring the leakage magnetic flux density, specimens
were magnetized by the permanent magnet with
magnetic intensity of 4000Gs, as shown in Fig. 3.
Since the magnetic directions of generated martensitic
phase are random under a natural condition, the
measured change in the leakage magnetic flux density
caused by the martensitic phase is small. The magnetic
directions of the martensitic phase are conformed to be
z-axis by the permanent magnet, and then B, over the
specimen is large compared with that of the natural
condition.

3. EXPERIMENTAL RESULTS

3.1 S-N curve

Figure 4 indicates the relationship between the stress
amplitude and the number of cycles to failure, Ns. The
fatigue limit was 310 MPa for the stress ratio R= 1, and
220 MPa for R=0.1.

3.2 Type A specimen and stress ratio R=,1

The leakage magnetic flux density distributions
measured in the fatigue process are shown in Fig. 5 at the
nominal stress amplitude of 360 MPa. In Figure 5, the
dotted lines indicate the position of the specimen set.
The number of cycles to failure at this stress amplitude
was 8.9310* cycles. Figure 6 indicates the specimen
surface observed by optical microscope.

It was found from Fig. 5(a) that the magnetic flux
density values at the minimum cross-section area were
smaller than remote values in the early stage of the
fatigue process. The change in magnetic flux density
depends on the magnetization direction. The leakage
magnetic flux density on the surface, which contacted
with the north pole of the permanent magnet, was shown
in Fig. 5. The measured surface of the specimen acted
as the south pole of a compound magnet. When the
opposite surface was measured, magnetic flux density
values at the part of minimum cross-section were larger
than the remote value. This behavior of the change in
the leakage magnetic flux density indicates the
martensitic phases magnetized by the permanent magnet.
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Fig. 5 Distribution of leakage magnetic flux density B,
for Type A specimen at stress amplitude of 360MPa.

Nakasone et al. showed that the distributions of the
leakage magnetic flux density reflected the martensitic
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Fig. 6 Optical micrographics for Type A specimen.

phase distributions using a vibrating
magnetometer and a flux gate sensor [3].

In Figure 5(b), when the number of cycles, N, was
2.0310*, the magnetic flux densities distribution showed
the local decrease and took minimum value at one of
notch roots. By the optical microscope, however, no
apparent indication of fatigue damage was observed at
both notch roots, as shown in Fig. 6(a).

At N = 3.5310* cycles, a crack was found by the
optical microscope in Fig. 6(b). It was found from Fig.
5(c) that the location of the crack initiation coincided
with the location of the minimum value of the magnetic
flux density.

In Figures, 5(d) and (e), after N = 4.5310* cycles, the
minimum value of the leakage magnetic flux density, B,,
decreased with increasing the number of cycles. It was
found from Figs. 5(d), (e), 6(c) and (d) that the values of
B, near the center of the specimen also rapidly decreased
to the minimum value with increasing crack length.
The decreasing of the measured values near the center of
the specimen occurred around the location of the crack
tip.

In Figures, 5(b)~(e), the minimum value of B, was
observed inside of the specimen. Since the spatial
resolution is about 0.5mm30.5mm, the MI sensor obtains
the average value of B, at the area of the sensords spatial
resolution. When the MI sensor is located just above
the edge of the specimen, the sensor detects average
value containing outside of the specimen. So the
measured values inside of the specimen are larger than
those just above the edge of specimen.

For investigating the change in the magnetization of
SUS304 specimen before crack initiation, the change in
minimum value of the leakage magnetic flux density, DB,,
at nominal stress amplitude of 360MPa and 340MPa are
shown in Figs. 7. The value of DB, indicates the
difference from the initial measured value before fatigue
tests. The crack length was also plotted in Fig. 7 to
investigate the effect of crack propagation on the change

sample
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Fig. 7 Change in magnetization and crack length.

in the magnetization.

It was found from Fig. 7 that the change in the
magnetic flux density, DB,, began before crack initiation
in both cases. After crack initiation, the increasing rates
of DB, was large.

The change in the magnetization in the crack
propagation process should come from the martensitic
transformation induced by the stress concentration at the
crack tip. On the other hand, the change in the
magnetization before crack initiation is considered to
reflect the plastic strain.

Fatigue tests were also carried out at a stress amplitude
of 300 MPa, which was below the fatigue limit of the
material at R=-1. For this specimen, no crack was
observed at N=1.0310’ cycles.

The changes in the minimum value of the leakage
magnetic flux density, DB,, are shown in Fig. 8. It was
found that the change in the magnetization of specimen
begins at the early stage in the fatigue process. After
N=2.0310° cycles, the increasing rate of the
magnetization is small. This behavior is considered to
be the saturation of the martensitic phases caused by the
martensitic transformation.

It was found from Figs 7 and 8 that the final value of
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Fig. 8 Change in magnetization under stress amplitude below
the fatigue limit (s, =300MPa).
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Fig. 9 Increasing rate of leakage magnetic flux density B,.

the leakage magnetic flux density for s,=300 MPa was
larger than that for s,=360 MPa and 340 MPa at the
number of cycles to crack initiation.  This result
indicates that it is difficult to estimate the remaining life
to crack initiation from the critical value of the leakage
magnetic flux density. To evaluate the fatigue damage,
increasing rate of the leakage flux density was
investigated.

The increasing rate of the change in the minimum
value of the magnetic flux density, DB,, was shown in
Fig. 9. It was found that under s,=360MPa and
340MPa, the increasing rate of DB, before the crack
initiation was large compared with that for s,=300MPa.
The increasing rate just after the crack initiation was
larger than that in the early stage of the fatigue process.
On the other hand, when the stress amplitude was below
the fatigue limit, the increase rate of DB, was smaller
than that above the fatigue limit, and it decreased with
increasing the number of cycles.

Therefore it is possible to predict whether the crack
initiation occurs in the future and when crack will be
initiated using the increasing rate of the magnetization.

3.3 Type B specimen and stress ratio R = 0.1
The fatigue tests were carried out at the stress ratio, R,






