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Abstract

Austenitic stainless steels (hereafter A-STS) such as STS304 and STS316 are paramagnetic metals. However, a
small amount of partial magnetization is generated in A-STS because of the imperfect final heat treatment and me-
chanical processing. Surface cracks on paramagnetic metal with a partially magnetized region (hereafter PMR) are
difficult to inspect. In this paper, we propose a method for high speed inspection and evaluation of a crack on A-STS.
Cracks can be inspected with high speed by using 64 arrayed Hall sensors (HSA) with 3.5 mm spatial resolution and a
sheet type induced current (STIC). Then, a crack can be evaluated quantitatively by using the detailed distribution of
the magnetic field obtained by using single Hall sensor scanning (SSS) around the inspected crack area. Several cracks
on A-STS with partially magnetized areas were examined and the experimental formulas were derived.
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1. Introduction

Austenitic stainless steels (hereafter A-STS) such
as SUS304 and SUS316 have been used in important
mechanical structures with very large sizes, such as
nuclear power plants, chemical plants, food industry
facilities, and petrol storage tanks, because of their
excellent anti-corrosive and heat resistant properties.
The cracks on these mechanical structures have to be
rapidly inspected and evaluated quantitatively in
damage tolerance engineering [1, 2]. Usually, a non-
destructive inspection method is correspondent with
material properties. A-STS are paramagnetic metals
where eddy current testing is useful. But, a small
amount of partial magnetization is generated in A-
STS because of their imperfect final heat treatments
and mechanical processing such as rolling and weld-
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ing. Correspondingly, the partially magnetized region
(hereafter PMR) may be misrecognized as a crack
when using previous types of nondestructive testing.
Conversely, the real time inspection of a crack in a
large area (e.g., a circle area with a diameter of 75
mm) at a high spatial resolution is an advantage of
MOI (magneto-optical/eddy current imaging) [3, 4],
[5]. MOI was developed for use in inspecting fatigue
cracks and corrosion in aluminum alloys of aged air-
craft. We induced a sheet type current on the speci-
men to generate a magnetic flux around a crack in the
MOIL. A sheet type induced current (STIC) is distorted
when there is a crack. This distorted current induces a
magnetic flux in a direction normal to the specimen.
Therefore, the crack can be detected by using mag-
netic optical film (MO film) and a polarized optical
system. However, the magnetic domains of the MO
film of the MOI, having small saturated magnetiza-
tion (Hy), are saturated partially on A-STS because of
the external magnetic field (Hgxr) of the PMR ex-
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ceeds Hg. Therefore, the surface cracks on partially
magnetized A-STS are difficult to inspect by using
MOI. Also, the shape and depth of the cracks are
difficult to evaluate quantitatively because the distri-
bution of the magnetic field cannot be obtained by
MOL

A magnetic camera using Hall sensors has been
developed to inspect and evaluate cracks [6-9]. The
distribution of the magnetic field can be measured
quantitatively; then, the crack can be evaluated with a
scan type magnetic camera [10]. On the other hand, a
type of area magnetic camera using a Hall sensor
array (HSA) has merit; that is, a crack can be detected
with high speed without sensor scanning. However,
the spatial resolution of an HSA is low so the detailed
distribution of a magnetic field cannot be obtained.
The detailed distribution of the magnetic field can be
obtained by using single sensor scanning (hereafter
SSS). But a large scanning time is necessary in SSS.

In this paper, we propose high speed improved
nondestructive testing and evaluating method. An
STIC is induced on the A-STS, having a PMR and
distortion around the tip of a crack. As a result, the
alternating magnetic field, which is due to the crack
existence, with a bias magnetic field due to the exis-
tence of the PMR, is produced. We propose a signal
processing circuit for measuring the root-mean-square
value (RMS) of the alternating magnetic field without
the bias magnetic field. The distribution of the mag-
netic field with low spatial resolution can be visual-
ized by using an HSA in real time. The detailed mag-
netic field distribution around a detected crack area is
obtained by using SSS for evaluating the crack. Scan-
ning time can be decreased because the scan area can
be limited by using this method. We evaluated the
crack length, width, depth, section area, and volume
by using experimentally obtained formulas.

2. The principle

An STIC is used to induce a current in a specimen
as shown in Fig. 1. The alternating current (AC) input
at 2.3 A and 6.4 kHz on the primary coil ((a) in Fig.
1) generates an alternating magnetic flux in the core
((b) in Fig. 1). At the same time, a homogeneous cur-
rent is induced in the copper sheet ((c) in Fig. 1),
which passes through the core. An STIC is induced
when the copper sheet is located on the surface of the
specimen ((d) in Fig. 1). Also, an eddy current is gen-
erated from the existence of a crack because the STIC

Specimen (d)
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2nd Copper Sheet (c)

Fig. 1. Schematics of the sheet type induced current (STIC).
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Fig. 2. Extraction of the amplitude of alternating current
signal due to crack existence.
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Fig. 3. Geometry of the investigated austenitic stainless steel
specimen (Unit: mm, Thickness: 10 mm).

on the specimen is distorted at both tips of the crack.
Correspondingly, a magnetic field is generated
around a crack as shown (e) in Fig. 1.

The frequencies of each output of the Hall sensor
coincide with the frequency of the input current of the
primary coil as shown (a) in Fig. 2. Also, the bias
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output is mixed with the alternative Hall voltage, as
shown (b) in Fig. 2, because the specimen contains a
PMR in the A-STS. The amplitude of the alternating
Hall voltage ((c) in Fig. 2) can be converted to the
direct response signal ((d) in Fig. 3) by using a high-
pass-filter (HPF) and the root-mean-squared (RMS)
circuit ignoring the bias voltage.

3. Experiments and discussion

3.1 The specimens and experimental equipment

Cracks (9 slits) were introduced on partially mag-
netized A-STS, a SUS304 specimen, by using elec-
tronic discharge machining as shown in Fig. 3. Table
1 shows the dimensions of each crack. Fig. 4 shows a
result of crack observation by using MOI. The crack
was difficult to inspect by using MOI because of the
PMR in the A-STS.

Table 1. Dimensions of each crack on the austenitic stainless
steel specimen.

Crack No. l();lfnﬂ)l mfnﬂ)l Length (mm)
1 2 0.79 10
2 4 0.82 10
3 6 0.82 5
4 6 0.61 10
5 6 0.80 10
6 6 0.98 10
7 6 0.74 15
8 8 0.80 10
9 9 0.80 10

1

Fig. 4. Detection result of crack No.5 at 6.4 kHz by using
MOI 308/3 (Produced by PRI).

The 64 Hall sensors of the HSA were arrayed in an
8 by 8 configuration of 3.5 mm spatial resolution as
shown in Fig. 5. Therefore, the crack in the 28 mm by
28 mm area can be detected at the same time in this
structure. The HSA was positioned on a copper sheet
which induced STIC on a specimen. The AC input at
2.3 A and 6.4 kHz was derived from a function gen-
erator and amplified by an AC power amplifier. The
AC input was applied to the primary coil and it gen-
erated the STIC on the copper sheet. There were 45
and 46 turns of the primary coils in the HSA and SSS,
respectively. Also, the thickness and the area of the
copper sheet were 100105 mm by 0.3 mm and
150x110 mm by 0.4 mm in the HSA and SSS, re-
spectively. The copper sheet was positioned on the
specimen. The lift-offs were 0.5 mm and 1 mm in the
HSA and SSS, respectively.

3.2 Real time inspection of the crack by using an
HSA

A HSA (Fig. 5) was used to confirm the real time
inspection. The distribution of RMS Hall voltages,
using a MX636JN RMS to DC converter, was ob-
tained from a HSA of 3.5 mm spatial resolution
(hereafter DRMS o).

The DRMS, oy permitted crack detection of the
partially magnetized specimen in real time. Two peak
values from the DRMS, oy appeared at both tips of
the crack, as shown in Fig. 6, because the STIC was
distorted at the tips of the crack and the magnetic field
was maximized at the same position. Also, the height
of the peak was closely related to the crack size.

Fig. 5. A photograph of the Hall sensor array (HSA).
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However, the DRMS, o was difficult to use in evalu-
ating a crack because of its low spatial resolution.

Fig. 6. Experimental results using hall sensor array (HSA).

3.3 Evaluation of the crack using SSS

The SSS could obtain the distribution of the RMS
Hall voltage by using an MX636JN with a large spa-
tial resolution of 0.5 mm (hereafter DRMSy;gy). Fig.
7 shows the DRMSygy and its differential value in
the STIC direction, &(Dygp)/0x. The maximum value
of the DRMSy gy increased according to the depth of
the crack (Dc) when the width (W¢) and length (L¢)
of the crack were fixed as shown in Fig. 7, No.1, No.2,
No.3, No.8, and No.9. These phenomena can be ex-
plained by the skin effect and with the help of the
detailed Eq. (1). The density of the induced current on
the subsurface Jz is defined in the following Eq. [11].

Ji=e10 )

where, ¢ and ¢ are the depth and skin depth, respec-
tively. Js denotes the induced current on the surface.
Here, the skin depth ¢ is defined as [12]:
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Fig. 7. Distributions of DRMSyign and 0Dyign/Ox by using single sensor scanning (SSS).
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where, f, 4 and o are frequency, permeability, and
electrical conductivity, respectively. According to
specimen SUS 304, x4 and o were assumed to be 1 and
2, respectively [13]. At a frequency of 6.4 kHz, the
skin depth (J ) was 5 mm. Also from Eq. (1), Jt/Js =
37 % if t =0 (=5 mm). For crack No.9, t =9 mm, so J¢
/' Js =16.5 %. Correspondingly, we could distinguish
the deepest crack (9 mm) with other shallow cracks in
this STIC experiment.

Fig. 8 shows the meaning of Max[0(Dyign)/0x],
Distance[0(Dygn)/0x], and Diameter[0(Dygp)/0x] in
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the A(Dyign)/0x distribution. The interval between the
maximum position and the minimum position (here-
after, Diameter[0(Dyign)/0x]) in 6(Dyign)/0x, which
represented the gradient of each peak, was closely
related to the crack parameter, Dc. Conversely, the
distance between each set of maximum positions
(hereafter Distance[0(Dygn)/0x]) showed a close
relationship with Lc, as shown in Fig. 7, No. 3, No. 5,
and No. 7.

Fig. 9 shows the relationship between Max[0
(Duign)/0x], Distance[0(Dygn)/0x], and the crack
parameters (D¢, Lc, and W¢). The Max[0(Dygn)/0x]
showed a close relationship with D¢ as shown in Eq.
(3), which was derived from cracks No.1, No.2, No.5,
and No.8 in Fig. 9(a) when the W and L were fixed.

De=23.6574xMax[3(D,,, )/0x] o
-0.02765

Also, the Distance[0(Dygn)/0x] showed a close re-
lationship with the L¢ as shown in Eq. (4), which was
derived from cracks No.3, No.5, and No.7 in Fig.
9(b).

Le=1.25837% Distance| d(D,;;;,, )/ 0x |

“
Fig. 8. The meaning of Max[d(Dycn)/0x], Distance[8(Dign)/ -1.89301
0x], and Diameter[0(Dpign)/0x]
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Fig. 9 The relationship between the NDE factors and the crack parameters (D¢, L, and W).
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Furthermore, the Max[0(Dygn)/0x] showed a close
relationship W¢ as shown in Eq. (5), which was de-
rived from cracks No.4, No.5, and No.6 in Fig. 9(c).

We=8.31739x Max[9(Dyyy,, ) /0x |
-1.97097

©)

In addition, the section area, S, and the volume of
the crack, V¢, can be calculated by using Eq. (6) and
Eq. (7), derived from (d) and (e) in Fig. 9, respec-
tively.

Se=244.49878x Max{0(D 5, )/ 9%

(6)
-10.53301
Ve=194.9318x Max[0(Dyy;,, ) /0x | ™
-8.88109

The L, Eq. (4), showed less error than the W and
D¢ equations. Also, the section area Eq. (6), derived
from (d) in Fig. 9, showed a small error. Correspond-
ingly, D¢’ can be calculated from Sc by using Eq. (8)
because the section area is multiplied by Lc and D¢'.

Dc' =Sc/Le
_ {244.49878X Max[)(Dy;, )/ 0x - 10.53301)
 {1.25837x Distance[ (D, )|0x]-1.89301}

®)
We calculated the depth of the crack with extreme

accuracy by using Eq. (8) and compared it with Eq.
(3) as shown in Fig. 10.
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Fig. 10. Comparison of calculated crack depths by using Eq.
(3) and Eq. (8).

The Max[0(Dyign)/0x] included relevant informa-
tion on the depth, width, and length of the crack. Also,
the changes of depth and length were affected more
easily than that of the width. Fortunately, the length
of the crack, L, could also be calculated by using
Distance[0(Dyign)/0x] with less error than W¢ and
correspondingly, the calculated volume of the crack,
obtained by multiplying L¢ (Eq. (4)), W¢ (Eq. (5)),
and D" (Eq. (8)), as shown in Eq. (9). We expect
this calculation to have less error.

Volume= LexWex De' 9)

However, the calculated volume using Eq. (9), with
a bigger error than Eq. (7) at 72mm’ of volume, was
obtained as shown in Fig. 11. The bigger errors re-
sulted from the accumulation of errors in Eq. (4), Eq.
(5), and Eq. (8).

4. Conclusions

We proposed a nondestructive evaluation method
for cracks occurring on the surface of austenitic
stainless steel with a partially magnetized area in real
time. The crack was inspected in real time by using a
Hall sensor array and a sheet type induced current.
And the distribution of the magnetic field (DRMSygn),
the differential value of DRMSygy (O(Dyign)/0X), the
maximum value of &(Dygy)/0x (Max[d(Dygn)/0x]),
the interval between the maximum position and
minimum position in the &(Dygy)/0x (Diameter[0
(Duign)/0x]), and the distance between each set of
maximum positions (Distance[0(Dygn)/0x] were
obtained by using single sensor scanning at the in-
spected crack area.
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Fig. 11. Comparison of calculated crack volumes by using Eq.
(7) and Eq. (9).
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The depth, width, length, section area, and volume
of the crack, can be calculated by equations derived
from the relationship between the Max[0(Dygn)/0x],
Distance[0(Dygn)/0x], Diameter[0(Dygn)/0x], and
the crack morphologies.
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Nomenclature

A-STS : Austenitic stainless steel

PMR  : Partially magnetized region

H : Strength of magnetic field [A/m]
STIC : Sheet type induced current

HSA  : Hall sensor array

HPF  : High-pass-filter

RMS  : Root-mean-squared

SSS : Single Hall sensor scanning

DRMS : Distribution of root mean square [V/mm]
D : Depth of the crack [mm]

w : Width of the crack [mm]

L : Length of the crack [mm]

Jt : Density of the induced current on the

subsurface [A/m’]

t : Thickness [mm]

o : Skin depth [mm]

f : Frequency [Hz]

y : Permeability [H/m]

o : Electrical conductivity [A/V]

0D/ox  : The differential RMS of Hall voltage to
the STIC direction [V/mm]

Diameter[0D/0x] : The interval between the
maximum position and the minimum
position [mm]

Distance[0D/0x] : The distance between each set of
maximum positions [mm]

Max[0D/0x] : The average of the maximum values of

0D/0x [V/mm]
S : The section area of the crack [mm’]
A% : The volume of the crack [mm’]
Subscripts
C : Crack

EXT . External

S

. Critical saturation

HIGH : High spatial resolution by using single

Hall sensor scanning

LOW : Low spatial resolution by using the Hall

sensor array

Superscripts

’

: Calculated by S¢ divide L¢
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