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1 Introduction

Users’ needs with respect to the internal quality and
properties of steel sheet products are becoming increas-
ingly strict year by year. Such user’s needs arise from the
improvement and the automation of users’ manufactur-
ing processes to realize cost reductions. Morcover, they
also arise from the change of users’ manufacturing
methods for the purposes of environmental safeguards
and energy saving. For example, because an automated
production line is occasionally stopped by the occur-
rence of inferior products originated from internal flaws,
steel sheets must be free from defective parts containing
internal defects and the like. Moreover, changes of man-
ufacturing methods including forming methods require
advanced mechanical properties in many cases. Steel
makers are producing and developing various steel sheet
products with advanced properties which meet the exist-
ing and future needs of users. At the same time, as to the
measurement techniques for the properties and unifor-
mity of steel sheet products, the development of measur-
ing methods for new objects and improvement of the
performance of existing techniques are constantly
needed. Kawasaki Steel has developed and installed var-
ious instruments for measurement of the quality of steel
sheets to meet users’ needs, and performs quality assur-
ance and quality control by use of the measurement

* Originally published in Kawasaki Steel Giho, 31(1999)4, 211-
215

Synopsis:

This paper describes the state-of-the-art ultrasonic
and magnetic measuring techniques developed at
Kawasaki Steel and used in the production process of
steel sheets. Some examples shown here are as follows:
(1) Magnetic flux leakage testing system for the detec-
tion of nonmetallic inclusions, (2) Nondestructive orien-
tation measurement for secondary re-crystallized grains
in grain-oriented electrical steel by ultrasonic interfer-
ometry, (3) Immersion festing method for the detection
of nonmetallic inclusion, and (4} Surface wave probe for
the detection of surface flaws in rolls used in rolling
mills. The development of these techniques and their
applications to actual steel sheets production processes
have contributed to advances in quality assurance and
control. By means of these techniques, steel sheet prod-
ucts with advanced and uniform properties are being
continuously produced to meet customers’ needs.

results. This report presents representative examples of
state-of-the-art techniques and instruments developed by
Kawasaki Steel for the purpose of internal quality mea-
surements in steel sheet production processes.

2 On-line Nonmetallic Inclusion Detector Using
Magnetic Flux Leakage Testing Technigue

2.1 Background of Development

Many steel products, including 2-piece steel cans
(cans made from two steel components) are manufac-
tured by applying large plastic deformation to steel
sheets. Because cracks and surface beaks will occur duz-
ing manufacturing if nonmetallic inclusions (aluminum
oxides, etc.) are present in the steel sheet, it is necessary
to produce sheets which are free from internal non-
metallic inclusions, and to detect internal nonmetallic
inclusions throughout the entire volume of the sheets for
the purpose of quality assurance. Further, because gouge
defects, which are uneven surface flaws, are also causes
of defective products, it is necessary to detect them over
the whole surface of steel sheets.
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2.2 Principle of Measurement and Constitution
of Detector

Based on the results of previous research and devel-
opment'”, a nonmetallic inclusion detector using the
magnetic flux leakage testing technique was installed in
No. 2 electrolytic tinning line at Kawasaki Steel’s Chiba
Works. An outline of the detector is presented below.
Figures 1 and 2 show the principles of detection and
structure of the detecting head. By magnetizing a steel
strip to be tested, magnetic flux leaks in the space near
the steel strip surface if a magnetic discontinuity, such
as a nonmetallic inclusion or a gouge defect, is present.
That magnetic flux leakage is detected by a magnetic
sensor in the detector (detection sensitivity, 0.8 V/0.1 T
in sensing horizontal magnetic flux). The detecting head
is compactly housed in one body by arranging both the
magnetic sensors and the magnetizing direct-current
coils on the same side of the strip surface. The magne-
tizing direct-current coils are used to magnetize the steel
strip in the running direction. To prevent deterioration of
sensitivity owing to the gaps between the sensing ele-
ments, a dense and angled arrangement of the sensing
elements was adopted, as shown in Fig. 2. The detector
is equipped with various noise reduction circuits, such
as a high-pass filter whose cut-off frequency is
adjustable according to the running speed of the strip, in
order to improve the signal-to-noise ratio. In the detec-
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Fig. 4 Detectability of gouge defects

tion of nonmetallic inclusions, the magnetic discontinu-
ity is not exposed at the strip surface, and consequently,
the density of the magnetic flux leakage is low. For this
reason, it is necessary to minimize the gap between the
magnetic sensor and the strip to catch the relatively
strong magnetic flux leakage near the strip surface. Con-
versely, with gouge defects, the discontinuity is exposed
at the surface and the density of the magnetic flux leak-
age is comparatively large. In this case, the gap between
the magnetic sensor and the strip can be increased to a
larger value than in the inclusion detection. The devel-
oped detector can be used for both nonmetallic inclusion
detection and gouge defect detection. The object for the
detection 1s changeable at every coil by means of an
adjustable mechanism for the gap between the magnetic
sensor and the strip. This detector has other advantages
as follows:

(1) Inspection of the full width of the product is possi-

ble.
(2) Flaws in the strip with running speeds as high as
700 m/min can be detected.

2.3 Detectability

Exampies of the detection of nommetallic inclusions
and gouge defects®”’ are shown in Figs. 3 and 4, respec-
tively. This detector is capable of detecting nonmetallic
inclusions with volume of more than 5 X 10™* mm® at
the gap of 0.5 mm and gouge defects with volume of
more than 15X 10"*mm?® in volume at the gap of 2.0
mm,
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3 Measurement System for Grain Orientation
of Grain-Oriented Electrical Steel Sheets

3.1 Background of Development

Magnetic properties of grain-oriented electrical steel
sheets are governed by the orientation and the size of
secondary recrystallized grains. In particular, the align-
ment of the orientation of the secondary recrystallized
grains with the Goss texture is extremely important for
good magnetic properties. Conventionally, the Epstein
test and the single sheet test were used in the tests of
magnetic properties, and the X-ray diffraction method
was used in orientation measurements of grains. The
single sheet test is a test method for magnetic properties
of sheets for stacked iron cores, etc. In that, magnetic
flux density and iron loss are measured using a single
sheet. However, because all these tests were performed
using test pieces which were cut from the product, a
method that can be applied to the continuous measure-
ment of properties in the production line of grain-ori-
ented steel sheets was desired.

3.2 Principle of Measurement and Constitution
of Measurement System

A method based on ultrasonic interferometry and a
system for measuring the orientation of secondary
recrystallized grains was developed and applied practi-
cally in continuous measurement in the production line.

Because a single crystal of steel has elastic
anisotropy, the velocity of ultrasound passing through it
varies according to the direction of propagation.”’ The
orientation of crystals in the thickness direction shows a
difference between the grains aligned with the Goss tex-
ture (hereinafter referred to as normal grains) and grains
deviating from it (miss-oriented grains), and the propa-
gation velocity of ultrasound also differs. Accordingly, it
is possible to distinguish miss-oriented grains by mea-
suring the propagation velocity of ultrasound, but
because it is necessary to measure the transit time with a
high resolution under nanosecond, a method which uti-
lizes the interference of the train of echoes traveling
through the whole thickness of the steel sheet more than
twice was developed.” The double sound transmission
method shown in Fig. 5, or the through transmission
method, is used in measurements of the amplitude of the
echo train. Rf bursts (hereinafter referred to as burst
wave) are used as the transmitting pulse. Figure 6 shows
the results of a numerical calculation of the relation
between the amplitude of the echo train and the velocity
of ultrasound on the assumptions that would maximize
the amplitude of the echo train in the normal grains, as
follows:

(1) Thickness of a sheet is 0.20 mm.
(2) Frequency of a burst wave is 15.5 MHz.

The pulse duration N (integral multiple of wave-
length) of the burst wave is varied from 5 cycles to 40

No. 43 October 2000

5 Scanning

Signal
source
Power
amplifier
Ultrasonic
receiver
Gated peak Sound path of
detector echo train

Fig. 5 Block diagram of echo amplitude measure-
ment system

f sy
-2 7
N -4 \
_4 R
~ -5 N =1
< /
=2 8717 Y
2
: |
T
N =
] 1 | N=20
—~14
-16 / N =40

8 N: pulse duration (cycles)
52 54 56 58 60 62 64 66

Velocity (10° m/s)

Fig. 6 Relation between echo amplitude and ultra-
sonic wave velocity in material {calculated)

cycles. From this figure, it can be understood that the
amptitude of the echo train is.smaller in crystals having
an ultrasound velocity which differs from that of crystals
aligned with the Goss texture, and the change in ampli-
tude is proportional to the pulse duration of the burst
wave. This pulse duration is set appropriately, based on
the allowable deviation of the orientation of the sec-
ondary recrystallized grains.

Figure 5 shows the constitution of the measurement
system. An electrical signal of 20 to 40 cycles of sine
waves in a train is generated at a constant repetition fre-
quency by a signal source. This signal is amplified by a
broad bandwidth power amplifier. A burst wave of a
variable frequency and a variable pulse duration is trans-
mitted with a ultrasonic probe by applying the amplified
signal to a piezoelectric element in the ultrasonic probe.
The echo train mentioned above is received by the ultra-
sonic probe. Miss-oriented grains can be distinguished
by detecting the amplitude of this echo train with a gated
peak detector.

3.3 Results of Development
Photo 1 shows the waveform of the echo train
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(b} Echo train at miss-oriented grains

Photo 1 Comparison of waveforms of echo train

observed in normal grains and miss-oriented grains in a
grain-oriented electrical steel sheet with a thickness of
(.18 mm using a burst wave with a pulse duration of 40
cycles and a frequency of 17 MHz. The difference &
(dB}) in the amplitude of the echo train between the nor-
mal grains and the miss-oriented grains is large, by
approximately 14 dB, and the miss-oriented grains can
be satisfactorily distinguished.

6 =201logp(5.8/1.1) = 14 (dB) -+ -cn - (1)

This measurement system was installed in an electri-
cal steel sheet production line and is of help in quality
assurance for grain-oriented steel sheets. Furthermore, a
system for observing the growth of secondary recrystal-
lized grains in test samples in the laboratory was also
developed using the principle described above.®

4 Detection Technique for Nonmetallic
Inclusions in As-pickled Steel Sheets Using
“Ultrasonic Line Sensor”

The following presents an example of a new method
for detecting nonmetallic inclusions and other internal
flaws in steel sheets by use of ultrasound.

4.1 Problems with Conventional Techniques

Conventionally, methods such as the Lamb wave test-
ing” and the ultrasonic C-scan testing® have been used
in detecting internal flaws in steel sheets. However, both
had drawbacks, as the former is low in detectability and
the latter requires long time for testing because of the
scanning of an ultrasonic probe in two coordinates.
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4.2 Developed Technique and Its Detectability

The schematic of the developed method is shown in
Fig. 7.” In this method, it has a constitution in which a
transmitting probe array and a receiving probe array are
arranged face-to-face on opposite sides of the steel sheet
in water, and flaw echoes which are reflected once each
at a internal flaw and the surface or back wall of the
sheet are received by the receiving probe array. Thus the
conventional pulse-echo method and through transmis-
sion method are combined in this new method. By com-
bining electronic scanning of the probe array with this
method, it is possible to detect minute internal flaws in a
short testing time. Photo 2 shows a cross-sectional view
of a nonmetallic inclusion which was detected using the
instrument with the constitution described above, and
demnonstrates that it is possible to detect microscopic
nonmetallic inclusions of approximately 50 m in diam-
cter.

This instrument is currently being used as an off-line
flaw detector for sample sheets, and also has strong
potential for being applied to flaw detection in produc-
tion line.

5 Roll Surface Testing Technique Using Broad
Bandwidth Surface Wave Probe

This chapter describes a surface flaw detector for
work rolls used in rolling, which have a direct effect on
the quality of the steel sheet surface.
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5.1 Problems with Conventional Techniques

Occasionally, surface flaws are formed in rolling work
rolls under abnormal rolling conditions. If left untreated,
these surface flaws can cause problems such as roll
spalling and marking on the strip. Work rolls are ground
by a grinder after rolling of a prescribed amount of
strips. Re-profited roll surface by a grinder is tested by a
surface flaw detector. If a surface flaw is detected, the
surface of work roll is re-ground until the surface flaw is
removed.

Ultrasonic surface wave testing is usually used in the
surface testing of hot finish rolling rolls made from
high-speed tool steel.'™'" Conventionally, a narrow
bandwidth probe has been used in this testing. However,
in the surface testing of a rolling roll, back-scattered
waves with small amplitude are caused by the presence
of coarse grains, a rough surface and a large number of
minute fire cracks produced in hot rolling (hereinafter
referred to as “collective fine reflectors”). In the surface
testing with the conventional probe, these back-scattered
waves tend to become large by superimposing each
other. Therefore, deterioration of detectability and some
false indications have happened in the surface testing
with the conventional probe.

5.2 Development of a Broad Bandwidth Surface
Wave Probe with High Sensitivity

The height Pg of echoes from collective fine reflectors
in the path of ultrasound is expressed as Eq. (2), and is
proportional to the square root of pulse duration of the
ultrasound.'?

Pg o {aty - 1‘.)uz - exp (—2agr)/x e 2)

Where, x is a distance from the ultrasonic probe to the
reflector, @, is the attenuation coefficient. From Eq. (2),
it is understood that shortening the pulse duration of the
ultrasound (by broadening the frequency bandwidth of
the surface wave probe) is effective to make Pg small.
Because the reflectivity of ultrasound at a flaw does not
depend on the pulse duration, signal-to-noise ratio of a
flaw echo can be raised by use of a broad bandwidth
probe. Consequently, detectability can be raised by use
of a broad bandwidth probe. As the conventional surface
wave probe send out the oscillation of piezoelectric ele-
ment without damping to get high sensitivity, 7 of ultra-
sound pulse is several times longer than its wavelength.
Therefore Pg has a large value in the test with the con-
ventional probe.

In case of a general type of broad bandwidth probe,
the oscillation of a piezoelectric element is damped by a
damping block in order to obtain short pulse. As a
result, the sensitivity of such probe is much lower than
that of the conventional narrow bandwidth probe with-
out being damped by a damping block. It is therefore
necessary to increase the gain of a receiving amplifier to
compensate this decline in sensitivity, so miss-detection
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owing to electrical noises coming over the air is liable to
happen.

For this reason, a broad bandwidth surface wave
probe with the improved sensitivity was developed by
making the following two improvements.

5.2.1 Selection of materials
(piezoelectric element, resin wedge)

To get high sensitivity and to lower the amplitude
of spurious echo, a piezoelectric element with a high
electromechanical coupling factor in the thickness direc-
tion and a low electromechanical coupling factor in the
radius direction is used as the oscillator of ultrasound. A
resin with low ultrasound attenuation and high acoustic
impedance is used as the wedge material in order to
reduce the attenuation in the wedge and transmission
loss from the piezoelectric element to the wedge.

5.2.2 Modification of incident angle

Incident angle §; from the wedge to the roll surface
is determined on the basis of surface wave velocity in
high-speed tool steel to satisfy the Snell’s law defined as
Eq. (3).

Cw/Sin Bi = CR/sin Bt ..................... (3)

Here, C,, is the ultrasound velocity in the resin wedge,
Cy is the surface wave velocity in the material to be
tested, and 8, is the refraction angle (90° in the case of
surface waves).

5.3 Performance and Usefulness of the
Developed Probe

Photo 3 shows the waveform of surface wave trans-
mitted by the developed broad bandwidth surface wave
probe, as contrasted with the waveform of surface wave
transmitted by a conventional surface wave probe. Sen-
sitivity of the developed probe with the center frequency
of 2 MHz and the pulse duration of 1.5 times the wave-
length is equal to that of the conventional probe.

Photo 4 shows a comparison between the test result
with the developed probe and that with conventional
probe using an artificial surface flaw having a depth of
0.2mm and a width of 0.5mm (slit-like shape) in a
block of high-speed tool steel of 10 mm in thickness.
Distance between the probe and the flaw is 100 mm.
Small, shaflow surface flaws can be detected with a high
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Photo 4 Test results of artificial surface flaws detection

signal-to-noise ratio by use of the developed probe. Fig-
ure 8 shows the test results of a hot-rolling work roll
after grinding by use of the developed probe and the
conventional probe installed in an automatic roll surface
flaw detector. High indications are observed with the
conventional probe. However, these are falsely detected
collective fine fire cracks remaining in the ground sur-
face. In contrast, no false indications can be observed
with the developed probe. It can therefore be understood
that the developed probe is free from false detection of
collective fine fire cracks. As a result, excessive grinding
of roll surface owing to false detection could be pre-
vented, and roll consumption could be reduced more
than 20% while actual operations of roll grinding in
Kawasaki Steel. This probe can be applied to the surface
testing of work rolls for cold rolling and backup rolls as
well,

6 Conclusion

Representative examples of state-of-the-art techniques
and instruments for internal quality measurements in
steel sheet production processes have been presented. In
the future, users’ needs with respect to the properties
and uniformity of steel sheet products will become
increasingly more advanced. At the same time, manu-
facturing methods for steel sheet products are expected
to progress in the direction of higher efficiency, continu-
ous operation, and automated operation. Accordingly, it
is considered that further improvement in performance
and in efficiency, and the development of measuring
techniques for new objects will become necessary in
product quality measurement technigues. In order to
cope with these requirements, efforts to advance existing
quality measurement techniques, to develop new mea-
surement techniques, and to put them to practical use are
planned.
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(a} Developed probe

(b) Conventional probe

Fig. 8 Comparison between the test result for roll
surface with harmless small fire cracks by
using the developed probe and that by using
the conventional one
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