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This article reports on the non-destructive evaluation (NDE) of metallurgical changes induced by the
deformation processes. In particular, the martensite and reversed austenite states of a meta-stable austen-
itic stainless steel sheet were evaluated. The sheet was elongated up to 40% at room temperature, and was
then brought below room temperature to produce martensite. This was then followed by annealing for
reversion. First, martensite content was measured with a Feritscope. Second, the surface acoustic wave
(SAW) velocity was measured with a high numerical aperture spherically focused ultrasonic beam with a
frequency equal to 600 MHz. The measured SAW velocity values were found to be dependent on the
elongation, the ambient temperature during elongation, and the annealing temperature. A useful trend was
found in the correlation between the measured SAW velocity and the martensite content as measured with
the Feritscope. Second, using a high frequency (i.e., 800 MHz) acoustic imaging technique, the deformed
and annealed grain structures were mapped. In comparing the acoustic images with the optical images, the
deformed grains shown in the acoustic images were found to be significantly clearer than those shown in
the optical images. These studies reveal the importance of NDE, in connection with the forming of stain-
less steel structures, to map the deformation induced metallurgical changes. Here, unique NDE techniques
are seen to be effective in mapping the changes with the use of hypersonic SAW velocity measurements

and imaging.
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1. INTRODUCTION

Austenitic stainless steel sheets, which are usually press-
formed or bent, are widely used in a variety of industrial
applications ranging from pressure vessels to automobile
parts, heat exchangers, electric parts and outdoor constructions
[1]. This material is preferred because of its high resistance
to corrosion and temperature changes. However, when the
material is subjected to heating and cooling cycles, the forming
accuracy, for example, in a right angle associated with a
sharp bend such as a corner, is lost [2]. This phenomenon is
caused by the reversion of the deformation-induced martensite
to austenite when the temperature is increased. This results
in the warping or misfit of a structure or an assembly, an
increase in the residual stress, and the possible loss of contact
members, such as trusses or beams. Therefore, significant
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importance must be placed on the evaluation and understanding
of this process. When the martensite reverts to austenite, the
timing and affected volume varies with the parameters, such
as the stability of the austenite, the elongation, and the
reversing temperature. Therefore, a critical need arises for
the mapping of the extent of metallurgical changes on a spot
by spot basis. A microprobe is required for measuring and
mapping the local properties in order to achieve a map of
the extent and distribution of the changes. The mechanical
scanning acoustic reflection microscope (hereinafter called
simply “SAM?”) [3] has been successfully developed into an
effective microprobe. The hypersonic character is especially
important because it implies a frequency range from 100 MHz
to 2.0 GHz, which in turn implies not only a high resolution
not available with conventional acoustic microscopes but
also strong microprobe capability. Especially with the progress in
the interpretation of the so-called V(z) signature [4-6], the
SAM has been applied successfully for the measurement of
the elastic modulus of materials [7], and for the mapping of
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residual stress [8-12] in a typically small region of about 50
micrometers in radius. However, the application of SAM to
measurements on stainless steel [13] was found to be difficult
because of the high absorption of hypersonic waves in the
material.

In this study, in order to evaluate the appearance of the
deformation-induced martensite and reversed austenite, a
SAM was used that had the unique capability of measuring
both phase and amplitude of the hypersonic wave reflected
from the specimen [14-15]. In the experiments, typically,
first, axial tension was applied to the stainless steel sheet
specimen so as to produce elongation induced martensite,
followed by the heat treatment to reverse the martensite to
austenite. Second, the martensitic content [16] was measured
with the Feritscope. Third, the SAM was used to measure
and map the SAW velocities. The correlation between the
SAW velocities and the degree of deformation was mapped.
The measured SAW velocity values were compared and
found to be in good agreement with values from the literature.
Finally, the deformed and annealed grain distributions were
imaged by two-dimensional scanning of the high resolution
SAM probe. For the acoustic imaging, the hypersonic frequency
at 800 MHz was used, with a resolution of two microns on
the surface of the specimen. Furthermore, the acoustic images
were compared with optical images obtained by conventional
optical microscopy, with these latter represented by numerals
in square brackets.

2. EXPERIMENTAL PROCEDUCES

One of the unique techniques that are central to this exam-
ination is the SAM. First, the experimental hardware of the
SAM is described, whereupon the data are discussed.

2.1. Principle of Scanning Acoustic Microscopy

Figure 1 provides the schematic diagram of the apparatus
constituting the scanning hypersonic microscope SAM. An
electrical signal in the form of a pulse approximately 10 peri-
ods long is generated by an RF generator and sent to a piezo-
electric transducer that has the form of a zinc oxide film
deposited via a circulator on one end of a cylinder of single
crystal sapphire. The input voltage from the transmitter to
the transducer is approximately 5 V. The electrical signal is
converted into a longitudinal plane elastic wave signal, which
travels through the cylinder to a spherical recess referred to
as the “lens.” This lens is surrounded by a fluid, such as dis-
tilled bubble-free water; the lens converts the plane wave
into a sharply focused beam trained on the specimen, which
is also immersed in the fluid. There, the pulse is reflected
and carries with it the information about the elastic proper-
ties of the specimen. Upon reaching the lens, the pulse is
again converted into a plane wave by the lens and returns to
the transducer through the cylinder. The elastic wave is again
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Fig. 1. Schematic diagram of SAM.

converted into an electrical signal and has a voltage of
approximately 30 dB to 80 dB lower than the input voltage.
After amplification, the electrical signal is selected and gated
to discriminate it from unwanted signals stemming from
transmission leaks and internal reflections from various unin-
teresting interfaces. The signal is peak-detected and stored in
memory through an analog-to-digital converter. The stored
signal is again converted into an analog signal by a digital-
to-analog signal converter. This flow of processes allows the
information that is collected at a single spot on the specimen
to be displayed as intensity at a certain point on the CRT
monitor. In order to form a two-dimensional acoustic image,
the lens and an X-Y stage are mechanically scanned across a
certain area of the specimen. The lens is able to translate axi-
ally along the z direction to vary the distance between the
specimen and the lens for sub-surface focus. That is, when
visualizing the surface of the specimen, the lens is focused
on the specimen surface, denoted by z= 0 m, and when visu-
alizing a subsurface of the specimen, the lens is mechani-
cally defocused toward the specimen (denoted by z=-x m,
where x is the “defocused” distance).

2.2. Principle of Scanning Acoustic Spectroscopy

Figure 2 shows a schematic diagram of SAW propagation
between the acoustic lens and the specimen via a coupling
medium (e.g., distilled water). When the acoustic lens is
moved toward the specimen, the voltage of the transducer
changes. The plot of the changes is the so-called V(z) curve.
The V(z) curve is formed by the interference at the trans-
ducer between normally reflected bulk waves and bulk
waves radiated from the leaky surface acoustic waves SAW
generated from bulk waves impinging onto the sample at the
second critical angle of refraction.

Figure 3 shows an example of the V(z) curve. The specimen
is silica glass. The temperature of the coupling medium (i.e.,
de-ionized water) is 23. The operating frequency of the
acoustic lens (Olympus; model: AL4M631) is 400 MHz. The
velocity of the SAW is expressed as Eq. (1) from the spacing
of the minima Dz in Fig. 3.
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where V., is the velocity of a surface acoustic wave prop-
agating on the specimen, Vy is the velocity of the longitu-
dinal wave of the coupling medium, and f is the frequency
of the ultrasonic wave emitted from the acoustic lens [17].

V(z)=Clj:uz(r)Pz(ff)exp{i2kz 1@2}rdr 2)

where u is an acoustic field, P is a pupil function, R is a
reflectance function, k£ is a wavelength in the coupling
medium, f'is a focal length and C is expressed as the fol-
lowing equation;

C= j: W ()P (r)rdr 3)

Equations (2) and (3) are expressed by using » =fsin 0, as
follows:

V(z) = cf: u’(0)P*(0)R(0)exp(i2kz cos 0)sinBcosHAO
“4)
HU
C= IO u(0)sin(0)cos6dO )
where 0 is half the aperture angle of a lens.

When using k. =k cos0, Egs. (4) and (5) are expressed as
follows:

V(z)=C" j:m“ O (k)R(k.)exp(i2kz)dk., ©)
c=1"" 0 yak. ™
0’(k,) = v’ (k.)P*(k.)k. (8)

From Eq. (6), the following equation is obtained.

F{V@)=C" 0*(k.)R(k.) ©)

where #'{} is the inverse Fourier transform. Liang ef al.
showed that the reflectance function of the specimen can be
calculated by the Inverse Fourier Transform of the complex
V(z) curve (including amplitude and phase), so that the
longitudinal, shear and Rayleigh wave velocity of the material
itself can be directly obtained [18]. In this study, we used a
SAM including capabilities (Olympus; model: EPA02) to
analyze the phase transformation of the metastable austenitic
stainless steel.

2.3. Specimen Description

Table 1 shows the chemical composition of the materials.
The deformation-induced matensite was produced by apply-
ing axial tension to strip sheet samples typically having
dimensions of: thickness 1.0 mm, width 10 mm and length
120 mm. The ram speed was 4.58 mm/s and the range in
elongation was from 5% to 40%. The ambient temperature
Trwas assigned to be 83 K, 203 K, 273 K and 293 K by dip-
ping samples into liquid nitrogen, dry ice, ice water, and run-
ning water, respectively. The temperatures were measured
with a precision of 1.0 K. The elongated specimens were
annealed in vacuum. Figure 4 shows the heating and cooling
rates of the specimens. Heating and cooling rates were 5.6
K/min and 1.4 K/min, respectively. The annealing time was
30 min. Annealing temperatures T, were chosen to be 623,
823, 1023 and 1223 K. Specimens were cut carefully into 3
pieces with a high-speed disk cutter during wet conditions.
The specimen surfaces were ground with carborundum paper
of successively finer grades down to #1200. This was fol-
lowed by polishing successively with 1.0 um and 0.25 pm

Table 1. Chemical composition of material (mass %)

C Si  Mn P S Ni Cr Mo N
0.070 0.71 1.04 0.027 0.004 7.09 1699 0.19 0.027




268 Yukio Kasuga et al.
50 T T T
T, : Annealing Temperature I SUS301 )
t, : Annealing Time Before anncaling
| —e—T= i
t, § 40 Tl 83K
o T, H ;’ | ——T=A203K
ST Z a0l —#—TR273K
8 1.4K/min el e i
2 g | ——TF293K
2 =
- 8 20 |
o
5.6K/min =
8
T 10+ 4
]
p=
Time 0 L ) 1
0 10 20 30

Fig. 4. The heating and cooling rate of the specimens.

diamond paste for the final stage. The specimens were then
etched for about 10-15 minutes by dipping them into a com-
bined solution of 20 ml ethanol, 80 ml hydrochloric acid and
1.0 g picric acid.

2.4. Acoustic image Acquisition

The change in the grain microstructures was observed
by imaging the specimens with the SAM (Olympus;
model: UH3) at a frequency of 800 MHz. This high fre-
quency was chosen on the basis of the need to resolve the
grain structure.

A Feritscope (Fisher Co., Ltd.) was used to measure the
content values of both deformation-induced martensite caused
by axial tension and the remaining martensite after incom-
plete reversion. The values were then adjusted by taking the
thickness into consideration.

3. EXPTAL RESULTS

3.1. Martensite Content

Figure 5 shows the relationship between the degree of
elongation and the martensite content when the temperature
was changed. As the elongation is increased, the martensite
content is also increased proportionally. The lower the tem-
perature, the larger is the increase in martensite content, with
the elongation unchanged. This shows that the martensite
content is dependent on both the temperature during elonga-
tion and the degree of elongation itself.

Figure 6 shows the change in martensite content when the
sheet was elongated at Tr=273 K and then annealed. The
values at T, =273 K are the values when the sheet is not
annealed. When the annealing temperature was gradually
increased, the content of martensite was decreased. Further-
more, the content became almost zero at T, = 1223 K. This
means that the deformation-induced martensite is com-
pletely reversed back to austenite. In SUS301 stainless steel,
a similar phenomenon can be seen. However, at T, = 1223 K,
the martensite is not completely decreased, and content of
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Fig. 5. Effect of elongation on martensite content.
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Fig. 6. Change in martensite content (T =273 K).

about 5~10 % remains. This is explained by the reversal of
the change in the material, which has been reversed to
austenite in the process of heating, and to martensite in the
process of cooling. Takagi et al. have pointed out this phe-
nomenon [19]. Starting and finishing temperatures for rever-
sion are considerably higher than those obtained by Takagi et
al. [20]. This is due to the low stability in austenite and the
insufficient plastic deformation (elongation is at most 40%
in the state of axial tension).

Figure 7 shows the remaining martensite content when the
specimen was annealed after the elongation (10%). The
martensite content decreased as the annealing temperature
was increased. When the temperature was more than 1023
K, almost no martensite remained. This observation suggests
that the deformation-induced martensite is almost com-
pletely changed to austenite. The remaining martensite con-
tent was found to decrease with the increase in the annealing
temperature. Martensite content was significantly increased
with the temperature at 1223 K. These results match the
results shown in Fig. 6.
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Fig. 7. Martensite content after annealing (A = 10 %).

3.2. SAW Velocity Measurement

Figure 8 shows the change in SAW velocity due to the
elongation. The error in the velocity value obtained in the
experiment is at most +50 m/s and the relative error is 3.6%
under the assumption that the velocity is 2800 m/s. This
error became smaller as the martensite content increased.
The velocity increased as the elongation increased for either
of the materials. The lower the ambient temperature was, the
higher the velocity became with the same elongation. At
temperatures Tr= 83 K and 293 K, no monotonic increase in
velocity could be observed. When Tt was 293 K, the marten-
site content was found to be below 10%, regardless of the
elongation up to 30%. This is seen to lead to the small change
in velocity. From the readings of the Feritscope, it can be
seen that when Ty is 83 K, consideration of and compensa-
tion for the thickness is not enough to obtain true martensite
content. Actually, more martensite than is shown in the result
in Fig. 8 is thought to appear. If this were accurately esti-
mated, martensite would be seen to accumulate sufficiently,
even with the lower elongation.
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Fig. 8. Effect of elongation on Rayleigh wave velocity.

3000 . ; .
SUS 301 A=10%
—e—T=83K
2900 - — —T=203K ]
—a—T=273K
2800 |- — —T=293K .
%‘\ T
% 2700 - .
2600 |- .
2500 . L . L .
0 500 1000 1500

Annealing temperature T (K)

Fig. 9. Effect of annealing temperature on SAW velocity.

Figure 9 shows the relationships between the elongation
and the SAW velocity in SUS301 after annealing. An anneal-
ing temperature of T, =273 K means that the heat treatment
is not performed. As the temperature T, increases, the veloc-
ity decreases and achieves a minimum at 1023 K. When the
temperature increases the SAW velocity increases. This result
is similar to the result shown in Fig. 7.

3.3. Microstructures of Specimens
Figure 10 provides acoustic and optical images of the
specimens before annealing. The configuration of the grain

Acoustic microscope Optical microscope

20

40

Fig. 10. Acoustic and optical images (before annealing), Frequency:
800 MHz, Defocusing Distance: —4 pm.
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can clearly be seen in the case of no elongation: an M; point
exists in the range of the room temperature when the marten-
site is in the process of cooling. This means that there is a
trace of martensite even when the elongation is zero. In this
experiment, the change in the SAW velocity was larger than
that in the density due to the deformation-induced transfor-
mation and reversion. This observation suggests that the
acoustic impedance depends strongly on the change in veloc-
ity. This fact is also corroborated by the measurements the
Feritscope. The average grain size could be estimated to be
in the range of 30 um to 50 pum. As the sheet was elongated,
the grains aligned themselves in the longitudinal direction
and the increase in martensite could clearly be seen in the
grains.

For comparison, optical images were obtained with a con-
ventional optical microscope (Olympus, model: BH2). It is
necessary to etch the surface of the specimen in order to
observe the grain boundaries of the induced martensite, so
that the changes in the direction of the grain boundary and
the grain size can be observed by optical microscopy. There-
fore, the deformation-induced martensite in the optical images
can be compared with that in the acoustic images. The SAM
appeared to give better images than the optical microscope
when used for observation of the grain structure.

The grain structures after annealing are shown in Fig. 11.
When the specimen was annealed at 823 K, the structure was
found to be approximately the same as that before annealing;

Ta=823K

20

30

40

Fig. 11. Acoustic image (after annealing), Frequency: 800 MHz, Defo-
cusing distance: —4 pm.

martensite, which can be seen as white stripes, decreased as
the temperature was raised to 1023 K, especially in the cases
of 20% and 30% elongation. Furthermore, at 1223 K, the
martensite content was found to be greatly increased for all
elongations with the exception of the elongation of 10%.
Despite the magnification of the field of view, it was difficult
to observe the grain clearly. When used for observation of
the grain structure, the SAM appeared to give better images
than those of the optical microscope.

4. DISCUSSION

In the experiments, an acoustic lens was used with a mea-
suring area of about 190 pum. Based on the images of the
observed grain structures, there are many small grains within
this area. Therefore, the material was assumed to be approx-
imately isotropic. The longitudinal and shear wave velocities
can be expressed as follows:

_ (1-v)E

& N+ v)(1-2v)p (12)
_ E

REIET "

where V; is the velocity of the longitudinal wave, V7 the
velocity of the transverse wave, £ Young’s modulus, v
Poisson’s ratio, and i density, and the relationship among
Vr, Vi and Vris expressed as follows:

(%)6—8(%)4+ Vi(%—%)— 16{1—(%)2} 0 (14)

Equation (14) can be transformed using Egs. (12) and (13)
when Poisson’s ratio is given, and }; can be obtained. For
example, when v is 0.3, Vx=0.927V% This means that the
value for the SAW velocity can be obtained when Young’s
modulus and density are known, in addition to Poisson’s
ratio. The strip sheets after elongation and annealing were
used to obtain Young’s modulus and Poisson’s ratio. On the
surface of the strip sheet, a two-axis rosette strain gauge was
adhesive-bonded and the strip was elongated within the elas-
tic range. The density of the material was measured with a
densitometer (model; JIS-Z8807).

5. CONCLUSIONS

Deformation-induced transformation and reversion pro-
cesses of stainless steel were evaluated with a Feritscope, a
hypersonic microscope and an acoustic spectrometer. Stain-
less steel SUS301 strip sheets of 1.0 mm thickness were
elongated and then annealed. The martensite content was
measured after elongation by axial tension and annealing;
the effects of elongation, ambient temperature and annealing
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temperature were examined. Afterwards, the SAW velocity
values were obtained by the complex V(z) method under a
variety of conditions. The surface of the material was imaged
by scanning acoustic microscopy and conventional optical
microscopy. The following important conclusions were ascer-
tained.

(1) The lower the ambient temperature, the larger the elon-
gation and the lower the stability of the material, the more
martensite appeared. After annealing, the martensite content
decreased as the deformation-induced martensite underwent
a reversion process. For unstable SUS301, the martensite
content increased again when annealed at the higher temper-
ature.

(2) The SAW velocity increased with increasing elonga-
tion or decreasing temperature.

(3) Furthermore, it is possible to estimate the extent of the
transformation process for stainless steel with SAM, if the
SAW velocity changes due to the deformation-induced mar-
tensite were separated from the changes due to the reversion
process.
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