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The influence of prior cold work on the acoustic emission (AE) generated during subsequent
plastic deformation of AISI type 304 stainless steel has been studied. AE parameters such as
root mean square voltage, ringdown counts, etc., have been used to analyse the data. AE
generated during tensile deformation is affected by prior cold work. The increase in acoustic
activity at low strain levels in a less cold-worked (10%) specimen compared to a solution-
annealed specimen was attributed to the easy formation of o' -martensite assisted by prior cold
work. The decreased acoustic activity for higher cold-worked (20%, 40% and 50%) specimens
at low strain levels was attributed to reduced glide distance for moving dislocations and
reduced amount of «'-martensite formation. The AE activity was found to be maximum during
higher strain values in the solution-annealed specimen compared to the cold-worked
specimens. This was attributed to relatively larger amount of o -martensite formation in the
solution-annealed specimen. Eddy current testing, X-ray diffraction, remanent magnetization
measurement and magnetic etching techniques have been used to corroborate the AE results.
Among these, remanent magnetization results were found to have good correlation with the

AE results.

1. Introduction

AISI type 304 stainless steel undergoes strain-induced
transformation (y — o) when plastically deformed
under uniaxial tension at ambient temperature [1-3].
The crystallography of this transformation and its
response to the variations of strain, strain rate and
temperature are fairly well established [4, 5]. It has
also been reported that transformation in AISI 304
stainless steel is strain-induced rather than stress-
assisted [2, 3]. In this type of transformation, nucle-
ation sites are created during plastic deformation.
Deformation of the parent phase (y) creates the proper
defect structure which acts as an embryo for the
transformation phase (o). The unstable austenite first
transforms into hexagonal close-packed (h ¢ p) e-mar-
tensite by the movement of partial dislocations on the
(111) planes of the metastable austenite matrix. Sub-
sequently, the band originally built of stacking faults is
transformed to o'-martensite [6]. The internal struc-
ture of o’-martensite is characterized by high disloca-
tion density rather than by twins.

The kinetics of the strain-induced y — o trans-
formation have been theoretically modelled [7] and
the theoretical results have been found to agree fairly
well with the results obtained by magnetic techniques
used to monitor the progress of the y — o trans-
formation in AISI 304 stainless steel [8].
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The prior low-temperature plastic deformation (i.e.
cold work) of the parent phase (y) influences the
subsequent nucleation and growth of martensite dur-
ing tensile deformation in strain-assisted trans-
formation. Nucleation is assisted by small amounts of
plastic deformation, while extensive cold working
suppresses nucleation [9-11]. The present investiga-
tions were planned to study the influence of prior cold
work on the strain-induced martensitic trans-
formation during tensile deformation in AISI 304
stainless steel using acoustic emission technique
(AET). AET was used because it has the unique
potential to monitor the phase transformation on-line.
Acoustic emission (AE) occurs during tensile deforma-
tion due to transient rapid release of energy from
localized sources, such as regions of relaxation of
stress and strain fields. AE generated during tensile
deformation strongly depends on the microstructural
features, deformation processes and phase trans-
formations [12-18]. AE parameters such as root
mean square (r.m.s} voltage, ringdown counts, etc.,
have been used to characterize the tensile deformation
process in the annealed and cold-worked AISI 304
stainless steel. Various techniques, such as eddy cur-
rent testing, X-ray diffraction, magnetic remanence
measurement and magnetic etching, have been used to
identify and quantify y — o« transformation during
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cold work and subsequent tensile deformation. The
results from these techniques have been used to corro-
borate the AE results.

2. Experimental procedure

The material used in the present investigation was
AISI type 304 austenitic stainless steel having the
following chemical composition (wt %) : 0.08 C, 18.0
Cr, 10.5 Ni, 2.0 Mn, 1.0 51, 0.002 S, 0.03 P and balance
Fe. Flat sheet tensile specimens having gauge dimen-
sions 36 mmx8mmx5Smm were prepared from
plates in solution-annealed (1323 K, 1 h) as well as in
four different cold-worked conditions (10%, 20%,
40% and 50%). All the specimens were polished with
400 grit emery paper to obtain a uniform surface
finish. Tensile testing was carried out at a nominal
strain rate of 5x 107 *s™! at ambient temperature
(~298 K). AE signals generated during tensile defor-
mation were recorded and analysed using an AET-
5000 system. A piezoelectric transducer (8 mm
diameter) having resonant frequency at 175kHz, a
preamplifier (60 dB gain) and a compatible filter
(125-250 kHz) were used to capture the signal. The
transducer was fixed at the gauge to shoulder trans-
ition regions of the tensile specimens. Fig. 1 shows a
schematic drawing of the experimental apparatus. A
total system gain of 90 dB and a threshold of 0.9V
were maintained throughout the experiment. The gain
and threshold were so selected that no external noise
was picked up. This was verified by repeatedly loading
and unloading a dummy specimen to more than 1.5
times the maximum load expected to be taken by any
of the specimens used in this study. Except during the
first cycle of loading, no emission was generated dur-
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ing subsequent loading, indicating that AE signals
were not recorded from the machine and external
noise. Characterization of o'-martensite phase was
carried out using X-ray diffraction and electro-mag-
netic methods.

X-ray diffraction measurements were made using a
Siemens D500 model powder diffractometer using a
diffracted beam monochromator (graphite) on small
samples cut from the shoulder and fracture regions of
the tensile-tested specimens, in order to detect the &'
(bcc) phase formed as a result of strain-induced mar-
tensitic transformation. The samples taken from the
shoulder regions show the o' phase formed by cold
work alone and the samples taken from fracture re-
gions show the o formed after cold work and sub-
sequent tensile testing. Diffraction patterns were taken
at a scanning speed of 2° min ™! using CuK, radiation.
During recording, the samples were rotated on their
own plane at 30 r.p.m.

Remanent magnetization (or remanence) of various
specimens were measured in the as-cold-worked and
cold-worked and tensile-tested conditions. For this,
longitudinal samples were cut 5 mm away from the
fracture surfaces of the tensile-tested specimens. The
samples were demagnetized by passing them through
a d.c. field with the longitudinal axis perpendicular to
the field, and then magnetized in the same direction.
Remanence was measured on both sides of the sam-
ples by using a gaussmeter.

Samples used for magnetic etching were prepared
by cutting, mounting and polishing of small portions
from the shoulder and near the fracture regions. Mag-
netic etching was done with the help of a magnetic
solution of colloidal particles to see the morphology
and distribution of the magnetic phase (o’-martensite)

AET-5000

Transducer
(resonant)
{175 kHz)

Figure I Schematic drawing of experimental apparatus.
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in the specimens. For this, a magnetic solution was
applied to the polished samples and observed micro-
scopically. A cover slip was used to prevent evapor-
ation of the fluid and the magnetic particles were
allowed to settle for some time on the polished sur-
faces. The pattern of the settled particles was photo-
graphed with the magnetic field in “off” and “on”
conditions. In the “off” condition, the particles were
settled randomly as these were not affected by any
magnetic field. In the “on” condition, the settled par-
ticles were attracted towards the magnetic phase pre-
sent on the steel samples under the influence of the
magnetic field. This enabled observation of the prefer-
ential attraction of the colloidal magnetic particles
towards the magnetic phase present on the polished
surfaces of the stainless steel samples in the “on”
condition.

3. Results and discussion

3.1. Tensile properties

Table I gives the tensile properties of the specimens.
The values are the average of at least two measure-
ments. Increase in the strength and decrease in the
ductility are observed with increase in the prior cold
work.

3.2. Acoustic emission

Fig. 2 shows the engineering stress—strain curves for
the specimens with different degrees of cold work. The
curves showing the variation in r.m.s. voltage of AE
signal with strain are also superimposed on to the
stress—strain plots. Variation in AE ringdown counts
with strain for different specimens is shown in Fig. 3.
The arrows shown in the plots indicate 0.2% offset
yield strength (YS). Events also showed similar trends,
such as ringdown counts. Intense AE is generated up
to low strain values in the solution-annealed speci-
men, which is attributed to dislocation avalanche by
dislocation generation and multiplication by opera-
tion of Frank-Read (FR) and grain-boundary (GB)
sources and dislocation motion during yielding [19].
Both ringdown counts and r.m.s. voltage indicate that
the acoustic activity generated up to low strain levels
increases for 10% and then decreases again for higher
(20%, 40% and 50%) cold-worked specimens, com-
pared to annealed specimens. The reduced emission
for higher cold-worked specimens could be attributed
to the decreased glide distance for moving dislocations
by prior cold work, in accordance with the model

TABLE I Tensile properties of AISI Type 304 stainless steel

proposed by Agarwal et al. [20]. By the same explana-
tion, the AE activity in the 10% cold-worked speci-
men should also be lower in comparison to the
solution-annealed specimen. However, the highest AE
activity in  10%  cold-worked specimen is
explained as follows:as mentioned above, small
amounts of prior cold work assist in o'-martensite
formation during subsequent transformation [9-117.
It is also known that the formation of o’ from v takes
place through formation of €. So, the prior cold work
first transforms the v to s thus creating the nucleation
sites for o' [21, 22]. The observed higher AE activity in
the 10% cold-worked specimen is therefore attributed
to easy formation of o'-martensite from the e-mar-
tensite that formed during prior cold work. On the
other hand, with increase in prior cold work, nucle-
ation of o’-martensite is suppressed [9-11]. This also
should have contributed to the reduced AE activity in
higher cold-worked specimens, in addition to the re-
duced glide distance already mentioned.

It is also seen from Figs 2 and 3 that considerable
AE is generated in the region of progressive plastic
deformation in the solution-annealed specimen. On
the other hand, AE studies during tensile deformation
of annealed 316 stainless steel has shown that the AE
activity in post-yield region is very small [19]. Because
the AISI type 316 stainless stee]l with more stable
austenite does not show the phenomenon of strain-
induced martensitic transformation at ambient tem-
perature, the reduced post-yield AE activity has been
attributed to the decrease in both glide distance for
moving dislocations, and the rate of formation of
dislocation avalanche. Therefore, the presence of
higher acoustic activity in the post-yield uniform de-
formation region of the present material could be
attributed to the phenomenon of strain-induced mar-
tensitic transformation. This is also supported by the
fact that a minimum amount of strain is needed for the
strain—induced martensite formation to take place. It
may be noted that the strain axis in Fig. 2 has been
expanded for the cold worked specimens. It can be
seen from Fig. 2 that the amount of post-yield defor-
mation (beyond the arrow indicated in Fig. 2) is
reduced in higher cold-worked specimens. Because
most of the o’ martensite formation is expected during
prior cold work and up to the yield region during
subsequent tensile loading in cold-worked specimens,
only small amounts of o’ are expected to form during
the post-yield region leading to reduced AE activity. It
is also known that the rate of martensite formation
upon straining a metastable austenitic steel depends

Cold work 0.2% offset yield strength Ultimate tensile strength Total elongation Uniform elongation
(%) (MPa) (MPa) (%) (%)
0 183 551 722 66.1
10 461 612 60.0 52.8
20 667 750 25.0 16.4
40 777 915 16.1 12.2
50 965 1007 9.1 52

147



= 700 4 - 200
S z
~ 500 E
3 - 100
¢ 300 £
“ 100 - La 0
0 , ,
0 0.24 0.48 0.72
(a) Strain
5 7001 - 200 _
= -
=4
™ 500 l =
a ~100 2
2 300" &
100 -0
0 . .
0 0.2 0.4 06
(b) Strain
S 700+ -200
= =
~ 500- ‘ z
« -100
£ 300 £
100 — ~—10
0 ) T
0 008 016 024
(c) Strain

_ 700 - 200
o ~
= 500- l E
™ -100
2 300 - £
& 100 -0
0 T T
0 006 012 0.18
(d) Strain
= 7007 ‘ -200 _
a z
Z 5007 =
- 100 «
£ 300" c
a
100 0
0 - -
0 0024 0048 0072
(e) Strain

t—*—O.Z% Otfset yield strength

Figure 2 Engineering stress and root mean square (r.m.s.) voltage of AE signal versus engineering strain plots for AISI type 304 stainless steel.

(a) Annealed; and cold worked (b) 10%, (c) 20%, (d) 40%, (e) 50%.

on the stability of austenite. For a given deformation
temperature, the austenite stability is a function of the
alloy content and the thermomechanical history.
Large amounts of deformation of austenite increase its
dislocation density and thus make the cooperative
movement of atoms required for the formation of
martensite more difficult [23]. This explains the
formation of the reduced amount of o'-martensite
during tensile deformation with correspondingly
lower AE activity in the higher cold-worked speci-
mens. '

Peak amplitude distribution of the events generated
up to a strain corresponding to YS for annealed and
10% cold-worked specimens is shown in Fig. 4. Many
higher peak amplitude (PA) events seen in the 10%
cold-worked specimen are attributed to the strain-
induced martensitic transformation.

Fig. 5 shows the logarithmic cumulative amplitude
distribution plots of the AE events obtained during
the complete tensile tests of annealed and different
cold-worked specimens. Amplitude distribution ana-
lysis is a useful way of characterizing the AE signal
and can yield information that is not obtainable by
other parameters [24]. Amplitude of the AE signal is
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related to the energy of the source. Therefore, it is
logical to employ amplitude distribution analysis to
characterize the source of AE. The distribution of peak
amplitude values is carried out by the measurement of
the peak amplitudes of the individual events. Ampli-
tude distribution detected by a resonant transducer is
characterized by the following equation [25].

F(Vy = vy (1

where V is the instantaneous voltage, F(V) is the
number of the AE events having amplitude greater
than V, and V, is the lowest detectable amplitude. b is
the slope of the log-log plot of F(V) versus V. This
slope is termed the b-parameter and characterizes the
source strength. Thus, it becomes very convenient to
describe the whole distribution by specifying a single
parameter b. A higher value of b indicates a signal
having a large number of small-amplitude events,
whereas a lower b value signifies a signal consisting of
an increased number of high-amplitude signals. The b
parameters for different specimens, based on the pro-
cedure given above, have been computed from the
plots shown in Fig. 5. The variation in b with degree of
cold work is shown in Fig. 6. It can be seen from Fig. 6
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Figure 3 Engineering stress and AE ringdown counts versus engineering strain plots for AISI type 304 stainless steel. (a) Annealed; and cold-

worked (b) 10%, (c) 20%, (d) 40%, (¢) 50%.

that the value of b decreases for the 10% cold-worked
specimen compared to the solution-annealed speci-
men but increases again for 20%, 40% and 50% cold-
worked specimens. The lower value of b in the case of
the 10% cold-worked specimen is attributed to the
dominance of higher amplitude events associated with
the greater amount of o -martensite transformation. A
gradually reduced amount of o’-martensite is formed
during tensile deformation in 20%, 40% and 50%
cold-worked specimens due to a reduction in this
transformation, as discussed earlier. The few higher
PA events associated with this transformation cannot
be reflected in the amplitude distribution plot, and
therefore results in a higher b-parameter for 20%,
40% and 50% cold-worked specimens, compared to
the 10% cold-worked specimen.

3.3. Eddy current testing
Results of earlier work relating to eddy current meas-

urements using surface probe (EM 3300 Multitest
Automation Sperry, USA) on the cold-worked speci-
mens of the same material [26] are shown in Fig. 7. It
can be seen that considerable increase in eddy current
output, representing the increased amount of mag-
netic phase, has been obtained for the specimens with
cold work beyond 10%. This implies that an almost
negligible amount of magnetic phase is formed below
10% cold work.

3.4. X-ray diffraction

Fig. 8 shows the results obtained for the annealed
specimen in the pre- and post-tensile-tested condi-
tions. It can be seen from Fig. 8 that peaks of (11 1),
(200), and (220), are present in the diffraction trace
of the annealed specimen before tensile testing. The
appearance of a new peak identified as (110),. after

tensile testing in the diffraction trace of the annealed
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Figure 5 Logarithmic cumulative amplitude distribution plots of
the AE signal obtained during tensile testing of AISI type 304
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specimen is clear evidence for the strain-induced mar-
tensitic transformation during uniaxial tensile
deformation. X-ray diffraction traces for the cold-
worked specimens were not included in this plot
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Figure 7 Eddy current output versus per cent cold rolling for AISI
type 304 stainless steel at 200 kHz.

because of the inconmsistency of the peak intensity
values of the austenite and martensite lines obtained.
This inconsistency is attributed to the presence of
texture. However, the existence of bce o phase was
indicated in various specimens in the as-cold-worked,
cold-worked and tensile-tested conditions.

3.5. Remanence measurements and magnetic
etching
AE results obtained during the present investigation
have also been supported by the magnetic techniques.
Because martensite (o) is ferromagnetic while austen-
ite is paramagnetic, the existence of magnetic phase in
the deformed specimens could evidently be used to
provide support for strain-induced martensitic trans-
formation. Two kinds of magnetic technique, namely
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Figure 8 X-ray diffractometer traces of (a) as-annealed, and (b)
annealed and tensile-tested AISI type 304 stainless steel.

(i) remanence measurements and (ii) revealing of mag-
netic phase by magnetic etching, were employed in this
study.

It has been demonstrated that remanence measure-
ments can be used to evaluate the strain-induced
martensite (o) phase in AISI 304 stainless steel [27].
The results obtained from the measurement of re-
manence in the as-cold-worked, cold-worked and ten-
sile-tested conditions (Fig. 9a) and the difference in the
remanence between the two conditions (Fig. 9b) are
plotted as a function of prior cold work (Fig. 9).
Remanence measurements made on 5% and 15%
cold-worked specimens obtained from a separate
study but on the same material [26], are also included
in this plot. It is seen from this plot that, the difference
In remanence between the two conditions increases up
to a value of 10%-15% cold work and thereafter
decreases at higher cold work. Therefore, increase in
the difference in remanence values between the two
conditions at the 10% cold-work level also confirms
the earlier argument that a greater amount of strain-
induced o'-martensite is formed in the 10% cold-
worked specimen with a correspondingly higher
acoustic activity during tensile deformation. The gra-
dual decrease in the difference in remanence with
increased prior cold work shows the reduction, of this
transformation in the higher cold-worked specimens.

Magnetic etching also revealed the presence of
o/-martensite in different specimens in the as-cold-
worked, cold-worked and tensile-tested conditions.
Results of magnetic etching of annealed and 50%
cold-worked specimens are included and shown in
Fig. 10a—d and e-h respectively. It can be seen that, in
the magnetic field “off” condition, the colloidal mag-
netic particles are aligned randomly. In the “on”
condition, the particles are attracted towards the mag-
netic phase present in the steel samples, resulting in
the coalescence of the magnetic particles. Examples of
these can be seen as circled regions in Fig. 10a and b.
No comparison of the quantity of magnetic phase
between the different specimens is possible because of
the random settlement of the colloidal particles during
the magnetic field “off” condition.
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Figure 9 Variation of {a) remanent magnetization or (b) difference
in remanence (between cold worked and tensile tested and as-cold-
worked conditions) with per cent prior cold work. Magnetization,
3000 G. (a) ((J) Cold-worked and tensile-tested, (O) as-cold-
worked.

It is seen that, amongst the various techniques used
in this study, the magnetic remanence measurement
was the most successful in supporting the explanations
given for the observed dependence of AE activity on
the martensite formation during tensile deformation
in different specimens.

4. Conclusion

Acoustic emission generated during tensile deforma-
tion of annealed and cold-worked AISI 304 stainless
steel has been studied. The decrease in acoustic activ-
ity at low strain levels with increase in prior cold work
is attributed to the decreased glide distance for mov-
ing dislocations, with the exception of 10% cold work.
The increased acoustic activity in the 10% cold-work-
ed specimen at low strain levels is the results of easy
formation of o’-martensite assisted by prior cold work.
Decreased AE in the case of higher cold-worked speci-
mens (20%, 40% and 50%) is also attributed to the
reduced amount of strain-induced o'-martensite trans-
formation in these specimens due to increased stability
of austenite after higher amounts of prior cold work.
At higher strain values, the AE activity is found to be
maximum in the solution-annealed specimen, which is
attributed to the higher amount of o'-martensite
formation during tensile deformation, compared to
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that in cold-worked specimens. Remanent magnetiza-
tion emerged as the most successful technique for
characterizing the magnetic phase and corroborating
the AE results during the course of this investigation.
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Figure 10 continued.
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