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ACOUSTIC EMISSION AND INFRARED THERMOGRAPHY STUDY OF LOW STRAIN TENSILE BEHAVIOUR
OF AISI 304L STAINLESS STEEL

In-situ study of deformation behaviour and mechanisms occurring during early stages of deformation is of a great practical
importance. Low stacking fault energy materials, as is the case of AISI 304L, show non-linear deformation characteristics way
below the bulk yield point. Shockley partial dislocations, formation of stacking faults respectively, resulting in creation of shear
bands and e-martensite transformation are the mechanisms occurring in the low strains in the studied steel. Acoustic emission
and infrared thermography have been used in this study to investigate the deformation kinetics at the low strain stages of slow
strain rate tensile tests. Acoustic emission cumulative energy together with the tracking of specimen maximum temperature
have been found to be very useful in-situ techniques both supplementing each other in the sense of the sensitivity to different
mechanisms. Mechanical, acoustic emission and infrared thermography results are discussed in detail with respect to potential

occurred mechanism.
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1. Introduction

AISI304/304L is the widely used stainless steel (SS) grade
which application range spans from the simple constructions like
the handrails to the cryogenic pressure vessels used in chemi-
cal industry. Non-deformed crystal structure of annealed AISI
304/304L SS consists of austenite-y with face-centred cubic
(FCC) unit cells [1]. On plastic deformation of FCC low stacking
fault energy (SFE) metals the perfect dislocations dissociate to
Shockley partial dislocations and the stacking faults (SF) are tak-
ing place. With progressing straining, SFs overlapp on austenite
{1 1 1}, planes and form the shear bands. SFs overlapped on
every second {1 1 1}, plane create the hexagonal close-packed
(HCP) structure of e-martensite, whereas the overlapping on
successive {1 1 1}, planes generates mechanical twins [2,3].
From moderate to high strains, a'-martensite transforms either
directly from austenite y or from g-martensite [4,5]. There are
many papers investigating the microstructure of tensile defor-
mation of AISI 304, whether post-mortem after the specific
stages of deformation [4-6] or in situ [7,8]. Despite the number
of experiments the results are not consistent mainly in terms of
strains where the specific mechanisms occur. This is expect-

able regarding the strong sensitivity of deformation behaviour
to variation on SFE, loading rate, and temperature respectively.
Within the AISI 304 SS grade the relatively large span of essential
stabilizing component as Ni, Cr, C affects the material SFE sig-
nificantly. Dependence of mechanisms on SFE obtained by Sato
etal. [2] for Fe-Mn-Al austenitic alloys shows the occurrence of
g-martensite under 20 mJm 2 and twinning above this SFE value.
Allain et al [3] have reported the occurrence of e-martensite under
18 mJm 2 and twinning in the range 12-35 mJm > for Fe-Mn-C
austenitic alloys. Furthermore Galindo-Nava et al [4] have shown
the area of coexistence of e-martensite, o'-martensite and twin-
ning in the range of 13-22 mJm 2 at 20% strain, stated through
the wide scale of austenitic steel grades. Distinguishing between
mechanisms in low deformation stages is a challenging task
but with a great practical importance as most of the devices are
designed to operate in assumed elastic stage with respect to bulk
yield point. Non-destructive in-situ tools enabling to capture the
changes in mechanisms is thus very desirable. Acoustic emission
(AE) and infrared thermography (IRT) are relevant techniques
detecting the portion of dissipated energy directly connected to
the occurred process. In this paper AE and IRT have been used
to distinguish the changes in mechanisms below 7% strain.
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2. Experimental

A set of eight slow strain rate tensile experiments has
been conducted using Testometric M500-50CT, 25 kN tensile
device. Dog bone specimens with the gauge cross section 3x10
mm and gauge length 70 mm were milled from the commercial
hot rolled and annealed bars of AISI 304L SS. The chemical
composition of experimental steel is stated in the CHEMICAL
COMPOSITION OF THE INVESTIGATED AISI 304 L SS
IN (WT.%, FE BALANCE)I.

TABLE 1

Chemical composition of the investigated AISI 304 L SS
in (wt.%, Fe balance)

C Si Mn P S Cr Ni Co N
0.024 | 0.41 | 1.49 |0.034|0.003 | 18.05| 8.03 | 0.245 | 0.069

Material SFE computed according to Schramm and Reed
formula [5] (assigned as SFEg ) and Brofman and Ansell rela-
tion [6] (reffered as SFEg_4) is as follows: SFEg g = 14.2 mJm™2,
SFEg_, = 17.9 mJm 2. Specimens were strained at room tempera-
ture by two rates: €=7x10"* s and é=1.4x10*s7!. The strain
rates have been chosen to lie above and under ¢ = 5x107% 57!,
which is the value published by Li et al. [7] as the rate where
the heat dissipation approaches the heat generation by adiabatic
heating on plastic deformation and martensitic transformation
in AISI 304 SS. Deformation has been measured using contact
extensometer.

For AE measurements the state-of-the-art setup consisting
of Vallen AMSY-6A system and Vallen AEP5 preamplifiers with
35dB gain has been used which meets the highest requirements
of the practical applicability, e.g. the tests of high-pressure steel
vessels [8]. AE waves have been captured using two wide-band
Vallen VS45 and VS900 transducers with different sensitivity
characteristics. Sensors have been placed on the shoulder part of
the specimen at the same position and on opposite surfaces and
clamped by rubber bands. Vallen acoustic grease has been used
as a couplant ensuring the good transfer of elastic waves from
sample surface to ceramic plate of the sensor. Two additional
sensors (Vallen VS 900) have been placed on the upper and
lower clamp of tensile device via magnetic holders serving as the
guards. Signals with the first arrival on one of the guard sensors
have been attributed to the noise and discarded from evaluated
dataset. Data postprocessing has been done in Matlab software.

Several authors have addressed the use of a thermal imager
to detect changes in the temperature of test specimens in me-
chanical tests [15,16]. The FLIR SC7200 camera (MWIR, InSb,
320%256 pixels) was used to detect the infrared radiation of the
samples during the tensile tests. Native frame rates of 383 Hz
and 100 Hz, respectively, were used in the measurements. An im-
portant parameter in quantitative temperature measurements
with infrared detectors is the knowledge of the emissivity of
the tested samples [17,18]. ThermaSpray 800 (emissivity 0.97)
was applied to the test specimens before measurement. The

frame rates of 383 Hz and 100 Hz, respectively, were used in the
measurements. Data were processed in FLIR ResearchIR MAX
and Diadem software (National Instruments), respectively. The
camera with a cooled detector was used due to the possibility
of using short integration times, to detect possible areas of the
sample with increased radiation.

3. Results and discussion

Most of the energy released on the dislocation movement
is dissipated as a heat in the crystal lattice, where the thermal
energy can be considered as some sort of cumulative quantity.
The increments of elastic strain, as the consequence of overcom-
ing the energy barriers separating the positions of atoms, are
being suddenly irreversibly released in the form of AE waves
[9]. Thermal emission detected by medium wavelength infrared
camera is represented by the maximum temperature tracked
on the surface of specimen gauge. AE hit energy on the other
hand is the other adequate parameter directly connected to the
kinetics of plastic deformation mechanisms. Instead of analys-
ing the AE energy of separated hits, it is more natural to visual-
ize the cumulative energy of hits to unify the outputs of both
NDE techniques. As a result, stress-strain curves together with
the cumulative AE energy and maximum temperature has been
visualized together to study the plastic deformation evolution
in the low deformation stages. Strains up to 7% are analysed in
this work. Accounting the computed SFE of investigated mate-
rial the coexistence of y, € and o' phases and twinning could be
expected [4]. Mechanical twins and transition of o” martensite
is assumed to occur at moderate and high strains [4,5,20,21].
Assumed mechanisms below 7% strain are thus Shockley partial
dislocations and SF, shear bands, and e-martensite transition.
Shear bands must not be only e-martensite bands and twinn bands
but also the bands with faulted € and faulted twinn as a result of
irregular overlapping of SF in close-packed planes [10]

Typical mechanical data together with AE and IRT results
for the sample strained at the rate € = 7x107* s7! are plot-
ted on Fig. 1. Stress strain curve for strain rate & = 7x10-4
s—1. Stress strain curve (red line) plotted with maximum
temperature (black line) and AE cumulative energy (blue
solid line — sensor VS900, blue dashed line — sensor VS45).
Vertical dashed lines separate the stages I, II, and III1.

Behind the very short linear region (below 140 MPa) the
stress-strain curve starts to show non-linear behaviour, which
is the point of AE cumulative energy onset on both channels.
Detectable AE waves are thus generated with the macroscopic
stress changes, as it has been published by Zreihan et al. [11].
It is interesting to point out that even though the two AE sensors
have different frequency sensitivity and some small variations in
cumulative energy are prominent, both sensors reflect the same
increasing trend with the non-linear stress-strain character below
the assumed yield point. Small variations are probably caused
by higher sensitivity of VS900 to the frequencies above approx.
450 kHz but lower sensitivity to the events below 200 kHz. Dur-
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Fig. 1. Stress strain curve for strain rate & = 7x107* s™!. Stress strain curve (red line) plotted with maximum temperature (black line) and AE
cumulative energy (blue solid line — sensor VS900, blue dashed line — sensor VS45). Vertical dashed lines separate the stages I, I, and III

ing the early stages of deformation and in the non-linear stage
below the yield point the temperature remains practically constant
(apart from the slight oscillations around the nearly constant mean
value). First with the deceleration of AE energy increment the
maximum temperature starts to rise. There must be highlighted
the unique cooperation/supplementation of AE and IRT tech-
niques both of which seems to be sensitive to the different plastic
deformation mechanisms. Maximum temperature shows basi-
cally the linear increase with progressing strain behind the yield
point. This behaviour likely corresponds to the equality of heat
dissipation with the heat generation at the strain rate of approx.
¢=7x10"*s"!, which is still in a good agreement with the rate
£€=5x10"*s"!, published for the same steel grade by Li et al. [7].

Representative results corresponding to the samples strained

at the lower rate: € = 1.4x10~* 57!, are plotted on Fig. 2. Stress
strain curve for strain rate g- = 1.4x10—4 s—1. Stress strain curve
(red line) plotted with maximum temperature (black line) and
AE cumulative energy (blue solid line — sensor VS900, blue
dashed line — sensor VS45). Vertical dashed lines separate the
stages I, I, and II12.

Mechanical loading data show practically the same trend
as in the case of faster straining, but the yield point is shifted
to the higher strains and the non-linear region is even more
prominent. AE cumulative energy increase follows the non-linear
mechanical properties with only slight delay in the beginning of
plastic deformation and some slight cumulation occurring even
beyond the yield point. In addition to this area there is also the
cumulation of hits in the quasi-linear part on the very beginning
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Fig. 2. Stress strain curve for strain rate € = 1.4x107* 57!, Stress strain curve (red line) plotted with maximum temperature (black line) and AE
cumulative energy (blue solid line — sensor VS900, blue dashed line — sensor VS45). Vertical dashed lines separate the stages I, 11, and I1I
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of deformation which was also the case in the faster loading. The
overall amount of energy is however approximately one order
of magnitude lower than in the following plastic bellow-yield
stage. The character of maximum temperature at the lower strain
rate appears differently. In the early stage of straining and in the
below-yield-plastic deformation stage the maximum temperature
first decreases. This effect was also reported by Kozlowska [12]
as a characteristic of elastic deformation. In order to capture the
temperature changes in the beginning of deformation, zoomed
area below the strain 0.02 is visualized on Fig. 3. Zoomed onset
of deformation of a sample strained at the rate e = 1.4x10—4 s—1.
Vertical dashed lines separate the stages I, 11, and I1I3.

It is interesting to point out, that the sharp decrease of maxi-
mum temperature in the very beginning of loading coincide very
well with the quasi-linear deformation stage and is subsequently
followed by gradual decrease during the below-yield plasticity.
Sluggish cooling which is in a good agreement with the onset of
non-linear stress-strain character thus most likely indicates the
localized plastic deformation. With the progressing straining,
maximum temperature monotonously rises having the concave
character which is in contrary to the linear temperature rise at the
rate £=7x10"*s7, Fig. 1. Stress strain curve for strain rate & =
7%10—4 s—1. Stress strain curve (red line) plotted with maximum
temperature (black line) and AE cumulative energy (blue solid
line — sensor VS900, blue dashed line — sensor VS45). Vertical
dashed lines separate the stages I, II, and III1. Origin of this
behaviour is probably the faster heat dissipation than the heat
generation at the lower strain rate. The property of supplementing
sensitivity of AE and IRT to different mechanisms is preserved
even at the lower strain rate.

Analyses above strongly indicate that the loading under
7% could be sectioned into three principal stages where the
consistent changes are prominent from all the three evaluated
indicators: stress-strain curve, AE cumulative energy, ITR maxi-
mum temperature. Stage I in the very beginning of deformation

is attributed to the prevailing elastic deformation. Some local
plastic deformation on the stress concentrators could not be
excluded which is the potential source of AE responses with low
accumulated energy. These signals originate from the sample
and not from a potential noise in the grips as the guard sensor
technique excludes the hits with the first arrival on grips. Stage I1
corresponds to the plastic deformation bellow the assumed yield
point which proceeds through the Shockley partial dislocations
in austenite {111}, planes, the stacking faults formed between
partials respectively. With progressing deformation, the SFs
may diverge and form the shear bands when exceeding some
critical stress, proportional to the SFE of a material. Stage III
thus most likely corresponds to the formation of shear bands as
aresult of overlapping of SFs in the {111}, planes. If the regular
overlapping occurs in every second {111}, planes, transforma-
tion of e-martensite takes place. Stage III could therefore be
attributed to the formation of shear bands and transformation
of e-martensite.

4. Conclusions

Acoustic emission and infrared thermography have been
deployed to study the low strain plastic deformation of AISI
304L SS. It was demonstrated that the combination of these two
techniques is remarkably advantageous as both the cumulative
AE energy and the maximum IRT temperature are supplementary
in terms of the sensitivity to the different mechanisms. Three
stages of deformation below 7% strain can be concluded with
the following characteristics:

*  Stage I is the elastic deformation. AE shows some activity
with the low accumulated energy. IRT captures the relatively
steep cooling of sample at the lower rate € = 1.4x107* 57!
and basically the constant temperature at faster straining
£=7x10"s".
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Fig. 3. Zoomed onset of deformation of a sample strained at the rate ¢ = 1.4 x1 0~*s7!. Vertical dashed lines separate the stages I, II, and 111



»  Stage II corresponds to the formation of Shockley partial
dislocations and the SFs. AE displays the strong sensitiv-
ity to these mechanisms as the cumulative energy sharply
rises, which is in the good coincidence with the area of
strongly non-linear behaviour of stress strain curve. Cool-
ing of the sample slows down at ¢ = 1.4x10~*s™! as a result
of the occurrence of plastic deformation in localized do-
mains. The constant (slightly oscillating) trend is observed
at the higher loading speed ¢ = 7x10*s 7.

»  Stage III is attributed to the shear bands and e-martensite
formation. With respect to the previous stage AE starts to
become quiet. On the other hand, the ITR supplements the
AE output by sharp increase of maximum temperature.
Strain rate ¢ = 7x107* s7! seems to be the speed where
the heat generated equals the heat dissipated which is
manifested by linear rise of maximum temperature with
straining. The maximum temperature increase with strain
shows rather concave characteristics at the lower rate
£=14x10"s"
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