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Acoustic emission (AE) and infrared thermography technique (IRT) have been used to study

the  tensile behavior of AISI type 316 stainless steel. Strain rates of tensile testing were varied

from 1.4 × 10−3 s−1 to 1.4 × 10−2 s−1. AE root mean square voltage increases with increase in

strain rate due to the increase in source activation. Dominant frequency of the AE signals

generated during different regions of tensile deformation has also been used to compare

the results for different strain rates. The dominant frequency increases from elastic region

to  around 590 kHz during work hardening and 710 kHz around ultimate tensile strength

(UTS)  for all the strain rates. Temperature changes during different regions of deformation

are  monitored using infrared thermography. The temperature rise in the work hardening

region is found to approximately increase linearly with time and from the slopes of the lin-

ear  regression analyses the rate of temperature rise in the work-hardening region is obtained

which is found to be very sensitive to strain rates. From the experimental results an empirical

equation that relates the rate of temperature increase with strain rate and thermal harden-

ing coefficient is obtained. The correlation between the variation of AE dominant frequency

and  temperature rise during different deformation regions provided better insight into the

tensile behavior of AISI type 316 SS for different strain rates.
© 2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. All rights reserved.
.  Introduction

coustic emission and infrared thermography are potential
ondestructive evaluation (NDE) techniques and they can
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be effectively used for structural integrity monitoring appli-
cations and characterizing damages in materials [1–3]. AE
is defined as the class of phenomenon whereby transient
elastic waves are generated by rapid release of energy from
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localized sources in a material [4]. Many  of the deformation
related microscopic processes involve some stress relaxation.
Monitoring acoustic emission from a deforming material can
give significant information about the microscopic mecha-
nisms involved, because magnitude of this stress relaxation
is dependent upon the particular process.

Acoustic emission during tensile deformation depends on
various microstructural features including grain size, carbon
content, cooling rate, etc. Investigations carried out indicate
that higher grain size of a material usually leads to higher
AE generation and explained by changes in slip increment
accompanying changes in grain size [5,6]. Wadley and Scruby
[7] investigated the AE generated during tensile deformation
of low alloy steels with carbon content varying between 0.06
and 0.49 wt.% and as a function of cooling rate. It was reported
that specimens with (a) slowly cooled microstructures (with
≥10 �m ferrite dimension), (b) low initial dislocation den-
sity and (c) very widely spaced precipitates, generate highest
AE activity. This was attributed to higher glide distance and
higher velocity of dislocations in the ferrite phase [7]. Carpen-
ter and Pfleiderer [8] reported that the magnitude of the peak
rms  voltage at yield increases with increasing yield strength
in AISI 4340 steel, tempered at different conditions. This was
attributed to the increase in difficulty in initiating and propa-
gating Luder’s band with increasing strength levels [8].

AE technique has been effectively used to study the
micro-mechanistic aspects of tensile deformation and frac-
ture behavior in different materials [9–11]. These studies have
shown that dislocation kinetics, dynamic strain aging and
fracture/decohesion of inclusions give rise to specific char-
acteristic AE signals. Khamedi et al. [9] studied the effect of
volume fractions of martensite on the AE behavior of dual
phase steel under tensile loading. AE dominant frequency
was used to find different failure modes i.e. ferrite–martensite
interface decohesion or martensite phase fracture. Haneef
et al. [10] studied the effect of heat treatment on the Lüders
band formation in medium carbon steel using acoustic emis-
sion technique. Characteristic dominant AE frequencies are
observed during Luders deformation of water quenched and
tempered specimens of medium carbon steel [10]. AET has
been used to monitor low temperature tensile deformation
of AISI type 304LN stainless steel and a mechanism based
model is proposed from cumulative AE counts for evolution of
martensite during low temperature test [11]. AE during tensile
deformation and fracture of AISI type 316 stainless steel was
studied [12,13]. In commercial grade 316 stainless steel, burst
type AE signals occur due to decohesion and/or fracture of
inclusions [12,13], whereas in nuclear grade 316 stainless steel,
AE is mainly generated by dislocation activity. As compared
to ambient temperature, deformation at higher temperatures
(473–973 K) results in higher AE generation in 316 stainless
steel and this is due to serrated flow by the occurrence of
dynamic strain ageing [12]. The uniqueness of AE technique
for characterization of various deformation processes such as
particle shearing, Orowan looping and decohesion of carbides,
during the tensile deformation of a nickel base superalloy

Nimonic PE16, was also shown [12].

Studies have been carried out to find the influence of
extent of plastic deformation on the frequency of AE signals
generated during tensile deformation [12,14]. These studies
. 2 0 1 5;4(3):241–253

indicated that the predominant frequency of the AE signal lin-
early increases from 0.475 to 0.66 MHz with increase in plastic
strain from 2% to onset of necking in 316 stainless steel. AET
has been used to detect the micro plastic yielding occurring
during macroscopic plastic deformation in 316 stainless steel
[15]. The approximate frequency range of AE signals gener-
ated from dislocation sources operating during pre-yield and
near-yield tensile deformation in this steel was predicted [15].
For 316 stainless steel with grain size of 45 �m and tested
at a strain rate of 5.2 × 10−4 s−1, the expected frequency of
AE corresponding to the generation of Frank-Reed and grain-
boundary sources during yielding was theoretically predicted
to be 133 kHz and experimentally verified as 170 kHz [15].

Many studies have been reported on AE during tensile
deformation of different materials for different strain rates
[16–18]. Pattnaik et al. [16] have shown that AE signal gen-
erated during deformation of �-brass is strain rate sensitive
and intensity of the AE signals increases with strain rate. They
have attributed the increase in intensity of AE with increase in
strain rate to dislocation motion and twinning. Zhiyuan et al.
[17] studied the effect of strain rate on AE during deforma-
tion of discontinuous yielding materials and have successfully
classified different deformation stages with the help of AE
waveforms. AET was also used to study the effect of strain rate
on tensile deformation of 316 stainless steel [18]. Increase in
AE generation with increase in strain rate was attributed to
increase in the activation of AE sources during tensile defor-
mation [18].

Infrared thermography is a non-contact temperature mea-
surement methodology where the infrared radiations emitted
by an object is recorded using an infrared camera and the
temperature of the object is measured from the intensity of
the infrared radiations using Stefan–Boltzmann’s law, which
is described below.

q

A
= �εT4 (1)

Here, q is the rate of energy emission (W), A is the area of the
emitting surface (m2), � is the Stefan–Boltzmann’s constant
(� = 5.676 × 10−8 Wm−2 K−4) and ε is the emissivity of the sur-
face. For a perfect black-body, ε = 1 and for real surfaces, ε < 1.
Detailed discussion on various IRT based experimental tech-
niques and data analysis procedures can be found elsewhere
[19]. IRT is routinely used for non-destructive evaluation of
metallic and composite specimens [20,21], detection of weld
defects [22] and condition monitoring applications [2].

AISI type 316 austenitic stainless steel is an important
structural material for fast breeder reactor applications.
Venkataraman et al. [18] used acoustic emission and infrared
thermography (IRT) techniques simultaneously to study the
effect of strain rate on tensile deformation of 316 stainless
steel. The techniques were selected based on the fact that
dissipated energy during tensile deformation has both heat
energy and elastic wave  energy components. However, this
study was based on time domain analysis of AE signals and the

AE count rate was correlated with the strain rate. The objective
of the present study is to use AE frequency analysis to char-
acterize the sources of AE during tensile deformation of 316
stainless steel. Compared to time domain, frequency domain
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nalysis of AE has an advantage since the dominant frequency
resent in the frequency spectrum should be inversely propor-
ional to the duration of the dynamic event. This can provide
nformation on the time scale of the AE process and can thus
e used to characterize the evolution of dynamic source event

14]. Moreover, an attempt has been made to correlate AE
ominant frequency generated during different deformation
egions with temperature rise, measured using IRT, for vari-
us strain rates. A new empirical relation between the rate
f temperature increase and strain rate is proposed. Another
bjective is to show the complementary nature of these two
DE techniques for their effective use for online characteriza-

ion of deformation processes.

.  Experimental

he chemical composition of AISI 316 type stainless steel used
o prepare tensile specimens is as follows (in wt.%): Cr/17.1,
i/12.1, Mn/1.66, Mo/2.4, C/0.04, Si/0.67, Co/0.27,Cu/0.10, and
e/Balance. Flat tensile specimens having gauge dimensions
f 30 mm × 6 mm × 5 mm were solution annealed at 1323 K for
0 min. These specimens were subjected to tensile deforma-
ion at strain rates 1.4 × 10−3 s−1, 2.8 × 10−3 s−1, 6.9 × 10−3 s−1

nd 1.4 × 10−2 s−1 at ambient temperature (∼298 K).
Acoustic emission signals generated during tensile defor-

ation were recorded using AE DiSP system supplied by
hysical Acoustic Corporation, USA. Schematic of the experi-
ental setup used is shown in Fig. 1. A piezoelectric sensor

aving resonant frequency at 150 kHz, a preamplifier with
0 dB gain and a band pass filter (100–300 kHz) were used
o record the AE signals. The total gain and threshold were

aintained at 80 and 37 dB, respectively. In order to study the
requency characteristics of AE signal, a broadband piezoelec-
ric sensor (100 kHz–1 MHz) was used. The sensors were fixed
t shoulder to gauge transition regions of the specimens using

ilicon grease as couplant. The gain and threshold were so
elected that no external noise was recorded during the test
23]. The AE signals were digitized at a sampling rate of 5 Mega
amples per second.

Disp AE system

Preamplifier

Preamplifier

Specimen

Fig. 1 – Schematic of the e
0 1 5;4(3):241–253 243

Infrared thermography measurements were performed
using FLIR SC 5000 infrared camera. The camera has indium
antimonide (InSb) focal plane array (320 × 256) detector. The
spectral range of the camera is 2.0–5.1 �m.  The detector
elements are cooled using a Stirling cycle and the thermal sen-
sitivity of the camera is better than 25 mK  (i.e. NETD < 0.025 K,
where NETD is noise equivalent temperature difference). For
avoiding viewing angle effects, the camera was oriented in
such a way that the camera axis is perpendicular to the
specimen surface. The camera to specimen distance was
maintained at 500 mm for all the cases. Thermal images were
continuously acquired at 25 frames per second during ten-
sile deformation and digitally stored in a personal computer.
The acquired images were later analyzed using Altair soft-
ware. The tensile specimens were black painted for enhancing
the surface emissivity. Constant ambient temperature was
maintained during the experiments. During analysis of the
acquired infrared images, a region of interest was selected for
each frame and the average temperature of the pixels in the
region was used for further analysis. This technique essen-
tially reduces the experimental variations as temperature is
measured over a large number of pixels simultaneously in real
time and the average temperature is also computed in real
time using Altair software [24,25].

3.  Results  and  discussion

3.1.  Acoustic  emission

Variation of nominal stress and AE root mean square (RMS)
voltage with nominal strain for different strain rates, viz.
1.4 × 10−3, 2.8 × 10−3, 6.9 × 10−3 and 1.4 × 10−2 s−1 is shown in
Fig. 2. It is seen that dominant AE is generated in the region
before and during yielding, and during initial region of work

hardening. AE generated then reduced with increasing nom-
inal strain. Higher AE activity is observed again when final
fracture occurred. These observations are consistent with the
reported results in austenitic stainless steels [12,13,18,23].

FLIR SC 5000
IR camera

Computer

AE sensor

AE parameters
and load versus
elongation

xperimental set up.
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Fig. 2 – Variation of nominal stress and AE rms v

The extent of acoustic activity generated during deforma-
tion of a material depends on a number of factors such as
type of material and its metallurgical history, level of plas-
tic strain and presence of any inclusions or second phase.
AE generated during tensile deformation of metallic materials
indicated that for materials having a single-phase microstruc-
ture, a peak in AE occurs at initial strain levels corresponding
to the phenomenon of macroyielding [26,27]. The AE results
obtained in this investigation for different strain rates are
in agreement with the normally observed AE activity during
tensile deformation of metallic materials having essentially a
single-phase microstructure. It is also known that in nuclear
grade stainless steel, AE is mainly generated by dislocation
activity [12]. AE generated during deformation decreases with
increase in strain and this is due to decrease in the glide
distance for moving dislocations and the reduced rate of for-
mation of dislocation avalanche [12].

It can be seen from Fig. 2 that the AE generated during dif-
ferent deformation regions increases with increase in strain
rate. This is due to the increase in source activation with
increase in the strain rate. These results are in agreement
with the results reported earlier for 316 stainless steel [14,18].
Increase in AE generation with increasing strain rate is also in
agreement with the results in �-brass [16], where AE is gener-

ated by both dislocation motion and twinning. It is also seen
from Fig. 2 that the graphs for the strain rates 6.9 × 10−3 s−1

and 1.4 × 10−2 s−1 show a peak on the final part of the AE curve
ge with nominal strain for different strain rates.

as compared to the graphs of the lower strain rates. This is
due to higher AE RMS voltage before final fracture and can be
seen just after necking. The occurrence of high AE peak after
necking is due to faster crack propagation and faster fracture
process in higher strain rate tests as compared to the tests at
lower strain rates.

Frequency spectrum of AE signals corresponding to differ-
ent regions of tensile deformation i.e. region-1 (0–3% nominal
strain covering elastic region), region-2 (3–10% nominal strain
covering the yield region), region-3 (10–20% nominal strain),
region-4 (around UTS) and region-5 (UTS to before final
fracture covering the necking) have been used for further
analysis. In each region, ten AE waveforms have been ana-
lyzed. Figs. 3 and 4 show one set of frequency spectrum
of AE waveforms generated for strain rates 1.4 × 10−3 and
1.4 × 10−2 s−1 respectively for (a) region-1, (b) region-2, (c)
region-3 (d) region-4 and (e) region-5. The average values of
the dominant frequencies of AE signals for these regions for
four different strain rates are shown in Table 1a–d. The values
of standard deviation and 95% confidence interval associated
with the average values of the dominant frequency for differ-
ent strain rates are also shown in Table 1a–d.

The dominant AE was reported in frequency spectrum
analysis of AE signal obtained during tensile deformation of

316 stainless steel [12]. Dominant AE is determined from fre-
quency amplitude plot (frequency spectrum) and it is the
maximum amplitude peak in the frequency spectrum. In
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test2chs2.5mm.DTA, Record 40, Ch#2, Class 0:
a

b

Region-1
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c
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d
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e
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Fig. 3 – AE dominant frequency generated during different regions of deformation for 1.4 × 10−3 s−1 strain rate test for (a)
region-1, (b) region-2, (c) region-3, (d) region-4 and (e) region-5.



246  j m a t e r r e s t e c h n o l . 2 0 1 5;4(3):241–253
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Fig. 4 – AE dominant frequency generated during different regions of deformation for 1.4 × 10−2 s−1 strain rate test for (a)
region-1, (b) region-2, (c) region-3, (d) region-4 and (e) region-5.
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Table 1 – AE dominant frequency generated during different regions of deformation for different strain rates.

(a)

Strain rate 1.4 × 10−3

Region-1 Region-2 Region-3 Region-4 Region-5

Peak-1 Peak-2

Mean 120 150 190 590 713 130
Sd 5 5 5 11 12 5
CIL 114 144 184 579 701 124
CIU 126 156 196 601 726 136

(b)

Strain rate 2.8 × 10−3

Region-1 Region-2 Region-3 Region-4 Region-5

Peak-1 Peak-2

Mean 110 144 200 580 730 120
Sd 9 5 10 12 14 10
CIL 98 138 188 565 712 108
CIU 122 151 212 595 748 132

(c)

Strain rate 6.9 × 10−3

Region-1 Region-2 Region-3 Region-4 Region-5

Peak-1 Peak-2

Mean 110 140 240 580 710 110
Sd 7 10 10 10 16 12
CIL 101 128 228 568 690 95
CIU 119 152 252 592 730 125

(d)

Strain rate 1.4 × 10−2

Region-1 Region-2 Region-3 Region-4 Region-5

Peak-1 Peak-2

Mean 120 150 270 590 720 120
Sd 10 10 14 20 22 7
CIL 108 138 252 565 692 111
CIU 132 162 288 615 748 129

er co

F
p
p
b
f
t
F
d
s
F
(
q
d

t

Sd, Standard deviation, CIL, 95% lower confidence limit, CIU, 95% upp

igs. 3 and 4, dominant frequencies are related to absolute
eaks (maximum amplitudes). In region-1 of Figs. 3 and 4, two
eaks with almost same amplitude were observed and hence
oth are regarded as two dominant frequencies. The dominant
requency can provide information on the time scale (dura-
ion) of AE source and two dominant frequencies present in
ig. 3 (120 and 150 kHz) for region-1 show that duration of
ynamic source event is different. Figs. 3 and 4 also show
ome minor peaks. These are attributed to the material itself.
or AE frequency analysis, wide band AE sensor with range
100 kHz–1 MHz) has been used and it is sensitive to entire fre-
uency range and hence small peaks are observed along with

ominant frequency peak.

It is seen that, in region-1, signals are generated at
wo dominant frequencies, which are almost similar for
nfidence limit.

different strain rates. This observation reveals that AE
source mechanism in this region is not varying with strain
rate. The predominant frequency increases with increas-
ing strain up to UTS and then decreases. With increase in
strain, single dominant frequency is observed for region-
2 (190 kHz), region-3 (590 kHz) and region-4 (713 kHz) for
1.4 × 10−3 s−1 strain rate. The values are at 200, 580 and
730 kHz for region-1, region-2 and region-3 respectively for
the strain rate of 2.8 × 10−3 s−1. The values are at 240, 580
and 710 kHz for different regions for the strain rate of
6.9 × 10−3 s1. The values are at 270, 590 and 720 kHz for
different regions for the strain rate 1.4 × 10−2 s−1. In the

necking region, a lower dominant frequency (110–130 kHz)
is observed as compared to earlier regions for all the strain
rates.



248  j m a t e r r e s t e c h n o l . 2 0 1 5;4(3):241–253

115.85
113.55

111.17

108.70

106.13

103.45

100.64

97.70

94.60

91.33

87.86

84.16

80.19

75.90

71.23

66.07

60.29

53.70

45.97

36.50

24.01

4.60a b c d e f g

0
ºC

Fig. 5 – Thermal images obtained during tensile deformation at a strain rate of 1.4 × 10−2 s−1. (a) 20%, (b) 50%, (c) 54%, (d)
56%, (e) 58%, (f) 59% and (g) 61% nominal strain.
The approximate frequency range of AE signals generated
during pre-yield and near-yield tensile deformation in 316
stainless steel tested at a strain rate of 5.2 × 10−4 s−1 is 133 kHz
theoretically and 170 kHz experimentally [15]. The frequency
of the AE signals obtained in region 1 in the present investi-
gation is thus in agreement with the earlier observed results
in 316 stainless steel. Shift in the dominant frequency to
higher frequency up to UTS region can be explained based
on mean free path of dislocations. Raj et al. [14] reported
that the dominant frequency in AE spectrum is inversely pro-
portional to event duration of the dynamic event generating
the AE signal. Mean event duration of AE signal is propor-
tional to the mean free path of dislocations generated and the
mean free path decreases when a material is work hardened.
Decrease in mean free path of dislocations between obstacles
is responsible for shift in the AE frequency to higher values
with deformation.

It is seen from Table 1 that the dominant frequency of AE in
region 2 increases with strain rate and the values are 190, 200,
240 and 270 kHz for strain rate 1.4 × 10−3, 2.8 × 10−3, 6.9 × 10−3

and 1.4 × 10−3 s−1 respectively. Shift in dominant frequency
to higher value with increase in strain rate can be explained
based on the velocity of dislocations (v), which are generated
during region 2. The proportionality between v and strain rate
(έ) is observed during yielding in different materials, both sin-
gle crystals and polycrystals [28].

� ∝ ε′1/2 (2)
Dominant frequency of AE signal is proportional to the velocity
of dislocation [15]; hence, AE frequency should be propor-
tional to the strain rate. This explains the shift of dominant
frequency to higher value with increase in strain rate during
yield region.

From Table 1, it is seen that a single AE dominant frequency
in the range of 580–590 kHz and 710–730 kHz is generated
during region 3 (during work hardening) and region 4 (UTS
region) respectively. Dominant frequency generated in region
3 and region 4 does not vary with strain rate. Same domi-
nant frequency shows that the AE source mechanism in these
regions is not influenced by strain rate. When a material is
work hardened, dislocation density increases and formation
of new dislocations reduces the dislocation mean free path
and hence, duration of AE event. Because of higher dislocation
density in regions 3 and 4 [17], velocity effect of dislocation is
not dominant with stain rate which explains same frequency
range of AE spectra in these regions.

In necking region for all strain rate tests, lower domi-
nant frequencies of almost the same order are observed. This
is attributed to the crack growth whose mean lifetime is
higher than dislocation related phenomenon [14]. AE spec-
tral characteristics are directly connected to the nature of the
mechanism and same dominant frequency generated during
necking shows cracking behavior does not vary with strain
rate.

3.2.  Infrared  thermography

Fig. 5 shows typical thermal images for different strain levels
for 1.4 × 10−2 s−1 strain rate. It can be seen that temperature
of the gauge length increases with increase in nominal strain.

Temperature increase is found to be highest at the center
of the gauge length, where ultimately, necking occurs and
fracture takes place. This clearly shows that thermography
is capable of a-priori indicating the region of failure during
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eformation process. Similar results were obtained for other
pecimens and it was observed that temperature rise is higher
or higher strain rates. During tensile testing the material
ndergoes progressive plastic deformation and nucleation of
nternal cavities occur which is followed by growth and sub-
equent coalescence of the cavities leading to failure [29,30].
uring deformation, the stored plastic energy gets converted

25

30

35

40

45

50

55

60

65
a 

–100 0

0 20 40 60 80 100 120 140

100 200 300 400 500 600 700 800

Time (s)

Time (s)

Strain rate = 1.4x10–3 s–1

Strain rate = 6.9x10–3 s–1

Te
m

pe
ra

tu
re

 (
ºC

)

c

25

30

35

40

50

60

70

65

45

55

Te
m

pe
ra

tu
re

 (
ºC

)

ig. 7 – Variation of temperature with time during tensile deform
.8 × 10−3 s−1, (c) 6.9 × 10−3 s−1 and (d) 1.4 × 10−2 s−1.
to heat energy and the specimen temperature increases. The
temperature increase during necking is due to localized strain
energy. Prior to fracture, void growth takes place and this is a
function of strain and strain rate [29]. Moreover, it is reported

that strain rate exponentially varies with tri-axial tension
[29]. Hence, temperature rise during deformation is higher for
higher strain rate.
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Table 2 – Average changes in temperature during different regions of deformation for different strain rates. The standard
deviations (SD) in the measured temperature values are also shown.

Strain rate (s−1) Change in temperature (�t, ◦C) (±SD)

Region-1 Region-2 Region-3 Region-4

1.4 × 10−3 −0.36 ± 0.01 0.9 ± 0.01 1 ± 0.02 13.5 ± 0.20
2.8 × 10−3 −0.34 ± 0.01 1.1 ± 0.02 1.4 ± 0.03 17.5 ± 0.35
6.9 × 10−3 −0.35 ± 0.01 1 ± 0.02 2.1 ± 0.03 20.5 ± 0.33

1.2  ± 0.02 3.2  ± 0.06 51  ± 0.89
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Fig. 8 – Variation of the logarithm of temperature rise rate
/ /
1.4 × 10−2 −0.34 ±  0.01

Variation of nominal stress and change in temperature
(�T) with nominal strain for 1.4 × 10−3 and 1.4 × 10−2 s−1 strain
rates are shown in Fig. 6(a) and (b) respectively. Similar results
were obtained for other strain rates. Temperature changes
during different regions of deformation, i.e. (1) 0–3% nomi-
nal strain, (2) 3–10% nominal strain, (3) work hardening region
and (4) around UTS to before final fracture have been moni-
tored using IRT and shown in Table 2. Table 2 also shows the
standard deviation (SD) of the measured temperature values
over the regions of interest.

In region-1, a small drop in temperature (−0.36 ± 0.01 ◦C,
−0.34 ± 0.01 ◦C, −0.35 ± 0.01 ◦C and −0.34 ± 0.01 ◦C for
the strain rates of 1.4 × 10−3, 2.8 × 10−3, 6.9 × 10−3 and
1.4 × 10−2 s−1, respectively) is observed for all strain rates
(Table 2). In region-2, the values of temperatures changes are
0.9 ± 0.01 ◦C, 1.1 ± 0.02 ◦C, 1 ± 0.02 ◦C and 1.2 ± 0.02 ◦C for the
four strain rates respectively. On the other hand, region-3
(work hardening) is characterized by steady rise in temper-
ature with strain rate. For lower strain rate (1.4 × 10−3 s−1),
there is a temperature rise of 1 ±0.02 ◦C and for higher strain
rate (1.4 × 10−2 s−1), the temperature rise is 3.2 ± 0.06 ◦C. In
region-4 (UTS to final failure), considerable rise in tempera-
ture occurs and increases with strain rate. The temperature
rise is 13.5 ± 0.20 ◦C for 1.4 × 10−3 s−1 compared to 51 ± 0.89 ◦C
for the higher strain rate of 1.4 × 10−2 s−1.

The small temperature drop in the elastic region is due
to thermoelastic effect, which occurs due to volume changes
during elastic deformation [31]. Partial conversion of ther-
mal  energy to elastic energy results in the small magnitude
of temperature drop [32]. The temperature drop observed in
the present study is in close agreement with the reported
values [33]. It is known that the temperature drop in 316 stain-
less steel due to thermoelastic effect decreases with increase
in strain rate in the range 3.3 × 10−4 to 1.7 × 10−3 s−1 [34].
In the present study, the magnitudes of temperature drop

◦ ◦ ◦ ◦
are 0.36 ± 0.01 C, 0.34 ± 0.01 C, 0.35 ± 0.01 C and 0.34 ± 0.01 C
for the strain rates 1.4 × 10−3, 2.8 × 10−3, 6.9 × 10−3 and
1.4 × 10−2 s−1, respectively. Though there is a small decrease
in the magnitude of the temperature drop for higher strain

Table 3 – Fit parameters for linear regression analyses of the tem

Strain rate (s−1) Slope (◦C s−1) 

1.4 × 10−3 0.0269 ± 8.52 × 10−6

2.8 × 10−3 0.08338 ± 6.32 × 10−5

6.9 × 10−3 0.33965 ± 7.56 × 10−4

1.4 × 10−2 0.84737 ± 0.00471 
(�T = �T/�t) as a function of logarithm of strain rate (ε ).

rate, overall (incorporating the experimental and measure-
ment accuracy) the temperature drop is found to be almost
independent of the strain rate.

In region-2, temperature increases steadily with deforma-
tion. The inversion in the temperature graph (decreasing trend
in region-1 to increasing trend in region-2) is a clear indication
of transition from elastic to plastic deformation in metallic
materials [32]. The change in temperature rise is found to be
independent of the strain rate. Nevertheless, it can be seen
from Table 2 that there is a small increase in temperature rise
with increasing strain rate.

In region-3, the work done is thermodynamically
irreversible and it is reported that 95% of the total mechan-
ical work gets converted to heat energy [34]. This causes
the specimen temperature to increase continuously with

progressive deformation, which is also evident from Table 2.
With increasing strain rate, deformation progresses at an
accelerated rate and the situation tends to be adiabatic.

perature vs. time graphs in the work-hardening regions.

Intercept (◦C) Adjusted R2

27.5166 ± 0.0033 0.9984
25.6617 ± 0.0106 0.9964
23.2272 ± 0.0422 0.9901
20.1422 ± 0.1527 0.9628



j m a t e r r e s t e c h n o l . 2 0 1 5;4(3):241–253 251

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.01

Strain rate (s In (Strain rate)–1)

50

60

65

45

55

70

75

a b

4.3

4.2

4.1

4.0

3.9

3.8

–7.0 –6.5 –5.5 –4.5 –4.0–6.0 –5.0

Te
m

pe
ra

tu
re

 a
t o

ns
et

 o
f n

ec
ki

ng
 (

ºC
)

 In
 (

te
m

pe
ra

tu
re

 a
t o

ns
et

 o
f n

ec
ki

ng
)

Fig. 9 – (a) Variation of temperature at the onset of necking with strain rate and (b) logarithm of necking temperature (Tn)
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nder such conditions, the heat generation due to deforma-
ion is faster than the rate of heat diffusion throughout the
pecimen, which results in substantially larger temperature
ise for higher strain rate experiments. Manifestation of this
diabatic heat generation is also higher during necking and
racture. Similar observations were reported earlier [34].

Fig. 7 shows the temperature increase as a function of
ime for all four strain rates. It can be seen from the figure
hat the temperature rise during tensile testing is in gen-
ral a non-linear function of time. Nevertheless, the variation
f temperature with time can be approximated as a linear
unction in the work-hardening region with good accuracy.
he adjusted R2 for the linear regression analyses of the

emperature vs. time graphs are 0.9984, 0.9964, 0.9901 and
.9628 for the strain rates of 1.4 × 10−3, 2.8 × 10−3, 6.9 × 10−3

nd 1.4 × 10−2 s−1, respectively. Table 3 shows the fit param-
ters in detail. The very high values of the coefficients of
etermination (nearly equal to 1) signify that the variation
f temperature with time in the work hardening region can
e approximated as a linear function of time with negligible
rrors. It can be further seen from the figure that the non-
inear nature of the temperature vs. time curves increases

ith strain rate, which can be attributed to the increasing
ontribution from adiabatic heat generation for higher strain
ates. This is also evident from the decreasing trend of the
djusted R2 values of the linear regression analyses for higher
train rates. For 1.4 × 10−2 s−1 strain rate, temperature rise
n the work hardening region can be expressed by a non-
inear equation of the form T = a + btc, where the constants a,

 and exponent c are 29.66, 0.00984 and 2.1, respectively. The
djusted R2 for this non-linear fit is 0.99, which reduces to
.96 for linear approximation signifying the additional error
nvolved in linear approximation as 3.03%, which is negligi-
le. For the lower strain rates, the errors involved in linear
pproximation are much lower. The slopes of the linear regres-

ion analyses of the temperature vs. time graphs in the work
ardening region provide the rate of temperature rise, which
howed interesting correlation with the strain rates as subse-
uently discussed.
Fig. 8 shows the variation of logarithm of temperature rise
rate (�T/ = �T/�t) in region-3 as a function of logarithm of
strain rate (ε/). It can be seen that ln(�T/) increases linearly
with ln(ε/) with coefficient of determination (R2) of 0.9967.
The intercept and slope of the linear regression analysis are
6.33 ± 0.28 and 1.51 ± 0.05, respectively. Based on this observa-
tion the following equation is proposed:

ln(�T′) = 7.25 + 1.69 × ln(ε′) (3)

It follows from Eq. (3) that the rate of temperature rise in
region-3 (work hardening region) shows power law depend-
ence with strain rate as shown in Eq. (4).

�T′ = 1408.105 × (ε′)1.69 (4)

This equation shows that in region-3 thermal hardening of the
material occurs. At higher strain rate, deformation induced
heat generation occurs at a substantially higher rate than the
rate of heat diffusion throughout the gauge length. Under such
adiabatic conditions, rate of temperature increase is higher
which is manifested by the empirical power-law equation.

Fig. 9(a) shows the variation of temperature at the onset of
necking (Tn) with strain rate. It can be seen that Tn monotoni-
cally increases with strain rate. Fig. 9(b) shows the variation
of ln (Tn) with ln (ε/). It can be seen that ln(Tn) linearly
increases with ln(ε/) with a coefficient of determination of
0.9881. The intercept and slope of the linear regression anal-
ysis are 5.19 ± 0.07 and 0.21 ± 0.01, respectively. From the
above observation it can be stated that the variation of Tn

with strain rate shows a power law dependence of the form
Tn = 179.47 × (ε/)0.21. For higher strain rates, localized deforma-
tion during necking adiabatically occurs at a higher rate which
results in substantial increase in Tn, which follows the above

power-law equation. The high thermal hardening coefficient
in the work hardening region clearly shows that the rate of
temperature increase is very sensitive to the strain rate of ten-
sile deformation. Increase of necking temperature with strain
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rate is thus due to the combined effect of localized deforma-
tion and strain rate induced adiabatic effects.

4.  Conclusions

Acoustic emission and infrared thermography have been used
to study tensile deformation of AISI type 316 stainless steel at
different strain rates. Root mean square voltage of the AE sig-
nals generated increases with increase in strain rate and this
is due to the increase in source activation. AE dominant fre-
quency increased from elastic region to around 590 kHz during
work hardening and 710 kHz around UTS for all strain rates.
Shift in dominant frequency of AE to higher frequency with
increase in strain is explained by reduced mean free path
of dislocations. During necking, lower dominant frequencies
are observed. AE dominant frequency increases with strain
rate and this is attributed to the increase in the velocity of
dislocations. The temperature increases steadily in the work
hardening and necking regions. Magnitude of temperature rise
increases with strain rate, which is due to higher rate of defor-
mation induced heat generation compared to the rate of heat
diffusion. An empirical equation relating the rate of temper-
ature increase and strain rate is proposed. This study shows
that complementary NDE techniques like AE and IRT can be
used for online monitoring and characterization of tensile
deformation. Studies on materials like 2.25 Cr-1 Mo  steel and
low carbon steel with elaborate yield point would be taken
up to understand effect of strain rate on AE dominant fre-
quency and temperature rise rate during different regions of
deformation.
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