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The results of the analysis of heat and stored energy variation in stainless steel
AISI 304 under tension are presented in this work. The distributions of temperature and strain on the surface of specimens have been obtained by using infrared
thermography and the digital image correlation of laser speckle patterns techniques. It has been found that the plastic flow diagram consists of two linear
stages. The first one is characterized by the monotonic growth in evolved heat. At
the second linear stage the portion of stored energy rises, that is connected with
the growth in the rate of martensitic transformations. A temperature fluctuation
in the center of a specimen at the true strain over 0.4 appears due to the motion
of localized strain bands, which are also the sources of heat.
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Introduction

Infrared thermography (IRT) is used for the transformation process investigation of
applied mechanical energy in solid materials under deformation. Such investigations allow determining an energy part converted into heat as well as estimating stored energy through the
rearrangement of crystal structure. In a number of papers [1-4] the studies of evolved heat variation relative to plastic deformation energy was subjected. Dissipated energy in shape-memory
alloys Cu–Zn–Al, Ni–Ti, Cu–Al–Be, Ti-4.2Al-1.6Mn was studied under cyclic loading [5-8].
The investigations of materials deforming with serrated flow appearance accompanied by the
nucleation of Portevin-Le Chatelier bands are subjected in several works [6, 9–11]. The analysis
of temperature and strain fields obtained by IRT and the digital image correlation (DIC) of
speckle patterns allows subjecting the dissipated energy in the bands with high precision.
The results of temperature measurement are also useful for the development of plastic
deformation models taking into account the mechanisms of structure transformations. For example, Oliferuk et al. [4] and Oliferuk and Raniecki [12] performed the analysis of evolved heat
variation during plastic deformation and developed corresponding constitutive model. In works
[13, 14] IRT was used for thermal analysis in polymers being under deformation. Polymers have
small thermal conductivity and strong dependence of temperature. These features lead to nonlinear dependence of specimen maximal temperature via loading rate during tensile tests.
____________
*

Corresponding author, e-mail: agl@ispms.ru

S546

Lunev, A., et al.: The Variation of Storage and Heat Energy in AISI 304 …
THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 2, pp. S545-S552

Despite the increasing number of papers in the area of the thermal investigation of
plastic deformation, the change in evolved heat energy at the transition between plastic flow
stages has not yet been investigated. It is known that the elastic deformation of materials is accompanied by decreasing of temperature. While at the yield limit, the dependence of temperature on strain varies from decreasing to increasing. Prefracture stage is accompanied by the
growth in the dissipated heat, which is located in neck formation area. In some materials the
plastic hardening curve can be split into more than one stages described as S(e) = S0 + Ken [15],
where S is true stress, S0 – the initial stress for given stage, e – the true strain, K – the strain
hardening coefficient, and n – the hardening exponent. Stage changing can be the result of microstructure evolution during plastic deformation as well as the activation of additional mechanisms of plastic deformation (twinning, phase transformations, grain boundary sliding or grain
rotation). In this case, the dependence of dissipated energy can change non-monotonically. The possibility to detect the stage changing during deformation has both fundamental and applied significance, in particular at the control of metal forming by plastic deformation.
In the presented work the variation in storage and dissipated energy at the transition
area from first linear hardening stage to second one in austenitic stainless steel AISI 304 is under consideration.
Experimental procedure

The stainless steel AISI 304 specimens with
the working area size 50 mm × 10 mm × 2 mm were
cut from cold rolled sheet. Before loading, the specimens were quenched from 1050 ºC and then annealed at the temperature of 650 ºC during 3 hours.
The specimens were loaded by uniaxial tension at a
constant velocity 1.7·10-4 s-1 on a universal test machine LFM-125.
Simultaneously with loading, the laser speckle
patterns were recorded on one side of the specimen
by high-resolution digital camera. On the opposite
side of the specimen the temperature distribution
was measured. A scheme of the experimental set-up
is presented in fig.1. Small thickness of investigated
specimen allows comparing data obtained by two
techniques simultaneously. It is possible because of
loading involves whole volume and can be studied
on opposite side.
The IRT was subjected with universal thermal
imaging camera Flir SC7000 (1), having record rate
of 5 Hz and spatial resolution of 15 μm. The treat- Figure 1. Experimental scheme;
1 – thermal imaging camera Flir SC7000,
ment of obtained temperature images was performed 2 – high-resolution digital camera,
by ALTAIR software. The distribution of tempera- 3 – semiconductor laser, 4 – computer
ture along a specimen (profile) was obtained in the
central point of working area. Due to provide maximal surface emissivity the specimens was
covered by a thin layer of black paint. The layer kept undamaged during loading test until specimen break (failure).
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The environment temperature was equal 22 ºC and did not change during loading experiments.
Speckle patterns were recorded with ALMEC-tv equipment, which consists of highresolution digital camera (2), semiconductor laser (3) and high-performance personal computer.
Speckle pattern treatment was performed by DIC method. Using this method the distribution of
displacement vectors r (x, y) on a specimen surface was obtained. Numerical differentiation of
longitudinal u and transverse v displacement components provided data about local strains in the
distortion tensor form. For plane deformation the tensor is written:



ij   xx  xy  z
yx
yy

(1)

where εxx = ∂u/∂x, εyy = ∂v/∂x, εxy = εyx = 1/2(∂u/∂y + ∂v/∂x), and ωz = 1/2(∂v/∂x – ∂u/∂y). Due to
uniaxial loading we analyzed only εxx component of the distortion tensor. An example of resulting distribution of displacement vector and εxx is shown in fig. 2.

Figure 2. Distribution of displacement vectors and εxx

Energy calculation procedure

According to thermodynamic principles [17], for a specimen in the proces of deformation, incremental applied work, ∆A, transforms in stored (internal) energy, ∆Wi, of the specimen and evolution of heat, ∆Q. The change in stored energy is written:
ΔWi  ΔA  ΔQ

(2)

At uniaxial tension of a flat specimen, work of deformation is determined from force –
elongation curve by the following equation ∆A=F∆l, where F is the currently applied force, ∆l –
the elongation. In the case of constant loading rate, the elongation during preset time interval is
constant as well.
Using temperature data obtained by IRT, heat dissipation energy can be calculated
from heat equation:
  2T  2T  2T
T
 2  2  2
t
y
z
 x

 qV

 c

(3)

where  = /c is the thermal diffusivity, T – the measured temperature, t – the time, x,y,z – the
co-ordinates along the length, the wide and depth of a specimen, respectively, λ – the thermal
conductivity, c – the specific heat capacity, ρ – the density, and qV – the volumetric heat energy
generated per unit time. We assume in our experiment, that a,l,r,c are independent on coordinates and time.
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In the current experimental condition, the main part of heat transfers from a specimen
to massive grips through the contact area. It is clearly seen from the temperature distribution
along the specimen length in fig. 3. Therefore, we assume that temperature along y- and z-axes
remains constant, that is ∂2T/∂y2 = ∂2T/∂z2 = 0. Then eq. (3) can be solved for qV:
 2T 
 dT
qV  c  
 2 
x 
 dt

(4)

We let time interval 1 second for the calculation of all the deviations and assume that
the heat generated in the specimen as the result of plastic deformation distributes in specimen’s
volume uniformly, i. e. notable localization of deformation does not appear. Hence, we can
write that Q = qVV, where V is the specimen volume keeping constant during plastic deformation. The final form of the eq. (2) can be written:
 2T 
 dT
ΔWi  FΔl  c V 
  2  (5)
x 
 dt

Each value Wi we calculated at certain strains by using eq.
(5). The values ∂2T/∂x2 were obtained from T(x) curve approximation by a quadratic polynomial. An
example of T(x) approximation is
shown in fig. 3. It should be noted
that stored energy is the sum of
elastic (reversible) and inelastic
energy. We do not consider the
change in elastic energy because its
value per one second is equal to
10–7-10–8 of inelastic energy.
Figure 3. Temperature distribution along x co-ordinate and
its approximation by quadratic polynomial

Results and discussion

As a result of experiments on AISI 304 steel specimens, the stress – strain diagrams
and temperature distributions on specimen surface were obtained. The stages of plastic flow
curves were estimated by the Ludwik equation S(e) = S0 + Ken, where S = σ(1 + ε), e = ln(1 + ε)
σ and ε are engineering stress and strain, S0 – the true yield stress, K – the hardening coefficient,
and n – the hardening exponent. Two linear stages of the plastic flow and the transition region
between them were found. In fig. 4, the true strain ranges for the linear stages is marked by Roman numerals I and II. The parameters of the linear stages are presented in tab. 1.
Table 1. The parameters of the linear stages of strain hardening
Stage
1
2

e
0.05-0.25
0.32-0.58

K [GPa]
1.5
2.1

n
1.0
1.0

The dependence of specimen surface temperature on true strain was drawn for the central point of the specimen at a distance of 35 mm from the stationary grip. On the temperature –
true strain curve (see fig. 4) more than one characteristic regions were distinguished. Small decrease in temperature during the elastic deformation occurs due to the thermoelastic effect. Plastic deformation at the first linear stage is accompanied by monotonic increase in the tempera-
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ture, caused by partial dissipation of the deformation energy into heat. At the transition region
between linear stages, the temperature remained almost constant. At the second linear stage, the
temperature continued to rise up to the true strain e≈0.4. Further temperature fluctuations appeared due to the motion of localized strain bands. The localization of deformation is caused by
strain-induced martensitic transformations [18]. Strain bands (Portevin-Le Chatelier bands) are
localized heat sources moving along the specimen. This motion leads to temperature fluctuations in the measurement point having constant position on specimen’s surface. In this strain
region, the assumption of the uniform distribution of heat sources in specimen volume is not
valid.

Figure 4. The dependencies of temperature and true stress on true
strain in AISI 304 during tension

The analysis of the strain distribution and detection of localized strain bands was performed on the recorded speckle patterns of a specimen surface using the DIC method. The research of strain distribution was carried out at the longitudinal component of distortion tensor. It
was found that the strain distributes almost uniformly up to true strain e ≈ 0.4, after which the
deformation localized in the moving along the specimen bands. In this case, the maximum value
of the heat emission (maximum temperature) located in the bands. Figure 5 shows the comparison of measured longitudinal strain and temperature on the surface of the investigated specimen
at true strain values 0.27, 0.47, 0.50.
The similar research of the variation of maximum temperature in AISI 304 specimens
during tension at a rate of 10–2 s–1 was subjected in [19]. The authors had obtained a monotonic
changing in the maximum temperature of the specimen until necking stage. The absence of
stage splitting of a stress – strain curve as well as a specific region on the temperature dependence in this work is possibly connected with the heating of the specimen during deformation
over 20 degrees relatively to the initial temperature. Such heating leads to austenite stability
increase, which inhibits the martensitic transformations [20].
We calculated the change in the dissipated (evolved) heat and stored energy in the
specimen during deformation at true strain range of 0.02-0.40. The results of the calculation in
the form of the relationship of Wi/Q vs. true strain are presented in fig. 6. At the beginning of
plastic flow (at true strain value of 0.02) the ratio of stored energy and evolved heat is close to
the value of 1.0. During the deformation at the first linear hardening stage, the portion of
evolved heat energy was rising and had reached the value close to 100% of the applied plastic
deformation work at the end of the first linear stage (e ≈ 0.25).
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Figure 5. Temperature and elongation strain distribution on the surface of the specimen

In a region of the transition from the first linear stage to the second one (e = 0.25-0.3),
the stored energy temporary increased and reached up to 15% of the applied plastic deformation
work. The deformation of the specimens at the second linear stage before the localization of
deformation appearance was accompanied by growth in Wi/Q ratio.
The growth of stored energy at the second linear stage
is associated with an increase in
the rate of strain-induced martensitic transformation. According to the works [19-21], the
first linear stage of hardening is
connected with the deformation
of austenite in AISI 304 steel
and slow increase in the volume
fraction of martensite. Martensite nucleates mainly near the
slip bands and its distribution in
the bulk of the specimen is random. At the end of the first linFigure 6. Stored energy relative to dissipated energy and true
ear stage, the volume fraction of stress vs. true strain in AISI 304 during tension
α’ martensite is about 10%. In
this case, martensite forms a block structure [21], which has higher strain-hardening coefficient
than that in austenite. The second linear stage is characterized by strain hardening of martensite.
Simultaneously, the rate of martensitic transformation is rising. This condition, obviously, determines the growth of the stored energy relative to evolved heat energy.

Lunev, A., et al.: The Variation of Storage and Heat Energy in AISI 304 …
THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 2, pp. S545-S552

S551

Conclusions

In the result of the study of temperature and strain change in stainless steel AISI 304
under tension, it was determined the following:
 The specimens deform almost uniform before true strain e ≈ 0.4. Further deformation proceeds with localization phenomenon appearance. Strain localizes in the moving along the
specimen bands.
 Plastic flow diagram consists of two linear stages and final necking stage. During the first
stage, temperature rises monotonically, whereas stored energy relative to evolved heat energy is falling. The transition between linear stages is accompanied by temperature stabilization and non-monotonic change in stored energy vs. evolved heat energy. At the second linear stage, before localization of deformation appearance, both the temperature and the portion of stored energy rise. This fact is elucidated by the growth in the rate of martensitic
transformations.
 Temperature fluctuations in the center of the specimens at the true strain over 0.4 appear
due to the motion of localized strain bands, which are also the sources of heat generation.
The temperature – strain dependence becomes maximal when the band moves through a
measurement point and becomes minimal when the band locates on a maximum distance
from one.
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Nomenclature
∆A
c
e
qV
∆Q
S
T

– incremental applied work, [J]
– specific heat capacity, [Jkg–1K–1]
– true strain, [–]
– volumetric heat energy, [Jm-3s-1]
– evolved heat change, [J]
– true stress, [MPa]
– temperature, [K]

t
∆Wi

– time, [s]
– stored (internal) energy change, [J]

Greek symbols

– thermal diffusivity, [m2s–1]

– thermal conductivity, [Wm–1K–1]

– density, [kgm–3]
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