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Abstract

A procedure is developed that evaluates the energy dissipated from a material subject to cyclic loading
and enables identification of the difference in material microstructure. It is demonstrated that the
dissipated energy can be derived from specimens loaded in the elastic region using temperature
measurements obtained by infrared thermography. To obtain accurate values of the small temperature
changes resulting from the intrinsic dissipation below the yield point, a key part of the procedure is to
eliminate the effect of external heat sources and sinks from the vicinity of the test specimen under
investigation. To this end, a chamber was designed to minimise the external radiation whilst allowing
the specimens to be cyclically loaded; the configuration of the chamber is described, alongside its
integration into the procedure. A reference specimen was specifically introduced in the chamber to take
into account the thermal exchanges between the specimen and the chamber environment. A data
processing procedure, based on the thermomechanical heat diffusion equation, is applied to enable the
dissipated energy to be derived from the temperature measurements. It is established that quantifying
the amount of energy dissipation provides an opportunity to identify the material condition. The
procedure is demonstrated on specimens made from 316L stainless steel containing a range of
microstructures produced by different heat treatments. It is shown that the dissipative energy is
dependent on the microstructure and that the dissipative source can be identified using the experimental
procedure.



1 Introduction

It is well known that the mechanical deformation of a material is always accompanied by the dissipation
of energy in the form of heat since the early works of Stromeyer [1] and Farren and Taylor [2]. Heat is
released at the macroscopic scale because of irreversible thermodynamic processes occurring within the
microstructure of the material [3]. It should be noted that the deformation does not have to be
mechanically irreversible (i.e. loaded beyond the material macroscopic elastic region) to generate
thermodynamic irreversibility. As the dissipated energy is released in the form of heat, a temperature
change occurs, which could be measured using an infrared detector. Hence an opportunity arises to
develop a non-contact tool to assess the material condition by virtue of determining the heat it dissipates
under mechanical loading. In the case of elastic (mechanically reversible) loading, the intensity of the
temperature change associated with the dissipated energy is small (a few mK.s) [4]. Hence, the
temperature resolution of current commercially available IR cameras make it impossible to resolve the
temperature change associated with the dissipated energy over a single load step directly from the IR
camera output. Therefore, it is necessary to cyclically load the specimen at a reasonably high loading
frequency enabling energy dissipation in every consecutive cycle. The high loading frequency also
ensures that adiabatic conditions are achieved, so there is a gradual build-up of heat that gives rise to a

temperature rise measurable by the infrared detector.

The temperature variation in a specimen undergoing elastic cyclic loading results (see Figure 1) from
two different heat sources [5]: the thermoelastic heat source, 6+e, and the dissipative heat source [6], 6.
The thermoelastic source [7] causes a cyclic variation in temperature which has an amplitude
proportional to the change in the sum of principal stresses. It has been used in over several decades as
a stress analysis tool, e.g. [8-11], and more recently has been applied effectively in the field on in-

service components [12].

Superimposed on the thermoelastic source is the dissipative heat source, which causes an increase in
mean temperature of the material. It is dependent on the material microstructure and not the just the
applied stress. The variation in temperature caused by the thermoelastic and the dissipative sources
are shown in Figure 1. It is important to note that the intensity of the temperature change resulting
from the thermoelastic effect is several orders of magnitude higher than the intensity of the dissipative
temperature rise [13], for loadings below the macroscopic yield stress. The resulting temperature
change is affected by thermal exchanges between the environment and the material [4], namely
conduction, convection and radiation. It is therefore necessary to identify the dissipative heat source
to obtain information that is dependent only on the material condition, as the temperature change is

not an intrinsic quantity. It should be noted that when the heat source per cycle is considered the value



will be the same for different frequencies (at least when these frequencies are comparable, barring
strain rate dependence), although in the present paper the same loading frequency is used throughout

the experimental work.

There are several microstructural phenomena responsible for dissipation, like viscous grain boundary
sliding [14], atomic movements [15] and dislocation movements [16]. Mareau et al. [17] have shown
that a micromechanical model based on dislocation motion could account for almost all of the heat
dissipated during cyclic loading. It is noteworthy that the initiation of dislocation motion is governed
by the Peierls—Nabarro (P-N) stress threshold [18, 19] and that dislocations start to move at stresses
below macroscopic yield stress; this phenomenon is explored in the present paper. Various researchers
have captured the temperature variations during a full fatigue test for the purpose of rapid fatigue life
assessment. Although there have been successful attempts at obtaining fatigue limits purely from
temperature rise that match previously known values of fatigue limits [20-22], a physical basis in which
the microstructure can be linked to temperature evolutions has not yet been established, although some

work in progress has been reported in [23, 24].

In the present paper the potential of dissipative heat source as tool for microstructural analysis is
explored for the first time. Hence, the temperature increase, during the first few seconds of cyclic
loading, is studied as opposed to a fatigue test until failure. In this case, the temperature increase is quite
small and of the order of a few mK.s?, which means several steps are required to accurately resolve the
dissipative source. A reference specimen made out of the same material as the specimen is used to
account for temperature exchanges between the environment following the method proposed in [4]. A
specially designed chamber ensured that the heat sources from the surroundings were eliminated and is
described in the ‘Experimental Setup’ section. The data processing sequence proposed in [25] is
implemented to improve the resolution of the thermal measurements. The key aspect of the data
processing procedure that enables this enhancement in thermal resolution is the spatial averaging
process where every recorded infrared image frame of the surface temperature of the test specimen is
spatially averaged. Therefore, a uniform distribution of the dissipative heat source and specimen the
temperature is essential for obtaining a meaningful result with the spatial averaging. The detection
threshold of the measurement is established, and it is demonstrated that the data processing procedure
provides sufficient enhancement of the thermal resolution to allow the dissipative sources that occur

prior to macroscopic yielding to be identified.

The material studied is 316L stainless steel which is widely used in many industries due to its resistance
to corrosion, creep and high temperatures. It is also advantageous in the current work since it has a low
thermal diffusivity which prevents heat generated from diffusing away quickly [26]. Additionally,

Connesson et al. [27] have shown for 316L stainless steel that the dissipation occurs at low stress
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amplitude below the macroscopic yield stress [27]. A range of different microstructures of 316L
stainless steel were generated through heat treatment; the heat treatment method and the resulting
microstructure and mechanical properties are detailed in the ‘Heat Treatment’ section of the paper. The
dissipative heat source was extracted from the experiments conducted on the heat treated specimens
and it is established that the heat source is related to the microstructure and to dislocation density. The
outcome of the work is understanding of the effect of microstructures on the dissipative heat source,
which serves as a first step towards the use of dissipative heat source as tool for microstructural

assessment.

2 Experimental Setup

The test-setup used 316L stainless steel strip specimens of 250 mm length by 20 mm width and 2 mm
thickness. In all the tests described in the paper an Instron 8800 servo-hydraulic test machine was used
to apply a cyclic load at different stress levels. In all the tests the loading frequency was 14 Hz and the
stress ratio, Rs, was 0.1. The specimen surface temperature was recorded using an infrared detector and
the strains were obtained using a single strain gauge attached to the back surface of the specimen aligned
longitudinally to the direction of the applied load. The infrared detector was a Flir SC 5000 model with
the framerate set to 350 Hz with an integration time of 1200 ps. Prior to capturing the IR images an
inbuilt non-uniformity correction was carried out using a high emissivity plate with a uniform
temperature using the IR camera software inbuilt calibration. For most cases, the expected temperature
rise due to cyclic loading is only a few mK.s™. As metals generally have low emissivity, a thin layer of
high emissivity coating (Electrolube matt black paint) was sprayed onto the specimens. The thickness
of the paint coating was measured using a paint thickness gauge at different locations along the length
of the specimen and was averaged. In all cases it was ensured that the thickness is in the range of 15-25

pm, as recommended for thermoelastic stress analysis in [28].

With the application of the matt black paint, the emissivity of the specimens is only close to but not
exactly unity. Hence, a minor portion of the temperature incorporated into the measurement consists of
reflected radiation from external sources (i.e. sources not originating from the specimen). To account
for the reflected radiation, a wooden chamber was specially designed to minimise the effect of external
parasitic heat sources on the measurement. The chamber is shown mounted in the test machine in Figure
2 (@) with its component parts shown in Figure 2 (b). Once the specimen has been clamped in the grips,
the two halves of the chamber are positioned on the stand and the chamber closed around the specimen.
A recess feature was incorporated at the interconnecting surface between the two halves of the chamber,
which eliminates any gaps (see Figure 2 (b)) that allow the passage of radiation into the chamber. One

of the main sources of external radiation arises from the grips, so reflections from the grips are



eliminated by designing the chamber so that the grips are outside the chamber. The wooden chamber is
covered with aluminium foil to reflect external radiation. The effect of any remaining radiation is
minimised by the wood which is a good heat insulator. The inner surface of the chamber was painted
in black to minimise the effect of any small reflections within the chamber. The camera observes the
inside of the chamber through an opening and the gap between the opening and the camera lens is sealed
using a similar construction to that of the chamber, as shown in the actual setup in Figure 3 (a). Further
to this, a black curtain enclosed the entire set up to further reduce any effect from heat sources in the

surrounding laboratory.

A reference specimen (made of 316L stainless steel and also painted black) is introduced in the chamber
to account for the effect of temperature fluctuations within the chamber, which include those caused by
emitted and reflected radiation, and do not originate from the cyclic loading of the specimen. The
reference specimen is mounted using masking tape (as shown in Figure 3 (b)) in the chamber so that it
is adjacent to but does not touch the test specimen. The infrared camera field of view enables the
temperature evolutions in the specimen and the reference specimen to be obtained simultaneously. The
spatial average of the temperature of the reference specimen is subtracted from the spatial average of
the temperature of the specimen to account for the changes in temperature that are not associated with
the cyclic loading. The set-up means that all heat sources are eliminated apart from heat conducted
through the test machine grips, which is eliminated by using an initial image before the cyclic loading

is applied as described in the following section.

3 Dissipative heat source from temperature measurements
3.1 The heat diffusion equation

Assuming that the temperature is uniform through the thickness of the test specimen, a 2D form of the

thermal energy balance at any point of the specimen is given as follows [4]:
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where B is the Stefan-Boltzmann constant, e is the emissivity, k is the thermal conductivity of the

material, d is the thickness is the specimen, h is the convective heat transfer coefficient, T is the

environmental temperature inside the chamber, V2T is the 2D Laplacian of temperature which is given
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byF + W , S is the thermomechanical source which is the sum of the thermoelastic source Ste and
X

the dissipative heat source, Sp, and rs denotes all other external sources acting on the specimen, which
includes radiation from the inner surface of the chamber, where the view factor for the radiation is
considered to be 1. Although the following derivation has been presented previously [4], it is important

to represent again here to be able to link the data processing procedure to the derivation.

At time t = 0, just before the cyclic loading is started, thermomechanical sources are not yet activated.

Hence, the thermal energy balance per unit volume of the specimen at t = 0 can be written as:
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where the subscript zero denotes values at time t = 0 and is the gradient of the

temperature with respect to time att = 0.

By subtracting an initial infrared image att =0, it is possible to eliminate the initial temperature gradient
caused by the heat conduction from the test machine grips connected to the actuator by subtracting

Equation (2) from Equation (1):
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where 65 (x,y,t) =T(X,y,t) =T (X, y).

As the temperature variations are small hence T recorded at each infrared image frame and T, are very
close. By assuming that 7 = Ty, the radiation term can be linearised, which results in a single time
constant describing the radiation and convective heat transfer denoted as r [29]. Equation (3) then

becomes:
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By taking the average temperature in the x and y direction (see Figure 3 (b)), the spatially averaged

version of Equation (4) is obtained:
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where the single bar represents the mean in the x-direction and the double bar represents spatial mean
in both x and y directions. As heat conduction is small in the horizontal (or x) direction, but in the
vertical (or y) direction is relatively large, the effect of heat conduction is accounted for by evaluating

the Laplacian by spatially averaging in the x-direction only.

Similarly, the spatially averaged heat diffusion equation of the reference specimen is as follows:
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where the subscript R denotes reference specimen. Note, as the reference specimen is not cyclically
loaded there is no source term, and no conduction as the specimen is held with an insulating material,

s0, the Laplacian term is not present.

The spatial averaging procedure assumes that the spatial mean of the thermomechanical sources is
representative of the local thermomechanical sources. While this is limited to homogeneous specimens
under uniform stress states, it offers the advantage of noise reduction in proportion to the square root of

the number of measurement points. Assuming that the spatially averaged environmental temperature
variation is the same on the specimen and the reference specimen (i.e. T e (t) =T eo ~ T er (t) — T £ro ) and

the effect of the radiative emission and reflection inside the chamber has the same effect on the specimen

and the reference specimen (?s - ?so ~ ?R - ?RO ) subtracting Equation (6) from Equation (5) gives:
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where Z(t) is the overall temperature difference between the spatial average of the specimen

temperature variation and the reference specimen temperature variation given byZ(t) - 05 ®) 7 .

z(t) consists of the thermoelastic temperature variation,zTE, and dissipative temperature rise, zo(t),

so the following expression can be applied:
0(t) = 0re (t) + 0o t) 8)

Therefore, ZTE can be subtracted from the overall temperature change to give only the dissipative heat

rise and hence the dissipative heat source is identified as follows:
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3.2 Data processing procedure

The data processing procedure was implemented in MATLAB (the script will be made available in a
data file upon publication). Figure 4 (a) shows a representation of the temperature data obtained from
the specimen and the reference specimen using the infrared detector. To remove the temperature
variation caused by the grips in the specimen and any other fixed pattern noise such as the reflection of
the cold detector in both the specimen and the reference specimen, the first image (before the start of
the cyclic loading) is subtracted from the subsequent images as shown in Figure 4 (2). The data is now
in the form given by Equation (3). Next spatial averaging is carried out to provide the temperature data
in the form of Equation (5) and Equation (6) for the test specimen and the reference specimen
respectively. The influence of the environmental temperature fluctuation in the chamber is then
eliminated by subtracting the spatial mean of the reference specimen temperature variation from the

spatial mean of the specimen temperature variation, as given by Equation (7).



The resulting overall temperature variation is shown in Figure 4 (b), which is represented by
Equation (8), i.e. the sum of the thermoelastic temperature variation and the mean temperature rise. The
small variation in the temperature at the start of the cyclic loading is due to the test machine settling.
The next step is to remove the thermoelastic temperature variation from the overall temperature
variation. The thermoelastic temperature variation for a specimen loaded in uniaxial tension is
proportional to the range of the cyclic loading, so it can be calculated from the known applied load. It
is possible to record the load signal in Digital Level (DL) using the infrared camera signal input port so
evaluating the constant of proportionality between the load signals in DL and the temperature variation
directly means that the thermoelastic constant does not have to be evaluated (i.e. the ratio of the
amplitudes of the load signal in DL and temperature in K as detailed in [30]). A small phase difference
and hence time delay exists between the recorded load signal and the thermoelastic response, as a result
of the camera electronics. This is corrected by shifting the load signal by the time delay using
interpolation, hence an in-phase thermoelastic temperature variation is obtained. The mean temperature
rise is determined by subtracting the thermoelastic temperature variation from the overall temperature

signal to give data in the form of Equation (9).

The noise contained in the mean temperature rise resulting from the subtraction is significant, because
further data processing is required to obtain the dissipative source using Equation (9), which means
differentiating the mean temperature rise, i.e. an operation that will amplify noise. So it is necessary to
smooth the mean temperature rise with a moving average window the size of three loading cycles (75
data points) as suggested in [25] where it was shown that this kernel size maintained the detail while
reducing the noise. This smoothing operation was applied three times consecutively and the resulting

noise reduction is shown in Figure 5.
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The first term in Equation (9) is the heat rate term, oC o
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initial gradient in the specimen prior to cyclic loading as the gradient of temperature rise at t =0 is

subtracted from the gradient of the dissipative temperature rise. It should be noted that the evaluation

of (‘%D) is not possible due to the discontinuity in the temperature gradient at t = 0. As such, the
(t=0)
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initial gradient was evaluated just before the start of the cyclic loading i.e. ( o

) where t = 0
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indicates the time just before the start of the cyclic loading. The gradient of the temperature rise was
obtained by numerical differentiation using a finite difference approximation. The initial temperature

gradient was obtained using a linear least square fit of the temperature variation over five seconds before



the start of cyclic loading which is an accurate means of capturing any trends in initial temperature

variation compared to evaluating the gradient just att = 0.

The second term in Equation (9) is a conduction term, which is obtained from a least square
approximation of the vertical profile of the temperature of the specimen using a second order
polynomial. The resulting second order coefficient for each vertical temperature profile gives the
Laplacian term, which is a measure of the amount of curvature in the vertical temperature profile.
Figure 6 shows that initially, there is no temperature gradient in the vertical direction as the temperature
difference due to conduction from the lower grip being eliminated by the image subtraction procedure.
As the test progresses the conduction is accounted for by the Laplacian, the increase in conduction at
the grips shown in Figure 6 is because the specimen is in contact with the grips. Usually, the heat
conduction in the case of elastic cyclic loading is minimal (i.e. less than 10 % of the heat rate term) but

becomes more significant in the presence of plasticity.

The linearised convective and radiative heat transfer time constant, r , used in the third term in
Equation (9) and required to calculate the radiative and convective heat transfer term was obtained by
heating the reference specimen to approximately 50 °C using a heat gun. The temperature of the
reference specimen was measured using the infrared detector with a frame rate of 5 Hz with the same
integration time as that of the test for 400 s, as the specimen cooled. The resulting cooling curve was
fitted using an exponential function, so that the time constant could be determined as the coefficient of
the exponential decay function. This time constant depends on the specimen material as well as the
environmental temperature. While 316L stainless steel is used throughout this work, the experiments
were conducted at different times of the year and hence different room temperatures, so the time
constant was evaluated once on every day the experiments were performed. The time constant typically

ranges from 180 s to 220 s for the experiments conducted.
3.3 Establishing the detection threshold

The detection threshold was determined by recording data without applying the cyclic load. In this case,
the dissipative heat source is not activated so any temperature variation is caused by the detector noise
or thermal exchanges with the surroundings. In the experimental set-up it is assumed that both the
specimen and the reference specimen experience the same thermal exchanges with the surroundings, so
in theory by subtracting one from the other the temperature variation should be zero. In Figure 7 (a)

temperature values obtained from the experimental set-up are shown and indicates the calculation
z(t)=§s (t)—zR(t) . Both 55 and 5R contain significant systematic noise due to the chamber
environment. It is clear that the extracted value, 5, which is used in the subsequent calculations to

determine the dissipative source, is very close to zero and that the systematic noise due to the
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environment in the chamber has been reduced. In Figure 7 (b) the temperature variations are processed
into the dissipative source using Equation (9). The means and the standard deviations of the resulting
heat source was calculated for the 10 sets of data collected and averaged in time to provide a single
value. The black line in Figure 7 (b) shows the mean of the heat sources to be of 0.05 mK.s%, which is
the uncertainty associated with the temporal mean of a stabilized heat source. Twice the standard
deviation provides the detection threshold, above which all measurements can be assumed significant
with a confidence level of 95%, indicated by the red lines in Figure 7 (b). Due the random nature of the
detector noise, the computed heat source is also random and hence positive and negative thresholds are
generated. When divided by the density and specific heat capacity at constant pressure, a detection
threshold is obtained in terms of heat rate, here 0.72 mK.s™. This implies that, in a period of one second,
the combination of the thermographic measurement and data processing method has a noise equivalent
of 0.72 mK. The measurement is well below the sensor NETD and is achieved at the cost of losing any
local information, because of the temperature averaging and smoothing. As the specimens used in the
present work (see Section 4) are macroscopically homogeneous samples the spatial averaging approach

is acceptable.

4 Creating the microstructural variations in 316L stainless steel

The 316L material in the as received condition is cold rolled and has a fine grain structure, so the aim
is to produce different grain sizes through heat treatment, hence the grain size can only be made larger
than that of the as received condition. Further cold work of the material might produce finer grains but
the only option was heat treatment. As previous work [25, 27] has shown the dissipation is related to
dislocation density, the target is to use the heat treatment to achieve a range of dislocation conditions.
Two mechanisms exist when metallic materials are annealed. The first is called recovery, which occurs
at lower temperatures, where dislocations with opposite signs are annihilated and subsequently
rearranged into a lower energy configuration [31]. This mechanism is responsible for a minimal
reduction in dislocation density leading to only a partial residual stress relief [32]. The second
mechanism occurs when the material is exposed to temperatures exceeding the recrystallisation
temperature, new dislocation-free grains are formed, replacing old ones. The recrystallized specimens
have a dislocation density that is much lower than the original cold-rolled ones, resulting in complete

residual stress relief [32].

The heat treatments were carried out in a tube furnace connected to a vacuum pump, on test specimens

that were cut to size. The vacuum was essential in preventing the surface from oxidising as oxide layers

can create a thermal insulating layer that will hinder the infrared imaging. From the elevated

temperature the specimens were control-cooled to room temperature so as to avoid shape distortions in

such thin specimens. The grain size generated in the heat treated specimens was identified from optical
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micrographs using the intercept procedure as given in ASTM-E112-13. As the material yield stress is
particularly sensitive to heat treatment and grain size, mechanical properties of the specimens were
obtained in monotonic tensile tests. Rectangular rosette strain gauges (0/45/90) were used for strain
measurement to ensure that accurate mechanical properties could be obtained, unaffected by strain
gauge misalignment. The strain gauge rosettes were attached to the front and back surface of the
specimen. The specimens were loaded in displacement control at a strain rate of 0.0005 s using a
servohydraulic test machine. By averaging the front and back strains, the stress-strain curves were then
plotted. As some of the stress-strain curves do not have a well-defined yield stress, the conventional
0.2% offset yield stress was recorded consistently. Young’s modulus was found by a least square fit of
the points between 0.1% and 0.4% of the estimated yield stress. Subsequently, the 0.2 % offset yield
stress was found from the stress strain curves. Additionally, Vickers microhardness values were
measured under 50 g load with 10 s dwell time using Matsuzawa Seiki MHT - 1 micro hardness tester.

The average and standard deviation of the hardness values of 10 indents per specimen were calculated.

The exact temperature to attain different dislocation states are difficult to determine because it is
strongly dependent on the initial state. As shown by Donadille et al. [33], 316L stainless steel can
recrystallize at a temperature as low as 800 °C when subjected to 40% cold working, whereas at a lower
level of cold work, e.g. 10%, a higher recrystallization temperature is required. Due to the variability in
the cold rolling process [34] used to produce the material, the exact extent of the previous deformation
is not known. Hence, the temperature and dwell time of the heat treatment performed were tailored

using microscopic evaluation of trial test pieces.

Micrographs of the specimen microstructure are shown in Figure 8 (a) — (e), stress-strain curves in
Figure 9 (a) — (c) and a summary of the hardness values and 0.2% offset yield stress is given in Table 1.
In addition to the microstructure in the as received condition (specimen A - Figure 8 (a)), two specimens
subjected to recovery and one specimen each subjected to recrystallisation and grain growth were
produced. Temperatures of 450 °C and 650 °C (specimens B and C respectively Figure 8 (b) and (c))
with a dwell time of one hour in each case were used for the recovery process. As expected, the grain
sizes were similar to the as received specimens. While the recovery process does not alter the 0.2%
conventional yield stress nor the hardness, it was found from the stress-strain curves (see Figure 9 (a))
that the transition between elastic and plastic behaviour becomes more apparent at higher annealing

temperatures.

In the preliminary stages of the work [35], it was found that significant grain growth occurred at a
temperature of 1050 °C in just 2 minutes of dwell time. This implies that recrystallisation could take
place without significant grain growth at a lower temperature, i.e. 950 °C at a dwell time of 30 minutes

(specimen D). As can be seen in the micrograph (Figure 8 (d)) no change in grain size has occurred but
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the stress strain curve of the monotonic tensile test shows that it has a very sharp transition from elastic
to plastic behaviour suggesting recrystallisation has occurred (see Figure 9 (b)). Grain growth was
induced by elevating the target temperature further to 1050 °C (specimen E). At this temperature the
grain size has more than doubled (as shown in Figure 8 (e)). Consistently the yield stress has reduced
as shown in Figure 9 (c). The heat treatment procedure along with the mechanical properties of the
different specimens are summarised in Table 1. As seen in Table 1, the hardness also reduced
significantly from the as received to the recrystallized states and reduced even further in the specimen

in which grain growth had occurred.

5 Effect of microstructure on the dissipative heat source

5.1 Application of load to generate heat source

A sequence of cyclic loading was applied to specimens A - E (as defined in Table 1) where the applied
maximum stress level in the cycle was a fraction of the respective yield stress defined in Table 1. For
all the specimens, stresses were applied at loading frequency of 14 Hz with a stress ratio R; of 0.1. In
the case of the as received specimen, the fractions of yield stress are indicated on the stress strain curve
shown in Figure 10. The same fractions of yield stress were used for all specimens for the maximum
applied stress in the load cycle. Using the same fractions of yield stress allows for the energy dissipated
to be compared for each microstructure. The sequence of the applied loading is provided in Table 2.
The specimens are subjected to each stress level for approximately 300 load cycles (approximately 20
s) under load control before increasing the applied stress to next level in the sequence given in Table 2.

Some sample data from the experiments will be made available in a data file upon publication.

5.2 Elastic cyclic loading

Under cyclic loading below macroscopic yield stress, it is typical to expect a linear temperature rise as
shown in Figure 11 (a). The heat source is predominantly made up of the heat rate term while the
conduction term and convection and radiation term are usually very small. As such, the heat source
variation is well approximated by the heat rate, as shown in Figure 11 (b), as the stable heat source
indicates viscoelastic behaviour or reversible movement of anchored dislocations [25]. At this loading
level, heat sources are generally very small and close to the detection threshold, as also shown in
Figure 11 (b). The area under a hysteresis loop of the stress-strain curve corresponds to the energy
dissipated [3, 36]. However, there are complications involved in obtaining a meaningful estimate of the
energy dissipated from the hysteresis loop in the case of elastic loading, particularly for metals, as
detailed in [25]. It is important to note that strain gauge excitation did not cause any significant localised

heating during the experiment, as the duration of each test was only 15 s, so that the initial image
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subtraction was sufficient to account for any small deviations in temperature caused by the operation

of the strain gauge.

When the cyclic loading was fully elastic (steps 1-6 in Table 2), the heat source was constant over time
as demonstrated earlier. As such, the temporal mean of the evolution of the spatially averaged heat
source can be used. The effect of the temporal mean is shown in Figure 12 where the spatially averaged
heat source of two different tests on the same specimen under fully elastic loading (see Figure 12 (a))
is temporally averaged resulting in Figure 12 (b). Note that the load level in Test 2 is higher than the
load level in Test 1. As mentioned in the detection threshold section, the uncertainty or error bar in each
case is 0.05 mK.st. Temporally averaging also aids comparison of results between the different

specimens.

It is important that the variation of the heat source due to the variability in the material in the as received
condition is known. Any variability would superimpose on the dissipation level of other
microstructures, as observed by Connesson et al. [27] where inconsistencies in the heat source occurred
in the same batch of material. Hence, the repeatability is assessed by subjecting two as received
specimens from the same batch of material to the same set of loading levels. Figure 13 shows that at all
loading levels with the exception of the highest stress level, the derived dissipative sources for each
specimen are very close, within the error, demonstrating excellent repeatability. The discrepancy at the
highest stress level maybe attributed to the test machine load control parameters. The very close
agreement of the results from the two specimens in the as received condition meant that it was
unnecessary to conduct similar repeatability test on the heat treated specimens as the base material for
the heat treated specimens came from the same billet of material. It should be noted that the specimens
were made from a sheet metal of a relatively small area. The repeatability of the procedure was also
confirmed in [25, 27].

Figure 14 shows that the energy dissipated generally increases as the stress level is increased for all the
different microstructures. This is because at higher stress level the mobility of the dislocations is higher.
With the highest dislocation density, the energy dissipated by the as received specimen is the highest
across all loading levels as expected. The specimens that have been subjected to recovery dissipate less
energy than the specimens made from the as received material due to a minor reduction in dislocation
density whereas the dissipation in the specimens that have undergone recrystallization and grain growth
is not at a measurable level except at the highest stress level close to the yield stress. However, when
comparing the energy dissipated by the as received and the 450 °C heat treated specimens, the
dissipation is generally greater in the as received specimen except at the highest stress level. At the
loading level where the maximum stress is the yield stress, both the monotonic tensile test curve for the

450 °C and the as received specimens show a similar gradual transition from elastic plastic behaviour
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(see Figure 9 (a)), whereas at heat treatments of 650°C and above there is a sharp transition from elastic
to plastic behaviour thus providing an explanation for their dissipation being the same at the highest

stress level.

5.3 Elastic-plastic cyclic loading

Under elastic-plastic cyclic loading where a part of the applied stress is above the initial yield stress, a
temperature increase such as in Figure 15 (a) is obtained. After an initial rapid rise in temperature (as
noted in [37]), it becomes linear again. This is more evident when represented as a heat source (See
Figure 15 (b)), where the rapid temperature rise is shown as the large peak in the heat source and as
temperature rise becomes linear, the heat source stabilises. In terms of microstructural evolution during
this loading, the peak in the heat source is caused by the increase in thermodynamic irreversibility due
the creation of new dislocations as plasticity occurs as explained in [6]. As the material hardens, the
heat source gradually stabilises — this accommodation signifies the drop in the contribution of plasticity

to the energy dissipated and the eventual return to fully viscoelastic behaviour [6].

As the applied stress is increased beyond the macroscopic yield stress, strain hardening occurs. An
example of the cyclic stress strain curve is given in Figure 15 (c). Although, it is difficult to discern the
incremental stress-strain curves the strain hardening process is evident, and is also noted in [38] for
displacement controlled tests on 316L stainless steel. However, under load control, the applied stress
remains constant, whereas the strain increases at every cycle due to the accumulation of plastic strain.
Even though the loop is open, an approximate plastic work per cycle is still obtainable from the stress-
strain data. Here, the plastic work obtained for the hysteresis loop is compared to the energy dissipated

for the specimens with different dislocation microstructures.

An approximate plastic work in a cycle could be obtained from the stress and strain data as follows [25]:

) ti+l‘p .
Wi = f 0épdt = Opgx gy (10)
t

i

where W, the plastic work in a cycle, i is the cycle number, t; is the time at the start of every cycle, t, is

the duration or period of every cycle, o' and Ag}, are the maximum stress and incremental plastic

max
strain for that cycle respectively. To be able to compare the plastic work in a cycle to energy dissipated,

the energy dissipated per cycle has to be first defined:
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G+t

Ep = [Spdt (11)

5

where E is the energy dissipated per cycle in units of J.m.cycle™. This then enables the comparison

of plastic work and the energy dissipated (see Figure 16). In comparing these quantities, it is important
to be aware of the wider context of energy balance [25]:

Wy, =W +W, = EL + E} (12)

where W,, is the input mechanical work, W, is the viscoelastic work, W, is the plastic work and Ej

is the stored energy.

The stored energy in equation (12) refers to the energy used to modify the material microstructure, i.e.
the energy used to create new dislocations. It follows that this term is only present when there is
plasticity. It could be said that the plastic work at the start of the test and at the end of the test is very
small (see Figure 16). As such, the amount of energy that is stored is also small. Hence, the energy
dissipated at these instances could be attributed to purely viscoelastic work. This then implies that the
final viscoelastic work is much higher compared to the initial viscoelastic work. This increase reflects

the fact that the dislocation density has increased from its initial level due to plastic straining.

Cyclic loading is applied with a maximum stress of approximately 1.2 oy (step 7 in Table 2) for
specimens A — E to achieve this cyclic hardening. However, the strain data was only recorded for
specimens A, D and E. The comparison of energy dissipation per cycle and its corresponding plastic
work during strain hardening is shown in Figure 16, Figure 17 (a), and (b) for the as received
(specimen A), grain growth (specimen E), and recrystallized (specimen D) specimens respectively.
Plastic work in all the three cases is always lower than the energy dissipated due to the significant
contribution from viscoelastic work. The difference between the plastic work and the total dissipated
energy increases as strain hardening occurs. This is because as the strain hardening progresses, the
dislocation density increases and therefore the viscoelastic work also increases bringing the energy
dissipated to a level much higher than the plastic work. The initial difference between the energy
dissipated and plastic work is not noticeable for the grain growth (specimen E - Figure 17 (a)) and
recrystallized (specimen D - Figure 17 (b)), as it could be seen from its corresponding fully elastic cyclic
loading results that the dissipation in those cases were generally low. This is not the case for the as
received specimen (specimen A - Figure 16) as there is a noticeable difference in the two quantities at

the start of cyclic loading. This is because of the higher initial dislocation density in the as received
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specimen compared to the other two specimens that then causes a significantly higher viscoelastic

dissipation.
5.4 Post-yielding behaviour

Finally, subsequent to hardening, the lower levels of stress were applied on the specimens to observe
the effect of plastic straining (steps 8 — 13 in Table 2). Once the specimen has yielded, fully elastic
loading at the same stress level as in the previous case was applied. It was found that all the specimens
dissipated more due to the increase in dislocation density through plastic straining (see Figure 18); this
is consistent with the findings of Connesson et al.[27]. The results demonstrate that the sensitivity of
the energy dissipation is such that even small changes in the microstructure due to plastic deformation

can be detected.

6 Conclusions

It was successfully demonstrated with a combination of suitable experimental setup and data processing
that the energy dissipation response of different microstructures of 316L obtained through heat
treatment was significantly different under fully elastic cyclic loading. The role of the experimental
setup which includes the novel chamber and the reference specimen as well as the data processing
procedure was paramount in reducing the detection threshold to a level where energy dissipation from
stresses below the yield stress was measurable. The sensitivity of the energy dissipation tests was
demonstrated using microstructures that were barely distinguishable in micrographs. The dissipative
source from five different heat treatments was clearly different, establishing that the approach has clear
benefits over traditional inspections for determining the condition of a material. The repeatability of the
approach was also established, albeit on only two practically identical specimens, confirming the

findings of previous work [4, 6, 25,27], and further demonstrating the applicability of the approach.

The methodology for establishing the dissipative source can be considered to be non-destructive in
nature as a measurable change in the dissipative source was established prior to the material yielding.
Hence, the technique has the potential to provide complementary material information after which it
can be subjected to other destructive characterisation techniques. Furthermore, the post-yield dissipative

heat source was also found to be very sensitive to the cyclic hardening process.

More importantly, the results are encouraging in that it shows that the energy dissipation could be
extended to assess more complex heterogeneous microstructures like that of a weld non-destructively.
However, as the material microstructure and condition in the proximity of a weld is non-uniform, a

suitable image processing procedure must be devised that provides the necessary thermal resolution
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without the need to conduct the spatial averaging used in the present paper; this is the focus of current
work.

7 Data Provision

Data supporting this study are openly available from the University of Southampton repository at
https ://doi.org/xxx.
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Figure 1 A schematic representation of temperature variation experienced in the first few cycles of
elastic cyclic loading where the cyclic temperaure variation is superimposed on an increasing
dissipative temperature rise.
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Figure 2 (a) Chamber in situ with the test machine (b) Exploded view of the chamber showing the
different parts and features of the chamber.
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(a) Specimen A - as received (b) Specimen B - 450 °C (c) Specimen C - 650 °C
20.0+1.8 um 21.2 +5.1 pm 21.3+£5.4 um

20 pm 20 pum
(d) Specimen D -900 °C (e) Specimen E - 1050 °C
19.4 +4.3 um 61.2 £6.2 um

Figure 8 Microstructure of the heat treated specimens: (a) Specimen A, (b) Specimen B, (c)
Specimen C, (d) Specimen D, (e) Specimen E, together with average grain size
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Table 1 Summary of Mechanical Properties

Specimen Tempoerature Dwell Time  0.2% Offset Yield Hardness S_tar_1dard
(°C) (hours) Stress, oy (MPa) (HV) Deviation (HV)
A As Received - 293 178 31
B 450 °C 1 298 176 1.5
C 650 °C 1 299 176 5.1
D 900 °C 0.5 275 165 11
E 1050 °C 1 205 146 5.3
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Figure 10 Maximum stress during the cyclic loading on the stress strain curve of the as received




Table 2 The sequence of applied loading for all test specimens

Applied Maximum Stress, omax _ Test Sequence

0.5 gy 1 8
0.6 oy 2 9
0.7 oy 3 10
0.8 oy 4 11
0.9 gy 5 12
1.0 oy 6 13
=1.2 gy 7
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Figure 11 (a) Temperature rise (b) Corresponding heat source shown to be above the detection

threshold under fully elastic cyclic loading (Specimen A - omax = 205 MPa)

34



1
)

Source (mK.s

10

Test 1
Test 2
Detection Threshold

NS

A4

Time (s)

(@)

Figure 12 (a) Stabilised heat sources from fully elastic loading (b) Temporal average of (a)

10

15

35

1
)

Source (MK.s

10

1
Test

(b)

2




0.02 [ i
___@  First As Recd. i
__ @ — Second As Recd. //
—~ 0.015 [ i
i
&
X
~ 0.01 [ ]
()
2
S
o
n
0.005 L ]
0L ]

/
Omax  Ty0.00

Figure 13 Comparison of the energy dissipated by two different specimens in the as received
condition

36



0.02

0.015
0.01
¢
=
Q
=
3
o
%]
0.005

Figure 14 Energy dissipated at increasing stress levels below the macroscopic yield stress for

As Recd
_._

_ _450°C
650 °C
_._._._.

900 °C

_ . _ los0°C

.5 0.6 0.7

e

\ O max

0.005

O-yO.Z%

0.004

0.003

0.002

0.001

-0.001

0.5 0.6 0.7

specimens A, B, C,Dand E

37



15

0.15 |
1 <
— 0.1 |
<
Py 0
5 X
@ @
o) (8]
% 05 [ g 0.05 — Heat Source
2 N . DtECtiON Threshold
0 . . 0
0 5 10 15 0 5 10 15
Time (s) Time (s)
(a) (b)
400

300 |

200 |

Stress (MPa)

100 |

0.5 1 15
Strain (%)

(©)

Figure 15 (a) Temperature rise (b) Corresponding heat source under elastic plastic cyclic loading
(Specimen A - omax = 350 MPa) (c¢) Simultaneously recorded stress strain curve of the elastic

plastic loading (Specimen A - omax = 350 MPa)

38



Energy per cycle (J.m

Initial

Viscoelastic work

Final

Viscoelasticjwork

2
1
0 |
0 100 200
Cycle No.

300

400

Figure 16 Comparison of energy dissipated and plastic work

39



X
— 6000 T | Energy Dissipated, E b — 2 . .
E Energy Dissipated, E b
o Plastic Work, W
2 5000 <@ Plastic Work,W
S ES
Q Q
o™
4000 ;
£ 3000 £
2 2
Q Q
O 2000 S
o o
g g
>, 1000 -
> >
9] 9]
C C
LLI 1 1 1 1 1 LLI 1 1 1 1 1
0 50 100 150 200 250 0 50 100 150 200 250
Cycle No. Cycle No.
(@) (b)

Figure 17 Comparison of plastic work to dissipated energy: (a) grain growth (specimen E) and (b)

recrystallized (specimen D)

40



Source (K.s

Source (K.s

0.04

0.03

0.05

0.04

0.03

0.02

0.01

As Received

® Before Yield
After Yield
— o —

O max

(@)

650 °C

O yo2m

@ Before Yield
— @ — After Yield

O max o

(©)

Source (K.s

0.2%

L /( ]
s
_ &
L §— ”r__.\- L
0.5 0.6 0.7 0.8 0.9 1

X

0.05

Source (K.s

Source (K.s

103 1050 °C

450 °C

0.04 L

©
o
@

o
o
N

o
o
s

0.025

0.02

0.015

0.01

0.005

@ Before Yield
— @ — After Yield

0.8

0.7

/
Omax 0. ¥0.2%

(b)

900 °C

— @ Before Yield
— @ — AfterYield

.
-
%
'>—~‘/;,_,/o/.
0.5 0.6 0.7 0.8

/
T max UyO.Z%

(d)

— @ Before Yield

| — @ — After Yield

/
O max Uy0.2%

(€)

41




Figure 18 Comparison between the energy dissipated before and after yielding for: (a) Specimen A
- as received, (b) Specimen B - 450 °C, (c) Specimen C - 650 °C, (d) Specimen D - 900 °C, (e)
Specimen E - 1050 °C
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