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ABSTRACT. This work is devoted to the comparative analysis of three
techniques for measurement of energy dissipation in metals under fatigue
crack propagation: use of original contact heat flux sensor, post-processing of
infrared thermography data and lock-in thermography. Contact heat flux
sensors allow real-time recording of heat source values. Non-contact
temperature measurements by infrared thermography techniques make it
possible to calculate the heat source field on the specimen surface by solving
a heat conductivity equation. Lock-in thermography is a well-established
technique for measuring energy dissipation under cyclic loading conditions
based on the analysis of the second harmonic amplitude of the thermal signal.
This paper describes the results of the experiments with V-notched flat
specimens made of stainless steel AISI 304 which were subjected to cyclic
loading. It was shown that the values of energy dissipation estimated by
different techniques are in good qualitative agreement. Contact and non-
contact measurements can be used for investigation of energy dissipation
either separately or in combination. Based on the measurements, the power
dependence of fatigue crack growth rate on dissipated heat near the crack tip
can be obtained.
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INTRODUCTION
ne of the key problems of fracture mechanics and strength analysis is to predict the fatigue life of cracked parts
of engineering constructions subjected to cyclic loading. The fatigue crack growth well correlates with energy
dissipation at the crack tip [1-25]. Different experimental approaches focused on the experimental study of the
dissipated energy are described in the literature.
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One of the techniques is based on the application of original Seebeck effect-based contact heat flux sensor, which ensures
the quantitative integral heat flow values in some area near the crack tip. Such methodology was originally used for
studying energy dissipation in liquid flows [3] and the failure of metals |2, 4].

The second method for heat flux estimation involves analysis of temperature distribution measurements obtained for the
specimen surface by means of infrared (IR) thermography. Plastic strain-induced heat sources were calculated by solving
the volume-averaged heat conduction equation. The main difficulties associated with application of the second technique
can be attributed to the necessity to differentiate strongly oscillating signals and to determine the parameters responsible
for the interaction between the specimen and the external environment. Nevertheless, IR thermography data are widely
used to gain deeper insight in the process of plastic deformation and fracture of metallic materials [5-10].

It was shown in [11, 12] that the results of contact (heat flux sensor) and non-contact (IR thermography) measurements of
energy dissipation during irreversible deformation agree well.

The third, lock-in thermography, method provides space-resolved measurements, extracts thermoelastic information
directly from the thermal signal [13] and investigates energy dissipation using the double frequency method proposed by
Sakagami [14]. Lock-in thermography is employed to detect crack initiation and propagation in structural materials using
thermographic mapping [15-25].

In this study, we have shown that the energy dissipation values measured by the thermography techniques are in good
qualitative agreement with the results obtained by the method in which contact heat flux sensors are used. This provides
evidence that contact and non-contact measurements can be used either separately (fast assessment of the material state at
different loading stages) or in combination (verification of the heat source value and estimation of its distribution over the
material surface).

EXPERIMENTAL

cyclic loading at a frequency of 10 Hz (constant stress amplitude 12 kN and stress ratio R = 0). Fig. 1 shows the
geometry of the specimens and the experimental setup scheme. The chemical composition of the material
examined is given in Tab. 1.

ﬁ series of tests were performed on V-notched flat specimens made of stainless steel AISI 304 and subjected to

C Cr Fe Mn Ni P S Si

0.08 18-20 66.34-74 2 8-10.5 0.045 0.03 1

Table 1: Chemical composition (wt. %) of stainless steel AISI 304.
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Figure 1: (a) specimen geometry; (b) schematic of the measuring equipment: 1 — test specimen, 2 — grips of the testing machine, 3 —
contact heat flux sensor, 4 —potential drop measuring setup to monitor the crack length, 5 — infrared camera; (c) photo of the
specimen and the measuring equipment.
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Specimens were cyclic loaded in a servohydraulic testing machine Instron 8802. The potential drop technique was used to
measure and characterize the crack propagation process [26]. Crack sizes in a steel specimen were predicted by applying a
constant direct current or an alternating current to the specimen and by measuring an increase in electrical resistance due
to the crack propogation.

To analyze the energy dissipation at the crack tip during mechanical tests, we have used the Seebeck effect-based heat flux
sensor. In order to improve the heat flow, a heat-conductive paste was applied to the specimen surface beneath the
sensor. The evolution of the temperature field was recorded with an infrared camera FLIR SC 5000. The features of the
IR camera are as follows: the spectral range of 3-5 um, the maximum frame size is 320X256 pixels, the spatial resolution is
104 meters, and the temperature sensitivity is in the range from 25 mK to 300 K. The camera was calibrated based on the
standard calibration table. The application of the LIRSC5000 MW G1 F/3.0 close-up lens (with distortion less than 0.5%)
made it possible to investigate the plastic zone in detail.

The specimen surface intended for infrared shooting was polished in several stages and coated by a thin layer of
amorphous carbon to improve the surface emissivity. Specimens were tested and monitored by means of the infrared
camera in order to acquire thermographic sequences during tests at regular intervals (1000 cycles each).

DIRECT HEAT FLUX MEASUREMENT TECHNIQUE

he heat flux measurement technique relies on the use of Seebeck effect-based contact heat flux sensor [2]. The
heat dissipated by specimens is directly proportional to the current intensity and the time it takes for the current to
pass through the specimens:

P=I1,I )

where P is the heat flux power (W), I is the direct current (A), and IT ,, is the Peltier coefficient (V), which is related
with a coefficient of thermal electromotive force.

Structurally, the sensor comprises two Peltier elements ("measuring” and "cooling"), thermocouples, and a radiator. To
measure the heat flow through the "measuring” Peltier element during the experiment, the temperature on its free surface
is kept constant. The cooling Peltier element caulked with a radiator was connected with the "measuring” Peltier element.
This cooling system has feedback and is controlled based on two temperature sensors located between "measuring” and
cooling Peltier elements and far from the studied specimen in the zone with constant temperature. The heat flux emitted
from the specimen surface passes through the heat flux sensor. The sensor was fixed on the specimens by applying
thermal paste and then pressed against the spring to provide the necessary thermal contact. The negligibility of heat
dissipation which was caused by sensor — specimen friction was experimentally proved [2]. The signal from the flux sensor
was measured by the amplifier and registered in the ADC of the microcontroller. Then the data were transmitted to
personal computer for further processing. The sensors were calibrated using a device with a controlled heat flux.

INDIRECT HEAT FLUX MEASUREMENT TECHNIQUE

Estimation of the heat sources field based on the heat conductivity equation
o calculate the heat source field induced by plastic deformation, we use heat conduction Eqn. (2) for processing
the obtained infrared thermography data:

e 0T (x, y,21)

2 2 2
: 0 T(XJZJ,W) N 0 T(X)J;%f)+a T(X)J)%f)] )
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whete T(x, §,3,¢) is the temperature field, p is the material density (kg/m3), ¢ is the heat capacity (J/(kg'K)), & is the
heat conductivity (W/(m'K)), O(x, 3,3,7) is the heat source field, x, 3,z are the coordinates, and # is the time.

The IR camera allows one to register the temperature distribution only over the specimen surface that is the reason why
Eq. 2 has to be averaged over the z-coordinate (thickness).
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Difference 0'(x;, 5,¢) between the averaged specimen temperature T(x; 3,%,#) and the initial specimen temperature in the

thermal balance with the environment T}, is defined as:

h/2
0'Cs p) = [ (Teo 2= T)dz=005 50~ T, ©

—h/2

where 4 is the specimen thickness.
The following boundary conditions are considered:

8T(X,y,z,z‘)| :_8T(X,y,z,t)|
Ox L:/é 0z |z=f/i
2 4
0T (x, 1,7,7) p7 (
e I RO RS %
28 z=§ —h/2

where g is the heat exchange coefficient in perpendicular direction to the specimen surface. One boundary condition

describes the symmetry of the heat source, whereas the second boundary condition is responsible for the heat exchange of
the specimen with the environment.

Therefore, integrating Eq. (2), considering expressions (3) and boundary conditions (4), we obtain relation (5) to estimate
the heat source field caused by irreversible deformation:

: O(x -T
Gutiry=pe By + DR ) g, .1 ®)

where 7 is the time constant, which is related to the heat losses [27, 28]. The parameter 7 was measured before each test
by the additional experimental procedure of specimen cooling after pulse point heating. The identification process
consisted in estimating the time derivative and the Laplacian of the temperature function if there was no internal and
external heat source on the specimen during its cooling. For steel AISI 304, the value of parameter 7 amounted to 10 sec.
The numerical finite-difference scheme of Eqn. (5) applied to the IR thermography data allows one to investigate the heat
source evolution on the specimen surface. To calculate the heat sources from the noisy temperature fields, the procedure
of the movement compensation and filtering of infrared data was performed. These algorithms are described in detail in

[

Estimation of the dissipated energy based on the lock-in thermography

Energy dissipation can be estimated by applying the lock-in thermography technique. Lock-in thermography is based on a
correlation in frequency, amplitude and phase of the detected signal with a reference signal coming from the loading
system. Temperature variations on the specimen surface are monitored with the IR camera during mechanical tests. The
evaluation of the dissipated energy is based on post-processing of the recorded thermal data using the Discrete Fourier
Transformation (Eq. 6) and performed for each pixel of the recorded frames.

T(#)=T,+T, sin(27f, -1+ @, )+ Ty -sin(2- 27 f; -1+ @, )+ D(2) (©)

where T, is the mean temperature, f; is the mechanical loading frequency, @ and ¢, are the phase shifts, Ty is the
thermo-elastic amplitude (E-mode), T, is the plasticity effect amplitude (D-mode), and @(#) is the noise of the

temperature signal.

It was shown that in case of plastic deformation the second mode coupled with the double loading frequency (D-mode)
correlated with the dissipative energy [14].

Eq. (0) is integrated in the algorithm of Altair LI software. For each analysed sequence of IR frames, the evaluation
provides an amplitude and a phase image for different modes.
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RESULTS AND DISCUSSION

n order to compare the heat flux sensor results and the results of thermography measurements, we have studied the

temperature evolution in a small rectangular area which covered all temperature fluctuations near the crack tip. The

size of the area coincides with heat flux sensor dimensions.
A compatison of the results obtained by contact sensor and the infrared thermography data (heat conduction Eqn. (5))
during crack propagation tests is illustrated in Fig. 2. The heat flux sensor allows measurement of the integral heat flux
only. The infrared thermography technique was used to obtain the image of temperature distribution and the field of heat
source distribution in the crack tip region. To compare the IR results with the data of the contact sensor, we integrated
the heat source field over the space equal to the size of contact sensor. Fig. 2a presents the characteristic curve describing
the heat flux variation during the fatigue tests: solid line - heat flux measured by the contact heat flux sensor, squares -
heat flux measured by the infrared thermography technique.
Three zones were identified on the heat flux curve during the crack propagation experiment. The short initial increasing
zone corresponds to the crack initiation stage. The second zone with a constant heat flux corresponds to the steady state
crack growth stage. The last zone is characterized by a sharp increase in heat dissipation and is ended with specimen
failure. It can be seen that the power heat source detected by the contact sensor and determined on the basis of IR
thermography data (Eqn. (5)) ate in good quantitative agreement throughout the test.

Figs. 2b,c present the relation between the heat flux power( Q) and crack growth rate (d” d]\T) for the stainless steel AISI

304 specimen. The power law relation for predicting the fatigue crack growth is determined as follows:
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Figure 2: (a) IR-thermography data and heat flux sensor measurements; (b) heat flux power during crack propagation experiments; (c)
relation between heat flux power and crack growth rate for the stainless steel AISI 304 specimen.

The obtained results led us to conclude that the techniques applied to estimate heat dissipation on the basis of contact and
non-contact measurements can be used in engineering practice for fatigue crack growth predictions.Let us now consider
the possibility of using lock-in thermography to predict fatigue crack growth. With the Altair LI software it is possible to
calculate the resulting amplitude of temperature variations (amplitude image) and the distribution of phase shifts between
the thermographic signal and the mechanical loading (phase image) for the E-mode and D-mode, respectively (Eq. 6). As
shown by Bremond [13], the D-mode provides information about the dissipated energy. The values of the amplitude
related to the double loading frequency were determined. Fig. 3a shows the results of the normalized lock-in
thermogtaphic and the heat flux sensor measurements of the crack propagation experiment with a constant force exerted
on the stainless steel AISI 304 specimen. For normalization of lock-in thermography data, a scaling factor was used. We
assume a linear relationship between each point of thermography data and the results of the contact heat flux sensor. The
scaling factor is computed for one point as the ratio of the power of heat source obtained by contact sensor to the value
of D-amplitude. Then the values of D-amplitude at other time moments are multiplied by a scaling factor. For steel AISI
304, the value of scaling factor amounts to 0.32. It can be seen that the dissipated energy measured by lock-in

wu
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thermography and the heat flux sensor are in good qualitative agreement over the high heat dissipation period. The
averaged D-Amplitude values are rising with loading cycles what caused by processes in front of the crack tip.

The D-amplitude behaviour and, in particular, its increase are similar to that of the crack growth rate. Therefore, the value
of the D-mode amplitude can be used to describe crack propagation.

Figs.3b,c present the relation between D-mode variation and crack growth rate for the stainless steel AISI 304 specimen.
The power law relation is determined as follows:

b/ s’ 0

where §, is the maximum amplitude of the thermal signal that changes at the double of loading frequency.
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Figure 3: (a) lock-in thermography data and heat flux sensor measurements; (b) heat flux during crack propagation experiments; (c)
relation between second order temperature variation and crack growth rate for the stainless steel AISI 304 specimen.

Analysis of the results has revealed that lock-in thermography can be used for evaluating the crack growth rate. It is
interesting that the fatigue crack growth can be described by the D-amplitude signal in very similar to the Paris Law.

CONCLUSION

R-thermography data, lock-in thermography data and heat flux sensor measurements were used to investigate energy

dissipation under fatigue crack propagation in stainless steel AISI 304. Comparison of the obtained results

demonstrates that they are in good qualitative agreement. At the scaling factor of 0.32 the heat flux sensor results
coincide quantitatively with the lock-in thermography data. The thermographic and heat flux sensor measurements
showed an increase in the energy dissipated ahead of the crack tip with increasing crack growth rate. The measured energy
dissipation values can be used to determine a linear correlation between these two parameters.
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