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Abstract

This work is devoted to the comparative analysis two approaches for investigation of energy dissipation in metal
under fatigue crack propagation. The flat specimens with V-shaped stress concentrators from steel 304 AISE and titanium
alloy Grade 2 were tested. The dissipated energy was measured using both original contact heat flux sensor and IR camera
FLIR SC5000. The results of IR monitoring were analysed with a goal to estimate the amplitude of second temperature
harmonics (D-mode). As a result of the study, we have shown that the dissipated energy values estimated by both methods
have a good qualitative agreement. The measured values allows us to propose a correlation between the crack rate and
dissipated energy for predicting the fatigue crack growth.

1. Introduction

One of the actual problems of the fracture mechanics is the forecast of lifetime of cracked metal parts of
engineering constructions subjected to the cyclic loading. The process of fatigue crack propagation in metals is
accompanied by intense strain localization in areas of monotonic and cyclic plastic deformation leads to the temperature
perturbation at crack tip. Many authors investigated the correlation between crack propagation rate and intensity of energy
storage and dissipation processes [1-20] and showed that the dissipated energy plays a key role in the crack growth. From
experimental point of view, the dissipated energy is well-measured value and could be estimated by different experimental
techniques.

One of them is based on the application of original contact measurement system based on Peltier elements that
allows providing quantitative integral values of heat flow in some area near crack tip. Such methodology was originally
used for studying the energy dissipation under liquid flow [3] as well as the failure of metals [2, 4].

The second way for calculated of the power of the heat flow based on the analysis of evolution of the temperature
field on the specimen surface by means IR thermography data. Heat sources field calculation is carried out with the using
of heat conduction equation averaged on volume. This calculation is usually associated with the need to differentiate
strongly oscillating signals and to determine the parameters responsible for the interaction of the specimen with
environment. The IR data widely used to gather information for a better understanding of plastic deformation and fracture
of metallic materials [5-10].

In works [11, 12] shows the satisfactory agreement of the results contact (heat flux sensor) and non-contact (IR
thermography) measurements of dissipated energy during irreversible deformation. Proved the possibility using of these
measurements in a combination (to verify the heat source value, its distribution over the material surface and heat
exchange conditions for specimen and environment) or separately (as an express method to evaluate material conditions
at different stages of loading).

The third way is Lock-in thermography that allows space-resolved measurements and directly evaluate of elastic
stress fields according to the thermo-elastic effect [13] and the investigation of dissipative energies with the double
frequency method proposed by Sakagami [14]. The determination of dissipated energy is used to evaluate the crack
initiation as well as effects in crack propagation experiments [15-20].

In this study, we have shown that the dissipated energy values estimated by Lock-In thermography technique and
contact heat flux sensor have a good qualitative agreement.

Both techniques could be applied for quasi-static and cyclic loading. The study of quasi-static loading allows us
to show that the stored energy rate peaks on the initial stage of plastic deformation and vanishes at developed plastic flow
while the value of the stored energy reaches a certain critical value that means that materials prepared to the failure. The
focus of this work is cyclic loading. The measured values dissipated energy under cyclic loading allows us to determine a
linear correlation between the crack rate and dissipated energy (value of amplitude of second temperature harmonics) for
predicting the fatigue crack growth.

2. Experimental details

A series of V-notched flat specimens made from stainless steel AISE 304 and titanium alloy Grade 2 were tested
in a servohydraulic testing machine Instron 8802 and electro-mechanical testing machine Shimadzu AG-X Plus. During
crack propagation experiments the specimens were subjected to cyclic loading at a frequency 10 Hz with constant stress
amplitude and R = 0. For crack length measurement the DC potential drop method was used [21].
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To analyse the heat flow power at the crack tip the Seebeck effect-based heat flux sensor developed in previous
study was used [2]. To enhance the heat flow, a heat-conductive paste was applied between the sensor and the specimen.

The evolution of the temperature field was recorded in some time intervals by an IR camera FLIR SC 5000. IR
camera has the following features: the spectral range of 3-5 pm, the maximum frame size is 320x256 pixels, the spatial
resolution is 10 meters. The temperature sensitivity is in the range from 25 mK to 300 K. Calibration of the camera was
made based on the standard calibration table. The surface of the specimens intended for infrared shooting was polished
in several stages and coated by a thin layer of amorphous carbon to enhance the emissivity.

The thermography sequences with a length of 10 s at a frame rate 100 Hz were recorded and after analysed with
the infrared imaging software suite Altair LI.

The geometry of specimens and experimental setup are shown in Fig. 1-2, dimension are reported in mm. In table
1 are presented chemical composition for both materials.

Table 1. Chemical composition of materials.

Grade 2, %
Fe C Si N Ti 0 H Other
0.25 0.07 0.1 0.04 99.24-99.7 0.2 0.01 0.3
AISE 304, %
C Cr Fe Mn Ni P S Si
0.08 18-20 66.34-74 2 8-10.5 0.045 0.03 1
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Fig. 1: Geometry of specimens.

Fig. 2: Experimental setup used for testing.

3. Heat flux sensor measurements

To analyse the energy balance at the crack tip a contact heat flux sensor was used [2]. The proposed sensor is
based on the Seebeck effect, which is the reverse of the Peltier effect. The contact heat flux sensor is attached to the
specimen during all mechanical test. To enhance the heat flow a heat-conductive paste was inserted between the sensor
and the specimen. The quantity of heat absorbed or dissipated by the element is directly proportional to the current intensity
and the time of its passage:
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P=IIl, @

where P - the power of heat flow, | - the direct current, I1,, - Peltier coefficient, which is related with a coefficient of

thermal electromotive force.

The signal from the flux sensor is measured by the amplifier and registered in the ADC of the microcontroller. The
data are transmitted from the microcontroller to the personal computer for further processing. Sensors were calibrated
using a device with a controlled heat flow. The heat insulating system provides the heat flow from the resistance to the
sensor only. The heat flow was calculated using the values of the resistor voltage and the electric current across the
resistor.

4. Lock-in thermography measurements

The dissipated energy can be estimated by Lock-in thermography. 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. The
evaluation is based on a Discrete Fourier Transformation (Egn. 2) and performed for each pixel of the recorded frames. It
was shown that in case of plastic deformation a second mode coupled with the double loading frequency appears (D-
mode) and correlated with dissipative energies [14]. For each analysed sequence of frames, the evaluation provides an
amplitude and a phase image for the different modes.

T(t)=T,+Te-sin(27f -t+g.)+T,-sin(2-2zf_-t+g,). @

where T - mean temperature, f - mechanical loading frequency, ¢.and ¢, - phase shifts, T_ - thermo-elastic
amplitude (E-mode), T, - plasticity effects amplitude (D-mode).

Eq. (1) is integrated in the algorithm of Altair LI software, providing an image in data matrix form for each constant
parameter. In figure 3 the resulting D-amplitude images of the lock-in evaluation of an experiment with a constant stress
amplitude and a crack length of about 7 mm for both materials are shown. The D-amplitude image shows the plastic zone
in front of the crack tip.
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Fig. 3: D-Amplitude image of a specimens loaded with a constant stress amplitude for (a) Grade 2, (b) steel AISE
304.

5. Results

To compare the heat flux sensor results and the results of Lock-in thermography measurements were have
studied the temperature evolution in small area covered all temperature fluctuation near crack tip. The mean values of the
amplitude coupled to the double loading frequency (D-mode) was determined using t Altair LI software. Figure 4 shows
the results of the normalized thermographic and the heat flux sensor measurements of a crack propagation experiment
with a constant force for stainless steel AISE 304 and titanium alloy Grade 2 specimens. Result of measurements of the
heat flux during the experiment by contact sensor can be divided into three parts. Short initial increasing part corresponds
to starting of crack propagation. The second part with constant heat flux corresponds to the regime of short crack
propagation. The last part of the plot is characterized by sharp increasing of heat dissipation. During this part we observe
the long crack propagation process. It can be see that the dissipated energies measured by both methods have a good
qualitative agreement for period with high heat dissipation. For both investigated materials, the averaged D-Amplitude
values are rising with loading cycles what can be caused by processes in front of the crack tip.
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The D-mode amplitude is correlated to the energy of irreversible process and increases toward loading cycles.
The same behaviour have the crack rate toward loading cycles. Therefore, the value of D-mode amplitude measurements
can be used for describing the crack propagation. In figures 5, 6 relation between D-mode variation and crack growth rate
for both materials are presented. A linear relation can be determined between parameters and can be used for predicting

d%N =as’,

where Sd — the maximum amplitude of the thermal signal that changes at the double of loading frequency.

the fatigue crack growth:
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Fig. 4: Results of thermographic and heat flux sensor measurements for (a) Grade 2 specimen of an experiment with

a constant force of F=5 kN, (b) steel AISE 304 specimen of an experiment with a constant force of F=6 kN.
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Fig. 5: Relation between amplitude double load frequency and crack growth rate for (a) Grade 2 specimen of an
experiment with a constant force of F=5 kN, (b) steel AISE 304 specimen of an experiment with an constant force of

F=6 kN
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Fig. 6: Relation between second order temperature variation and crack growth rate for (a) Grade 2 specimen of an
experiment with a constant force of F=5 kN, (b) steel AISE 304 specimen of an experiment with an constant force of
F=6 kN.

6. Conclusion

The thermographic and heat flux sensor measurements for estimation of dissipated energy and predicting the
fatigue crack growth were used. A good qualitative agreement between values dissipated energies measured by both
methods was obtained. With increasing the crack length the thermographic and flux sensor measurements showed an
increase of the dissipated energies measured in front of the crack tip. The measured values dissipated energy allows us to
determine a linear correlation between the crack rate and dissipated energy (value of amplitude of second temperature
harmonics).
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