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Abstract

This paper is devoted to application of infrared thermography to study heat dissipation at crack tip with a goal to
derive an energy based fatigue crack propagation law. During experimental work, metallic specimens with three types of
geometries were investigated. To verify the results of heat souses calculation carried out based on infrared
thermography data the original heat flux gauge was used. According to the obtained data two different stages of crack
propagation could be distinguished for all studied samples. Based on it we derived two relations between crack rate and
heat dissipation rate for both stages.

1. Introduction

Nowadays it is well known that the process of fatigue crack propagation in metals is accompanied by the
formation of the areas of monotonic and cyclic plastic deformation. The intense strain localization in these areas leads to
the noticeable temperature perturbation at crack tip. The infrared thermography (IRT) is used more than thirty years for
estimation of linear fracture mechanics parameters (for instance, stress intensity factor (SIF)) and forecast the crack rate
based on value of SIF (Paris’s law). But from physical point of view the application of the SIF to describe the fatigue
crack rate in metals requests the small scale yielding assumption. The possibilities of IRT are significantly wilder than
thermal stress analysis and allow one to study the heat dissipation caused by plastic deformation.

Many authors [1-3] have proposed alternative approach to determine the crack rate as a function of J-integral or
plastic deformation zone size or the value of dissipated energy, etc. The use of the energy approach in the description of
fatigue crack propagation originates in [4-11]. One of the most detailed descriptions of energy balance at the fatigue
crack tip was proposed in [11]. A similar relation was obtained in [12] where the law of crack propagation was derived as
entropy production in the system written as product of driving force responsible for the translational mode on the
corresponding thermodynamic flow. In [13], the authors experimentally demonstrated the relationship between the work
of plastic deformation and the change in the stress intensity factor. Based on the assumption that most part of this work
is converted into heat they derived the fatigue crack propagation law.

Deriving of relations based on analysis of energy balance ahead of a crack tip requires the development of simple
technique to obtain data of heat dissipation rate (or, in the best case, stored energy rate) and crack growth rate directly
from fatigue test. It could allow one to classify the stages of crack propagation and to monitor the state of materials on
the base of energy approach. Infrared thermography can be considered as such technique but It application requests a
data treatment with goal to estimate the power of heat dissipation. In this work the original contact heat flux gauge was
developed to detect energy dissipation value during crack propagation and verify the data of infrared thermography. This
gauge is based on the Seebeck effect and includes two Pelietier elements and temperature controlling feedback. This
gauge allows us to study in details a dissipated energy evolution in metal samples (AlSI304 and titanium alloy Ti-0.8Al-
0.8Mn) with three different geometries and support propose a relations between heat dissipation and fatigue crack rate.

2. Materials and experimental conditions

Experimental study of heat dissipation was carried out on the plane specimens of titanium alloy Ti-0.8Al-0.8Mn
and stainless steel AISI304. The specimen geometries are presented in Figure 1 (type a — titanium alloy specimens; type
b and c — stainless steel specimens). All sizes are presented in millimeters.

CT (Compact Tension) specimens (Figure 1a) were studied under fatigue conditions with stress ration R=0.1 and
loading frequency 10 Hz. Experiments were carried out on servo-hydraulic testing machine Instron 8802 under
constant loading amplitude of 2.5 and 3 kN. Crack length was measured by crack opening displacement
(COD) gauge 2670-116. These experiments were carried out in collaboration with Laboratory of physics of strength of
materials and intelligent diagnostic systems, Togliatti State University (Togliatti, Russia).

Fatigue test also was performed on SEN (Single Edge Notched) specimens (Figure 1b) under constant loading
amplitude of 8.5 and 8.8 kN. Experiments were carried out on servo-hydraulic testing machine with a DOLI EDC 580
controller at a frequency of 20 Hz and stress ratio R=0. Crack length was measured by potential drop method (PDM).
Experiments on this type of specimens were carried out in collaboration with University of the Federal Armed Forces
Munich (Neubiberg, Germany).
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Specimens of dog bone shape with a central hole (Figure 1c) were studied under cyclic loading conditions (R=-0.03)
with loading amplitude decreasing from 17 to 13 kN with step of 2 kN. Cyclic loading was stopped when heat flux started
to growth then loading amplitude was decreased and experiment was continued. Loading frequency was 10 Hz. PDM
was used to measure crack length during mechanical test. Mechanical tests were carried out using a 100 kN servo-
hydraulic machine Bi-00-100.

=

1

80
ol|lo

40 1
7 |

a) b) c)
Fig. 1. Geometries of studied specimens: a) titanium alloy specimens; b) and c) stainless steel specimens

The surfaces of the specimens were polished in several stages by the abrasive paper (at the final stage of polishing
the grit size does not exceed 3um). Before starting the experiment the polished surface was covered by a thin layer of
amorphous carbon. The temperature evolution was recorded with frequency in ten times higher than loading frequency.
The spectral range was 3-5 um, the spatial resolution is 10 meters. Calibration of the camera was made based on the
standard calibration table. It was used FLIR SC5000 MW G1 F/3.0 close-up lens (distortion is less than 0.5%) to

investigate the plastic zone in details.
} Signal 5

Amplifier

ADC | ©

Fig. 2 Principal scheme of experimental setup.

The feature of this work is additional using the original contact gauge of heat flux which is described in details in [14].
This gauge consists of two Peltier elements. One of them plays a role of heat stabilizer. Another one is used for
measuring of potential drop U (in Volts) which appears because of the temperature difference between plates of Peltier
element. Dependence between potential drop in Volts and heat flux in Watts is linear and it is determined by calibration
function which is defined from calibration experiments with heat flux gauge. Contact gauges of heat flux with specific
sizes were manufactured for each type of geometries. To provide a good thermal contact the specimen surface under
heat flux gauge was coated by thermal paste.

1. Experimental results

At the beginning of data processing procedure, the first frame was subtracted from the film to eliminate the influence
of infrared radiation from the camera lens on the determined temperature field. Due to the relative motion of the
specimen with crack and infrared camera lens under cyclic tests, there is the problem of motion compensation in order to
obtain the correct temperature data at a given point on specimen surface. Compensation of relative motion was made
based on the algorithm described in details in [15]. The main idea of this algorithm is the selection of marker-zone on the
studied surface and searching this area on the surface in each next time step. Farther, displacement of each point on the
surface is calculated for each time step. As a result of data processing, we obtained the temperature increment field
(Figure 3) based on which the heat sources field was determined.
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Fig. 3. a) Infrared image of the sample with crack before data processing and b) obtained temperature
increment field, c) heat power field near the crack tip.

To calculate the specific power of the heat source, we have used a finite difference scheme of the equation for heat
sources evolution

s=pc(T +IJ—kAT,
T

where T — temperature, p — density, ¢ — heat capacity, k — heat conductivity, s — unknown specific power of the heat

source, T — constant related to the losses of heat by heat exchange with the surroundings.

Figure 3c presents heat distribution at crack tip. The calculation of heat distribution from infrared data requests a lot
computing time and it is not applicable for long fatigue test. As a result we used the heat source calculation for control of
contact sensor data and record the energy dissipation evolution based on contact heat flux sensor.

Figures 4-6 show data typically obtained in experiment for all types of investigated geometries and metals: heat flux

and crack length versus time and crack growth rate versus range of stress intensity factor (SIF).
Despite of different testing conditions and different studied materials obtained data of heat flux show approximately

the same evolution. So that, heat dissipation process associated with crack growth could be divided into two parts
(stages) which are indicated by blue and black colors in Figures 3-5. The first one corresponds to the approximately
constant value of heat flux and small changes of crack length. The second one is characterized of avalanche growth of

heat flux and significant changes in crack length.
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Fig. 4. Experimental data for CT specimens of titanium alloy Ti-0.8Al-0.8Mn (Figure 1a): a) heat flux during fatigue test;
b) crack growth rate versus range of SIF; c) crack length during fatigue test
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Fig. 5. Experimental data for SEN specimens of stainless steel AlISI304 (Figure 1b): a) heat flux during fatigue test; b)
crack growth rate versus range of SIF; c) crack length during fatigue test
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Fig. 6. Experimental data for specimens of dog bone shape with a central hole of stainless steel AlSI304 (Figure 1c): a)
heat flux during fatigue test; b) crack growth rate versus range of SIF; c) crack length during fatigue test

It should be noted that significant changes in heat flux begins approximately on middle of linear part of Paris curve.

We can assume that irreversible changes in materials with fatigue crack are started earlier than it can be observed using
Paris law, but these changes are reflected on heat dissipation in crack tip area what can be detected by heat flux gauge.

4. Processing of experimental data

To compare two stages of crack propagation about which was said above, experimental data were normalized as it is
shown in expression (1).

Ql":rlnlax_Qla1 min ’ QZ, = Qn?ax_Q2 min ’AKi’ :%’ i:172 (1)
Qlal _Qlal Qz _Qg AKI —AKi

Qlall =

where Q, a and K are heat flux, crack length and stress intensity factor, respectively. Indexes indicate stages of heat
dissipation process.
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Fig. 7. The dependence between crack growth rate and normalized data of heat flux multiplying by crack length on the
first stage of dissipation process (a) and normalized data of heat flux on the second stage of heat dissipation (b); ¢ —
comparison of normalized data with curve of fatigue crack growth. Data obtained on CT specimens
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Fig. 8. The dependence between crack growth rate and normalized data of heat flux multiplying by crack length on the
first stage of dissipation process (a) and normalized data of heat flux on the second stage of heat dissipation (b); ¢ —
comparison of normalized data with curve of fatigue crack growth. Data obtained on SEN specimens
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Fig. 9. The dependence between crack growth rate and normalized data of heat flux multiplying by crack length on the
first stage of dissipation process (a) and normalized data of heat flux on the second stage of heat dissipation (b); ¢ —
comparison of normalized data with curve of fatigue crack growth. Data obtained on specimens of dog bone shape with a
central hole

Normalization (1) was applied to all experimental data. The goal of this data processing was to find the character of
dependence between crack growth rate and heat flux and to compare it with standard Paris law.

Results of data processing are presented in Figures 7-8. Figures 7a, 8a, 9a and Figures 7b, 8b, 9a illustrate
corresponding values of Q1a1 and AK1 (Stage 1), Q2 and AK2 (Stage 2) for each types of geometries. Figures 7c, 8c
and 9c demonstrate approximately linear dependence between crack growth rate and normalized values from
expression (1).

The results presented in Figures 6-8 exhibit the linear relation for both regimes of crack propagation. The classical
Paris regime of crack propagation can be divided into two regimes with different kinetics of energy dissipation. During

5]
first regime the crack rate is linear function of crack length and power of heat dissipation (% ~ Qlal). The second

regime is characterized by generally expected linear relation between crack rate and power of heat dissipation
% o),
N 7

5. Results

As a result of experimental program it was shown that in the Paris regime the heat dissipation at the crack tip can be
divided into two regimes. The first one is characterized by the constant value of heat dissipation form the crack tip. The
second regime corresponds to the avalanche-like rise of heat flux. The analysis of experimental data shows:

0
— under the first regime the crack rate is linear function of crack length and power of heat dissipation (6% ~ QlaiJ ;

oa

— under the second regime the crack rate is linear function power of heat dissipation (G_NZ ~ sz .

These results were confirmed by the experiments with different materials and with different specimen geometries.

The physical reason for these results could be the different mechanisms determining the crack propagation at various
stress range. The results could allow one to use the value of the heat flux in crack tip area as an alternative way to
estimate the crack growth rate independent on loading conditions
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