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Abstract

In this work, the behaviour of two cracked stainless steel AISI 410 and C3FM was studied by means of a new procedure based
on thermographic methods. A temperature model in time domain was considered in order to obtain information about the first and
the second order harmonic of the temperature signal. Interesting results were obtained in term of possibility to describe the plastic
phenomena at the crack tip.
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1. Introduction

The study of the behaviour of cracked materials subjected to dynamic loading implies the knowledge of both the
stress intensity factor (SIF) and the crack growth rate (da/dN) Paris et al. (1963), Ritchie (1999). In this regard, these
parameters can be obtained by use of conventional methods according to Standards (ASTM, 2004), by means of
experimental and non-destructive techniques. In particular, the most widely diffused methods used for the monitoring
and the measurement of crack growth rate are microscopy, extensometry, ultrasound, X-ray and DIC (Digital Image
Correlation), Réthore et al. (2012).

Saka et al. (1998), proposed a non-destructive method for evaluating a 3D surface crack based on a magnetic field
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induced in the air by DC current flow in materials. This method requires two probes for application of the DC current
and cracks have to be extremely small in comparison with the distance between the probes. A 3D X-ray synchrotron
tomography was used by Williams et al. (2013) to obtain local measurements of crack growth in a 7075-T6 aluminum
alloy. This instrumentation allows for in situ measurements of crack opening displacement (COD) but requires a suited
precision alignment fixture for in situ testing.

In Kainuma’s work (2015), a quantitative examination of the efficiency of micro-encapsulated dye mixing paint
was performed. This method allows for an easily applicable inspection also on actual structural components while,
The magnetic flux density around the fatigue crack was observed in the work of Tanabe et al. (2011). However, these
techniques do not allow for an accurate crack length measurement.

Infrared thermography (IRT) was also proposed for the study of the fracture behaviour of materials subjected to
fatigue loading, Carrascal et al. (2014), Guduru et al. (2001), Fedorova et al. (2012), Tomlinson et al. (1999),
Tomlinson et al. (2011), Diaz et al. (2004), Diaz et al. (2013), Diaz et al. (2005), Ancona et al. (2015), Palumbo et al.
(2015). In particular, a temperature rise due to the heat dissipations can be observed around the crack tip where the
plastic zone is located. In this regard, Carrascal et al. (2014) used IRT for evaluating the Paris Law constants of a
polymer (polyamide) with an experimental methodology. A good agreement was found with respect to traditional
calculation methods. However, this procedure may find limitation in those cases in which temperature changes on
material related to the plastic zone are very low (short cracks) and, moreover, high performance equipment and a
difficult set-up are required. This is the case, for instance, with brittle materials (such as martensitic steels), welded
joints and aluminum alloys, Palumbo et al. (2014), Galietti et al. (2010), Galietti et al. (2013), Galietti et al. (2014).

The aim of this work is to propose an innovative procedure to study the dynamic crack behaviour of materials
based on the analysis in time domain of the thermal signal.

Thermoelastic Stress Analysis (TSA) technique can be used for the determination of the stress intensity factor
during fracture mechanics tests, Dulieu-Barton (1999), Pitarresi et al. (2003), Wang et al. (2010), Harwood et al.
(1991), Palumbo et al. (2016). By assessing the sum of the principal stresses, it is possible to determine the stress
intensity factor and, at the same time, it is possible to determine the crack growth rate by analyzing the phase data,
Diaz et al. (2004). In particular, Tomlinson et al. (2011) demonstrated the potential of TSA by using the amplitude of
the thermoelastic signal for the crack tip and the SIF evaluation. In the works of Diaz et al. (2004), Diaz et al. (2005)
the phase signal was proposed for detecting the crack tip position. In literature, phase signal is also considered as an
effective parameter for the identification of local damage and for the evaluation of fatigue damage in materials,
Palumbo et al. (2014), Galietti et al. (2010), Galietti et al. (2013), Galietti et al. (2014).

CT steels specimens were used and tested according to ASTM E 647-00 for the monitoring of crack tip growth in
a continuous manner by means of a cooled IR camera. Two stainless steels were tested, AISI 410 with martensitic
lattice and CF3M with austenite lattice. These steels are used in engineering fields where resistance to high
temperatures, corrosive environments and high mechanical stress are required, McGuire (2008), Tomei (1981).
However, despite their wide use in engineering, there is for these materials, no data are available in literature about
their fatigue and fracture behaviour. The analysis of thermographic data allows for obtaining the crack tip and the
plastic areas. Finally a comparison between the behaviour of the two steels was performed.

2. Experimental set-up
2.1. Specimen geometry and materials

Two stainless steels were used in this work, AISI 410 with martensitic lattice and CF3M with austenitic lattice.
Martensitic stainless steels have a higher mechanical strength obtained by a quenching heat treatment compared with
austenitic steels; the corrosion resistance is higher in austenitic stainless steel due to the higher percentage of
chromium. In Tables 1 the mechanical properties of the stainless steel tested in this work are presented, Tomei (1981).

Three Compact Tension (CT) specimens were used with dimensions according to ASTM E 647 for each material
tested. In Figure 1, dimensions of the specimen are reported in mm. Specimens were sprayed with flat black spray to
increase the emissivity to 0.95.
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Table 1: Mechanical properties (at room temperature) of stainless steels tested in the work

Materials E [MPa] oy[MPa] ours[MPa]
AISI 410 200,000 639 850
CF3M 200,000 276 586
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Fig. 1. Specimen dimension in mm according to ASTM E 647-00.
2.2. Testing procedure

The tests were carried out with the MTS model 370 servo hydraulic fatigue machine with a 100 kN capacity.
According to ASTM E 647 the constant-force-amplitude procedure was used with a constant force range 4P, fixed
stress ratio (R=0.1) and loading frequency =13 Hz. In Table 3, the loading ranges used during the tests for each
material are reported.

Table 2: Loading amplitude used for the materials.

Material AP [kN]
AISI 410 10.8
CF3M 9.90

Three thermographic sequences were acquired at intervals of 4000, 48000 and 112000 cycles by using a cooled
FLIR IR X6540 SC infrared camera with an InSb detector (640x512 pixels) and acquisition rate of 123 Hz, Figure 2.
A geometrical resolution of 0.067 mm/pixel was obtained by placing the thermocamera at 170 mm from the specimen
and by using a 50 mm lens with a 12 mm extension ring. All specimens were pre-cracked to a crack length of 2.5 mm
according to ASTM E-647.

A second infrared camera, Deltatherm 1560 by Stress Photonics, with an InSb photonic detector (320x256 pixels)
on the opposite side of the specimen was used only to monitor the crack size according to Standard.
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Fig. 2. Experimental set-up used for testing.
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3. Methods and data analysis

Generally, during fatigue tests, two thermal effects related to elasto-plastic properties and mechanical hysteresis
are generated. In this way, two heat sources responsible for temperature variations within the specimen can be
considered: thermomechanical couplings and intrinsic dissipation, Rosner et al. (2001), Chrysochoos et al. (2009).
The first represents the well-known thermoelastic coupling and all the other thermomechanical couplings associated
with interactions between the temperature and microstructure while, intrinsic dissipation is thermodynamically
irreversible and is due to micro-plastifications and anelastic effects, Rosner et al. (2001), Chrysochoos et al. (2009).

Under the hypotheses of absence of thermomechanical couplings due to microstructure in material in a
homogeneous Hookean material under adiabatic conditions, the temperature changes ATel due to thermomechanical
couplings are due only to thermoelastic sources, Dulicu-Barton (1999), Pitarresi et al. (2003), Wang et al. (2010),
Harwood et al. (1991), Palumbo et al. (2016). Temperature variation over time can be described in the case of uniaxial
stress with sinusoidal loading:

T, =KTyo,sin(wt+ 7+ ¢@) )

where K = a/(pCp) is the thermoelastic constant, Ty is the absolute temperature, 6, is the stress semi-amplitude
and ¢ is the phase angle between temperature and loading signal. This angle remains constant in presence of linear
elastic behaviour of material and it changes:

1.  in presence of viscoelastic or plastic behaviour of material, Pitarresi et al. (2003), Connesson et al. (2011).
2. in presence of high stress gradient leading to heat conduction in material and to the loss of adiabatic
conditions, Pitarresi et al. (2003), Wang et al. (2010).

In particular, during a fatigue test, the phase signal remains constant up to the occurrence of plastic behaviour in
the material and with increasing of damage, phase variations can be observed due to the previously discussed
phenomena either in negative and positive values, Palumbo et al. (2014), Galietti et al. (2010), Galietti et al. (2013),
Galietti et al. (2014).

Temperature variations Tgiss due to intrinsic dissipation represent the largest components of the Fourier sine series
that occurs at twice the frequency of mechanical loading and elastic response Te. Indeed, for each cycle of elastic
temperature response, two cycles of plastic temperature response occur. Different works used this Fourier component
(at twice the mechanical frequency) to characterize the fatigue damage of material, Enke et al. (1988), Sakagami et
al. (2005) and to estimate the fatigue limit, Krapez et al. (2000).

In order to investigate the just described temperature signal components, a mathematical algorithm has been used
to extract pixel by pixel phase angle and the amplitude of the first and second Fourier harmonic components. In
particular, a suited temperature model has been used to study the thermal signal Tm in the time domain, as indicate in
equation (1):

T,(t)=a+bt +Tlsin( wt+ @l)+T2sin( 2wt + ¢2) 2)

where the term a + bt represents the increase in mean temperature during the cyclic mechanical loading, o is angular
frequency of the mechanical imposed load, T1 and @l are respectively amplitude and phase of first harmonic
component of Fourier series of the thermographic signal while, T2 and ¢2 represent the amplitude of the second
Fourier harmonic component. By considering equation 1, the term T1 corresponds to the temperature variation related
to thermoelastic effect, while T2 term is proportional to the amplitude of intrinsic dissipation.

Equation (2) is integrated in the algorithm of software IRTA® providing image in form of data matrix for each
constant parameter.
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4. Results

As exposed in the previous section, the proposed algorithm leads to assess 5 different parameters from each
thermographic sequence: a, T1, T2, ¢1 and ¢2. In figure 3 are shown the temperature maps (a) for the two materials
obtained in correspondence of the same value of SIF (K;=23.6 MPa m'?) and a crack length of about 4 mm for both
materials. It is worth noting to underline that no significant temperature values are measured around the crack tip
because of the presence of localized heat sources in a small area of specimen. These results demonstrate that the
temperature cannot be used for the monitoring of crack mostly at the early stage of growth.

In figure 4 is shown the map of the second harmonic of thermographic signal (T2) for AISI 410 steel. In particular,
two area (Al and A2) characterized by a significant value of the signal are clearly visible along the crack growth
direction. In figure 4 is shown also the signal trend along the considered profile. This particular behaviour is due to
two different effects: the contact between the crack faces (A1 area) and the plastic conditions ahead of the crack tip
(A2 area). Interesting results were obtained also analyzing the phase signal of 2w component, figure 5. In this case, a
phase signal inversion is obtained by passing from A1 to A2 area.

Similar signal profiles were also obtained for the austenitic steel CF3M. This last is characterized by a more ductile
behaviour and an irregular crack growth direction. However, as shown in figures 6 and 7, similar considerations about
T2 component and phase signal @2 can be applied.

Amplitude and phase of 20 component were compared with the phase of thermoelastic signal generally used for
evaluating the plastic area, the crack tip and the “notional” crack tip considering the Irwin’s correction, Vergani
(2001). In particular, in figure 8 is shown a comparison between the phase maps and the T2 component for three
different values of the number of cycles for AISI 410 steel. In the same figure the images were filtered considering a
threshold value in order to obtain binary images. The area relative to the phase signal seems does not to change as K;
increases as opposed to the A2 area due to T2 component. In figure 9, the phase signal variation and the maximum
value of T2 signal are reported as function of the number of cycles. Also in this case, the phase values seems to change
around 20 deg while T2 increases monotonically the number of cycles.

In figures 10 e 11 a comparison between the signals obtained along the crack growth profile is shown for both
materials. The distance from a and b represents the plastic area evaluated with the phase signal, a represents also the
crack tip position and c the position of the “notional” crack tip. The data for both materials were obtained in
correspondence of the same SIF value (K/=23.6 MPa m'?).

305K

278K 283K
Fig. 3. Temperature images of the AISI steel (left) and CF3M (right) during the test (K;=23.6 MPa m'?)

For both the materials, A2 area is shifted towards the right with respect to the plastic area obtained with the phase of
thermoelastic signal. In particular, A2 area seems placed ahead to the crack “notional” tip and then at the origin of the
elastic stress field. The same information provides the phase signal of 2@ component (¢2), in fact, in correspondence
of the notional crack tip, the signal decreases abruptly and then changes in sign.
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Fig. 4. Amplitude of second Fourier harmonic component (T2) and signal trend along the crack growth direction (AISI 410 steel).
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Fig. 5. Phase signal of the second Fourier harmonic component (¢2) and signal trend along the crack growth direction (AISI 410 steel).
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Fig. 6. Amplitude of second Fourier harmonic component (T2) and signal trend along the crack growth direction (CF3M steel).



Fig. 7. Phase signal of the second Fourier harmonic component (¢2) and signal trend along the crack growth direction (CF3M steel).
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Fig. 8. Fatigue crack growth and binary images of the phase and T2 component at three different values of the crack length.
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Fig. 10. Comparison between phase signal and amplitude T2 (left) and phase ¢2 (right) along a crack growth direction profile (CF3M steel).
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Fig. 11. Comparison between phase signal and amplitude T2 (left) and phase ¢2 (right) along a crack growth direction profile (AISI 410 steel).
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Fig. 12. Comparison between phase signals obtained for both materials in correspondence of K;=23.6 MPa m'”’

Finally, in figure 12, two different values of phase thermoelastic signal were measured for the two kind of steels.
Considering the phase signal measured at the point ¢ with respect to the phase signal away from the crack in linear
elastic conditions (horizontal dotted line) a value of 18.3 degree was obtained for AISI 410 and about 27.9 degree for
CF3M. So the thermoelastic phase signal could be used to distinguish between the brittle and the ductile behavior of
the material. However, further study are necessary for a better understanding of this parameter.
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5. Conclusions

In this work, it was proposed a new thermographic procedure for characterizing the thermal behavior of the crack
growth in the material. In particular, the amplitude and phase of the thermal component at the twice the frequency of
mechanical loading were studied by means an analysis in the time domain of the temperature signal.

Two stainless steels were tested, the martensitic steel AISI 410 and the austenitic CF3M and the constant-force-
amplitude procedure was used on Compact Tension specimens according to Standard. The tests were monitored by
using a cooled IR camera and an extension ring in order to obtain a high resolution in the analyzed area.

Thermographic data acquired during the tests were analyzed by adopting a temperature model capable to extract
information about the absolute temperature of the specimen, the thermoelastic signal and the second harmonic
component of thermographic signal. The attention was focused on this last and in particular on amplitude and phase
of the signal. Both the signals provide complementary information with respect to the Thermoelastic Stress Analysis
(TSA) usually used for characterizing the fatigue crack of material. In particular, the proposed analysis provides
information about the position of the notional crack tip and the heat sources correlated to the plastic deformations and
the crack closure.
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