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Abstract:



Stainless steels are the most exploited materials due to their high mechanical strength and versatility in producing different alloys. Although there is great interest in these materials, mechanical characterisation, in particular fatigue characterisation, requires the application of several standardised procedures involving expensive and time-consuming experimental campaigns. As a matter of fact, the use of Standard Test Methods does not rely on a physical approach, since they are based on a statistical evaluation of the fatigue limit with a fixed probabilistic confidence. In this regard, Infra-Red thermography, the well-known, non-destructive technique, allows for the development of an approach based on evaluation of dissipative sources. In this work, an approach based on a simple analysis of a single thermographic sequence has been presented, which is capable of providing two indices of the damage processes occurring in material: the phase shift of thermoelastic signal φ and the amplitude of thermal signal at twice the loading frequency, S2. These thermal indices can provide synergetic information about the mechanical (fatigue and fracture) behaviour of austenitic AISI 316L and martensitic X4 Cr Ni Mo 16-5-1; since they are related to different thermal effects that produce damage phenomena. In particular, the use of φ and S2 allows for estimation of the fatigue limit of stainless steels at loading ratio R = 0.5 in agreement with the applied Standard methods. Within Fracture Mechanics tests, both indices demonstrate the capacity to localize the plastic zone and determine the position of the crack tip. Finally, it will be shown that the value of the thermoelastic phase signal can be correlated with the mechanical behaviour of the specific material (austenitic or martensitic).
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1. Introduction and State of Art: Infrared Detection Based Approaches


In recent years, the scientific scenario concerning fatigue tests saw the development of novel techniques called ‘thermal methods’ based on the detection of radiative emission. The potentiality of these techniques to assess mechanical behaviour of materials relies on the obtaining of more information on damage. Following these considerations, infrared-based techniques have been exploited for in situ/operating condition detections.



This work deals with the development of thermal methods to assess the fatigue behaviour and crack tip localisation of materials. In this regard, Infrared radiation has been widely adopted for damage assessment of materials undergoing dynamic loading [1,2,3,4].



TSA (Thermoelastic Stress Analysis) [5,6,7,8,9,10] represents an example of application of the IR (Infrared) technique for stress analysis evaluation on a cyclically loaded specimen. This technique has been widely exploited but its application is related to the achievement of adiabatic conditions. In many applications, particularly referring to a self-heating test [2], non-adiabatic conditions are intrinsically produced due to damage phenomena involved in fatigue and fracture tests for studying damage behaviour of material. In this case, a number of authors have shown how thermoelastic heat sources allow for assessment of the damage behaviour of material [10], by using TSA. Another approach is based on the evaluation of dissipative heat sources [11,12,13,14]. By applying the Fourier Sine Series when analysing the thermal signal of a specimen undergoing fatigue load, Enke [11] found a component at twice the imposed loading frequency. This contribution to the thermal signal is zero in absence of damage and rises when fatigue processes occur; it then represents the temperature contribution to plastic phenomena. In this paper, the attention is focused on the evaluation of parameters related to dissipative phenomena in the material. The adopted approach involves the analysis of thermographic signal in the time domain [10,11,12,13,14,15,16,17,18,19,20,21] in order to study the various components of thermal signal related to the fatigue/damage behaviour of material. In particular, the considered indices referred to dissipative heat sources, are:

	
the phase shift of thermoelastic signal that occurs when damage phenomena are present in the material [3,14,22].



	
the energy dissipations in the material [13,16] related to the second order harmonic amplitude [11,12], of temperature signal.








The advantage of the proposed approach refers to the possibility of adopting the same parameters to discuss both fracture mechanics and fatigue behaviour. In fact, the adopted algorithm is relatively simple and provides, by analysing a single thermographic sequence, a simultaneous assessment of φ and S2. Such parameters are related to intrinsic dissipations occurring in presence of damage and furthermore, can provide complementary information on damage processes. In particular, in this work, they have been adopted for estimating the fatigue limit of stainless steels at a loading ratio of 0.5 (a lack of experimental data is present in literature referring to this loading ratio).



In Fracture Mechanics, the analysis of φ and S2 leads to crack propagation analysis: in fact, for the first time, the complementary use of φ and S2 to localize the plastic zone and then to define crack propagation has been shown. The fact that two complementary indices could describe the mechanical behaviour of materials opens a wide discussion on fatigue damage assessment and on the localization of the crack tip of specimens undergoing a fracture mechanics test. It is worth noting that, in literature, only the phase shift of thermoelastic signal has been used to achieve the position of the crack tip (calculation of “a” crack size) while the analysis of crack tip position may be improved by evaluation of both φ and S2 indices. Further efforts involve correlation between the information provided by these two indices.



Finally, it was observed that φ presents typical values for specific material, and it may be adopted in order to characterise the specific material or classes of materials.



In this work, the response of two materials: X4 Cr Ni Mo 16-5-1 martensitic stainless steel and AISI 316L austenitic lattice is discussed. Fatigue and fracture tests were carried out on specimens designed according to Standards and thermal sequences were acquired continuously during the tests. In the following paragraphs, the state of art concerning thermal methods will be discussed separately, referring to fracture mechanics and fatigue.



1.1. Thermal Methods for Assessing Crack Propagation in Material


Fracture mechanics is actually supported by Infrared Technique [23,24,25,26,27,28,29,30,31,32] referring to the measurement of the crack propagation or the determination of the Stress Intensity Factor. However, it has been demonstrated [3,14,31], that a direct measurement of surface temperature can provide an overview of the crack tip region. However, this method is not suitable for accurately calculating the crack position, since two different dissipative phenomena are present at the crack tip due to crack closure and plastic behaviour.



Moreover, the use of temperature as an index of dissipative heat sources may find limitation in those cases in which temperature changes on material related to the plastic zone are very low (short cracks) and furthermore, high performance equipment and a difficult set-up are required. This is the case, for instance, with brittle materials (such as martensitic steels), titanium alloys [10] or complex shaped welded joints [14].



By taking this limitation of temperature measurements into account, the TSA technique has been proposed for detecting the position of the crack and SIF evaluation [24,25,26,27,28]. In particular, several authors [24,25,28] have studied the phase shift of TSA signal in order to localize the position of the crack. The phase changes of the signal are due to high stress gradients, which may be ascribed to non-adiabatic conditions and to plastic behaviour at the crack tip. Furthermore, the characteristic performance of the phase signal at the crack tip contains a double reversal of sign, notably caused by the two cited effects, which has an opposite sign influence [26,27].



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 [3,30,31], as will be explained in the following paragraph.




1.2. Thermal Methods for Fatigue Limit Assessment


With the aim of reducing testing time and costs of experimental campaigns, IRT can be adopted to perform tests. The advantage of the technique is related to the possibility to observe the heat sources involved in damage and failure of materials by using the potentiality of a well-established, non-destructive, real-time and non-contact technique.



Based on the detection of temperature changes, different approaches have been developed [1,2,3,4].



Luong [1], first of all, illustrated a graphical method to assess the fatigue limit of a specimen and connecting rod and his work promotes the online monitoring of crack initiation and propagation. Risitano [2], proposes the Risitano Method to graphically estimate fatigue limit in a short time, by implementing self-heating tests. These graphical methods involve systematic errors of under/overestimating fatigue limit owing to non-objectivity in the selection of data series in the range between elastic and plastic stresses. In De Finis’s [4] work, a statistical approach was proposed to avoid errors by applying a threshold method in order to discriminate elastoplastic behaviour and thus fatigue limit, without bringing the specimen to failure.



The energy dissipation study can be performed [33,34,35] to assess fatigue behaviour as proposed by Morabito [33] in a calorimetric approach, which deals with the assessment of thermoelastic coupling and dissipative heat sources. Experimental analysis is combined with local numerical models of heat diffusion equation in order to separate these heat sources [35].



In particular, by adopting a suitable mathematical method, the various components of thermal signal can be assessed. Referring to this approach, Enke [11] by adopting the Fourier sine series, separated the component of thermal signal related to thermoelastic phenomena from that related to dissipative phenomena. From a more empirical standpoint, Krapez [13] adopted a numerical model based on the least squares method to extract the individual components of thermographic signal and to calculate the fatigue limit of steel. Several authors [10,14,21,22,31] deal with the phase lag between a reference signal and thermoelastic signal to evaluate dissipative phenomena and the fatigue limit of metals. As a matter of fact, thermal methods require shorter testing times in experimental campaigns, and provide a more accurate damage behaviour assessment, thus these techniques are developing.





2. Material and Methods


The experimental setup is depicted in Figure 1. As is clearly illustrated in Figure 1, the convenience of the method relies on using a similar setup to characterize both fatigue behaviour and crack propagation:

	
The Infrared camera used was FLIR IR X6540 SC (Wilsonville, OR, USA) with an InSb detector (640 × 512 pixels) and a full-frame acquisition rate of 123 Hz.



	
MTS model 370 servo-hydraulic fatigue machine with a 100 kN capacity.







Figure 1. Experimental setup: (a) Fracture Mechanics test; (b) Fatigue test.
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Two different high-Cromium steels were selected for the experimental tests made of an as-cast austenitic stainless steel AISI 316L (UTS 515 MPa) and a forged precipitation hardening stainless steel X4 CR NI MO 16-5-1. In total, three specimens have been fatigue and fracture tested, even if, referring to the Fracture Mechanics, the results for one specimen will be shown. Chemical composition and mechanical properties are provided by [36], for austenitic lattice, while for the analysed martensitic X4 Cr Ni Mo 16-5-1 (UTS 850 MPa), mechanical properties as well as chemical composition are discussed in [37]. Both materials presented in this paper are employed in the industrial fields operating within a corrosive environment, therefore the interest in mechanical characterisation of these alloys is explained.



2.1. Fracture Mechanics Test Procedure


Figure 2 shows the specimen’s geometry, a compact tension (CT) specimen according to ASTM E 647 [38]. The constant-force-amplitude procedure was used with a constant force range ΔP, fixed stress ratio (R = 0.1) and loading frequency f = 13 Hz. In Table 1, the loading ranges used during the tests for each material are reported.


Figure 2. Fracture Mechanics specimen dimension (mm) according to ASTM E 647-00 and aspect.
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Table 1. Loading amplitudes adopted for Fracture Mechanics tests.







	
Material

	
ΔP (kN)






	
X4 Cr-Ni-Mo 16-5-1

	
12.4




	
AISI 316L

	
9.90










Thermographic sequences were acquired with constant intervals of 2000 cycles by using FLIR IR X6540 SC infrared camera, Figure 1a, with an acquisition rate of 123 Hz. A geometrical resolution of 0.067 mm/pixel was obtained by placing the IR-camera at 170 mm from the specimen and by using a 50 mm lens with a 12 mm extension ring. All specimens were pre-cracked up to a crack length of 2.5 mm according to ASTM E-647 [37].




2.2. Fatigue Test Procedure


Referring to the setup in Figure 1b, the adopted specimens were ‘dog bone’ shaped, as shown in Figure 3. A ‘stepwise’ loading procedure was set up by performing different stress-controlled fatigue tests at a constant amplitude step level (see Table 2), on a servo-hydraulic MTS machine. The investigated load ratio for fatigue tests was R = 0.5 with a frequency of 17 Hz; the value is as high as possible in order to preserve the adiabatic condition. The fatigue tests were run until the specimen failed. Each stress level of the stepwise procedure represents a fatigue test in which the sample undergoes constant stress amplitude and frequency for roughly 20,000 cycles. During this period, the acquisition frequency was above 100 Hz, in order to make 1000 frames. The moment chosen to acquire the infrared sequences was approximately mid-test, in order to achieve thermographic signal stabilisation.


Figure 3. Geometry and dimensions of dog-bone fatigue specimen (ASTM E 466-96 [39]).
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Table 2. Loading amplitudes adopted for Fatigue tests: (a) AISI 316L; (b) X4 Cr-Ni-Mo 16-5-1.







	
(a)




	
Loading Level

	
Δσ/2 (MPa)

	
Δσ (MPa)




	
1

	
35.00

	
70.00




	
2

	
40.00

	
80.00




	
3

	
45.00

	
90.00




	
4

	
50.00

	
100.00




	
5

	
55.00

	
110.00




	
6

	
60.00

	
120.00




	
7

	
65.00

	
130.00




	
8

	
70.00

	
140.00




	
9

	
75.00

	
150.00




	
10

	
80.00

	
160.00




	
11

	
85.00

	
170.00




	
12

	
90.00

	
180.00




	
13

	
95.00

	
190.00




	
14

	
100.00

	
200.00




	
15

	
110.00

	
220.00




	
(b)




	
Loading Level

	
Δσ/2 (MPa)

	
Δσ (MPa)




	
1

	
25.00

	
50.00




	
2

	
45.00

	
90.00




	
3

	
65.00

	
130.00




	
4

	
85.00

	
170.00




	
5

	
105.00

	
210.00




	
6

	
120.00

	
240.00




	
7

	
135.00

	
270.00




	
8

	
150.00

	
300.00




	
9

	
165.00

	
330.00




	
10

	
180.00

	
360.00




	
11

	
200.00

	
400.00




	
12

	
207.50

	
415.00




	
13

	
215.00

	
430.00




	
14

	
225.00

	
450.00




	
15

	
250.00

	
500.00












3. Data Processing


For both Fracture Mechanics and Fatigue, processing involves applying a suitable mathematical algorithm in order to extract the superficial temperature pixel by pixel. This represents an advantage of the technique, which provides considerable information on Fracture and Fatigue.



In particular, the model allows for time domain analysis of thermal signal to assess several indices related to intrinsic dissipation: the amplitude and phase of the thermoelastic signal and the amplitude of the second Fourier harmonic component. The model provides the thermal signal Sm evolution in the time domain, as indicated in Equation (1):
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(1)







the term S0+ at represents the increase in mean temperature during the cyclic mechanical loading, ω is angular frequency of the mechanical imposed load, S1 and φ are respectively amplitude and phase of the first harmonic component of Fourier series, while S2 represents the amplitude of the second Fourier harmonic component. The term S1 describes the stress field on the specimen’s surface and corresponds to the signal variation related to thermoelastic effect, the term S2 is proportional to the energy of intrinsic dissipation.



Equation (1) is integrated in the algorithm of IRTA® software (Bari, Italy), providing an image in data matrix form for each constant parameter. In this paper, φ will be taken into account, along with S2 parameters to study crack propagation and fatigue in stainless steels.



The processing procedure for thermographic data was applied on both crack propagation and fatigue sequences of a fixed loading level and frequency. In particular, it provides:

	
The acquisition of the thermographic sequence of approximately 1000 frames acquired in 10 s.



	
The signal analysis for assessing φ, S2 pixel by pixel matrix.








The signal analysis provides parameter maps, which can be analysed as soon as they are obtained.



For fatigue limit estimation, the analysis of data series for both parameters involves a further processing procedure by adopting Matlab® software (Torino, Italy). The procedure for extracting data, capable of evaluating fatigue limit referring to phase and S2 data, consists of:

	
Applying a Median 2D-smoothing on the data matrix obtained by IRTA® software,



	
Reducing data matrix to refer the analysis only to the gauge length area (for fatigue tests). The same data matrix has been chosen for φ, S2 parameters.



	
Evaluating the standard deviation of signal of the φ, S2 for application of the threshold method [4] to assess the fatigue limit of material.








The threshold method, as will be illustrated in Section 4.3, is not within the scope of this paper; the authors recommend to referring to [4] for details.




4. Results and Discussions


In this section, the results of Fracture and Fatigue tests will be discussed. In particular, the study of S2 has been previously discussed by [13]. The phase shift is related to several factors (loss of adiabatic condition intrinsically, plasticisation, damage and surface non-homogeneity) affecting its value; the second order parameter seems to depend on energy which is irreversibly dissipated in the material due to the occurrence of hysteresis loop.



It will be shown that the typical values of the phase shift can be related to dissipative phenomena and cracks. Even if Fatigue and Fracture Mechanics are different fields of mechanical characterisation, the simultaneous analysis of values extracted from φ and S2 maps can be considered useful for studying damage phenomena.



4.1. Fracture Mechanics: Crack Propagation by Studying Dissipative Heat Source


By monitoring the dissipative phenomena in the crack tip region of a specimen undergoing cyclic loading, it is possible to achieve considerable information capable of providing insight into complex processes related to the onset and development of dissipations. The phase φ and S2 maps have been used for the purpose of studying damage in its initial stages.



In Figure 4, φ and S2 maps are reported for AISI 316L (Figure 4a) and X4 Cr Ni Mo 16-5-1 (Figure 4b) at different cycles of loading machine for a fixed loading level. By observing both Figure 4 referring to the phase data, it is worth noting that in the crack tip region, positive/negative values of phase co-exist. The phenomenon may be explained by referring to crack closure effects for positive phase zone and plasticized effect for negative values as found by Diaz et al. [24].


Figure 4. Crack growth monitoring using φ (upper part of image) and S2 (lower part of image) data (a) AISI 316L; (b) X4 Cr Ni Mo 16-5-1.
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S2 maps depicted in Figure 4, as expected, show the dissipation in the lattice with only a positive range of variations, since this parameter is related to the energy of intrinsic dissipations.



The comparison between φ and S2 leads to a correlation between areas affected by dissipations before and after the crack tip. As previously stated, the first area can be associated with dissipation in the material owing to crack closure effect, while the second area is related to plastic phenomena beyond the crack tip. The size of the areas seems to increase during the test, for austenitic stainless steel Figure 4a, whilst it appears constant for martensitic lattice, as in Figure 4b. It may be observed that the crack propagation depends on the mechanical behaviour of the specific lattice, in fact, the direction is linear for martensitic brittle material while for AISI 316L it deviates from a linear pattern due to the out-of-plane deformation, typical of ductile materials.



Moreover, by plotting the values of profiles represented in Figure 4 at 13,000 cycles of test, the profiles of φ and S2 are depicted (Figure 5). It is noteworthy that the analysis of Figure 5 enables us to:

	
to determine the crack tip of both materials;



	
to highlight different phase shift intervals for AISI316L and X4 Cr Ni Mo 16-5-1 steels.







Figure 5. Comparison between φ and S2 data (a) AISI 316L; (b) X4 Cr Ni Mo 16-5-1, along pixel line (white profile in Figure 4).
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The potential of thermal analysis lies with the possibility of detecting and monitoring the position of the crack. In literature [24,25,26,27,28], it has been found that the crack tip occurs when phase value approaches zero. Referring to the second order parameter S2, by observing Figure 5, there are two maximum values: the first maximum is related to crack closure effect while the second is related to plasticization beyond the crack tip. The analysis of S2 may be adopted for the localisation of the crack tip; referring to the data, the crack tip seems to occur at the minimum of S2, some pixels after the minimum value of phase shift. In literature, only the use of the thermoelastic phase is considered to continuously evaluate the crack tip position [29]. However, as a first step, in the work of [30], the attention is focused on these parameters providing complementary information with respect to the classic Thermoelastic signal usually adopted for characterizing the fatigue crack of AISI 410 and AISI 316L steels.



In Fracture Mechanics, the obtained spatial resolution was approximately 0.067 mm/pixel; this analysis is more accurate than those provided by [24,25,26,27,28].



The presented analysis demonstrates for the first time that φ and S2 can be adopted to localize the plastic zone and then, to define crack propagation. An accurate analysis to achieve information about the position of the notional crack tip, heat sources correlated to plastic deformations and crack closure may also be provided by studying S2 parameter.



However, a careful study of the phenomena affecting both the phase shift and second order harmonic amplitude changes must be set up. In fact, under the influence of non-adiabatic conditions, plasticity together with the crack closure effect is still the subject of study.



Another skill related to thermoelastic phase shift, φ, is related to the possibility of mechanical characterisation of specific material. In fact, as depicted in Figure 5 phase values range between typical values for each of the studied materials. Moreover, crack propagation does not seem to be linear for ductile materials. This can be confirmed by the trend of variation in minimum phase shift, which is related to several factors such as loss of adiabatic conditions in the material and material behaviour.



In Figure 6, the minimum values are calculated by observing the difference between minimum value and an average value of far-from-plastic-region data. By analysing Figure 6, a difference between two materials is recorded: the trend of minimum phase shift is approximately linear for brittle stainless steel and sloped for AISI 316L. This behaviour may be associated with that of crack propagation depicted in Figure 5.


Figure 6. Variation of minimum value of phase shift (Δφ) for AISI 316L and X4 Cr Ni Mo 16-5-1.



[image: Jimaging 02 00032 g006]






Figure 6 shows the range of minimum value variation in phase signal during the test (loading cycles) which is of approximately −20 degrees and constant for X4Cr Ni Mo 16-5-1, while it is variable and decreasing between −10/−30 degrees for austenitic stainless steel. In effect, the phase changes provide a useful parameter for separating the behaviour of materials.




4.2. FATIGUE: Damage Process Assessment


In this section, the differing fatigue behaviour of materials (austenitic lattice and martensitic lattice), will be discussed in terms of phase shift φ and second order parameter S2.



Figure 7 represents respectively φ and S2 maps for AISI 316L austenitic steel. The maps have been provided by MatLab® software after several processing steps as described previously in Section 3.


Figure 7. AISI 316L, Specimen 1, maps of (a) phase data; (b) second order parameter.
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Figure 7a, shows phase shift data, referred to the gauge length of the specimen. High stress gradients affect the downward part of the gauge length (85–110 MPa), and plasticization seems to occur at stress levels above 50 MPa in localized zones. Figure 7b shows S2 values. A slight increase in S2 thermal signal appears, starting from 50 MPa in localized areas, but the most significant variation occurs at 110 MPa in the underlying part of the matrix. This area is coincident with the one found in Figure 7a referring to phase data. In this case, the large variation of S2 at 110 MPa can be explained as the large dissipated energy involved in damage, thus the S2 parameter confirms phase data results, referring to the damaged zone.



In Figure 8, φ and S2 maps for martensitic material of X4 CR NI MO 16-5-1 are represented. The most important effects appear starting from 207.5 MPa as depicted in Figure 8 in both parameters. In Figure 8a, phase data shows the most stressed area in the underlying part of the gauge length. In this area in particular some clusters of nearby positive/negative values appear localized, with evidence, starting from 165 MPa. Even for this material, the localization of dissipative phenomena seems to be confirmed by the S2 parameter map (Figure 8b) which allows for detection of the same area in the phase data.


Figure 8. X4 Cr Ni Mo 16-5-1, Specimen 1, maps of (a) phase data; (b) second order parameter.
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By comparing Figure 7 and Figure 8, it is possible to point out the difference between different materials affecting phase data: in fact, the phase shift ranges between −5/5 degrees for austenitic lattice while for the martensitic structure it ranges between −2/3 degrees. The interval of variation in S2 is roughly similar for both materials. Therefore, phase data may be used as an indicator of material behaviour as seen previously in Section 4.1, in which in the crack tip region and the phase shift, assumed different values for both materials. Results demonstrate that the two parameters related to dissipative phenomena may be adopted in a synergetic manner in order to characterise the damage processing in the lattice during fatigue tests.



In general, changes in phase of thermoelastic signal were also observed in correspondence with physical phase variation of material microstructure [40,41,42,43,44]. However, for the materials studied, the thermoelastic phase changes are only due to the phenomena just described.




4.3. FATIGUE: Fatigue Limit Evaluation


In this work, the adopted approach for evaluating fatigue limit involves using a well-known method (Threshold Method [4]).



The novelty with respect to previous works, is represented by the application of such approaches to AISI 316L and X4 CR NI MO 16-5-1.



The purpose of this paragraph is not simply to illustrate the strong points of the threshold method (which have been amply highlighted and compared with Luong’s method [1], previously in [4]), but to apply the proposed statistical approach to other materials.



The authors recommend referring to De Finis’ article [4], in which the method is discussed in depth. This may provide a ‘non-destructive’ evaluation of fatigue limit, given that once the threshold has been assessed, it is not necessary to continue the test.



The data considered for analysis, as described in Section 3, are the standard deviation values extracted for each loading level of the test. In particular, the raw data for austenitic stainless steel are represented in Figure 9. Phase standard deviation (Figure 9a) shows a typical trend represented by initial reduction followed by a signal increase. This behaviour may be explained by the fact that in the prime loading level (elastic regime), the signal-to-noise ratio is so low due to the absence of dissipative phenomena in the matrix, and thus data scattering is high. Conversely, by increasing the stress semi-amplitude, signal becomes higher with respect to noise which remains constant, and the Standard Deviation increases in the last part of the test, occurring in the plastic regime.


Figure 9. AISI 316L, (a) standard deviation of phase data; and (b) standard deviation of S2 data versus loading level (stress semi amplitude of applied load) for overall tests.
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Figure 9b shows standard deviation data for the S2 parameter. In this case, two trends can be pointed out: the data remains roughly constant for loading level occurring in the elastic regime, firstly; as the load increases the series becomes increasingly sloped.



In Figure 10, residual analysis applied according to [4] allows us to obtain a threshold value (μ + 6σ) referring to the first five data couples (Δσ/2; φ) or (Δσ/2; S2) of the series shown in Figure 9. By adopting the threshold method, all the criticalities related to the application of the graphic method [1,2], such as the choice of the breakdown point of data series, are avoided.


Figure 10. AISI 316L, (a) phase data residual; and (b) S2 data residual, and thresholds versus loading level (stress semi amplitude of applied load) for Sample 1.
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The method has been applied to both austenitic and martensitic materials. The results are shown in Table 3. AISI 316L shows large scattering between the mean values of fatigue limit found by using phase data and S2 data. As shown in Figure 10, the variations of signal in S2 are very low in value, and it is difficult to fix an appropriate threshold. For X4 Cr Ni Mo 16-5-1, both the phase and S2 parameters show very close fatigue limits.



Table 3. Fatigue limit evaluation results by using both parameters for AISI 316L and X4 Cr Ni Mo 16-5-1.







	
Sample

	
AISI 316L 1

	
X4 Cr Ni Mo 16-5-1 1




	
φ

	
S2

	
φ

	
S2






	
1

	
65.00

	
95.00

	
180.00

	
180.00




	
2

	
75.00

	
95.00

	
165.00

	
190.00




	
3

	
90.00

	
100.00

	
190.00

	
185.00




	
MEAN

	
76.67

	
96.67

	
178.33

	
185.00




	
Standard Deviation.

	
12.58

	
2.89

	
12.58

	
5.00








1 results expressed in MPa.








In literature, little data is available referring to the fatigue limit of these stainless steels at R = 0.5 (the loading ratio suggested by the partner of the project). In fact, in order to make a comparison with Thermal data results, the fatigue limit of AISI 316L has been extrapolated by using the Goodman model [45]. In order to provide a reference for X4 CR NI MO 16-5-1 of the fatigue limit at R = 0.5, the same procedure as adopted for austenitic steel, has been applied to achieve an estimation of the fatigue limit.



The reference value of the fatigue limit for X4 Cr Ni Mo 16-5-1 is 187 MPa. Both φ and S2 show good agreement with reference values and, moreover, they may be used for describing the fatigue behaviour of X4 Cr Ni Mo 16-5-1 stainless steel.



A standard value of fatigue limit at the adopted loading ratio was estimated by applying the Goodman model [45]:
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(2)




in which [image: there is no content] represents the stress amplitude of an unknown fatigue limit at R = 0.5, [image: there is no content] is the mean stress value, [image: there is no content] is the amplitude of fatigue limit at R = −1, while [image: there is no content] is the ultimate tensile stress of material. By rewriting the amplitude (Equation (3)) and the mean stress (Equation (4)) in function of maximum stress:
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(3)
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(4)







By substituting the values of amplitude and means stress, as shown in Equations (3) and (4), Equation (2) provides the value of fatigue limit. For austenitic stainless steel, the values of [image: there is no content] and [image: there is no content] have been provided by [36], respectively the amplitude of fatigue limit at R = −1 and ultimate tensile strength. The value of fatigue limit found was 70.63 MPa. The result of the application of threshold method on austenitic stainless steel shows an overestimation of the fatigue limit with respect to the reference found. Referring to the phase shift, results fit very well with those provided by the reference of 70.63 MPa, while for the S2 results, it seems that the method overestimates the fatigue limit.



The amplitude of the thermal signal at double the mechanical frequency is very low, and moreover, the signal-to-noise ratio is low. The influence of noise on the S2 parameter affects the evaluation of the fatigue limit by determining an overestimation of the fatigue limit. This difference between the parameters φ and S2, will enhance the development of new processing procedures.



By applying the same procedure as used for austenitic AISI 316L, the reference value of the fatigue limit for X4 Cr Ni Mo 16-5-1 is 187 MPa. All the assessed parameters (φ, S2) show good agreement with the value of reference and moreover, may be used for describing the fatigue behaviour of X4 Cr Ni Mo 16-5-1 stainless steel, except for a slightly higher value of the standard deviation for phase data. As expected, different behaviour of phase and S2 parameters were obtained for different materials and in this regard, further works will be focused on the optimization of the proposed procedure for each material.





5. Conclusions


In this paper, thermal methods have been shown to be useful in the study of fracture mechanics and fatigue in stainless steels by assessing two indices (φ, S2) representing the dissipative phenomena occurring in presence of damage.



The adopted procedure to achieve both the parameters involves a simple data algorithm for analysing a single thermographic sequence. The application of such an approach involves several novelties in studying fatigue and fracture behaviour of the innovative martensitic stainless steels X4 Cr Ni Mo 16-5-1 and austenitic AISI 316L stainless steel.



The fatigue limit estimation at loading ratio R = 0.5 has been provided. Literature lacks information about the same materials tested at this loading ratio and referring to X4 Cr Ni Mo 16-5-1, no data available are present even at typical loading ratio.



Different information about the plastic zone may be assessed by observing phase and S2 maps, as demonstrated both under fatigue and fracture mechanics regimes. In fatigue analysis the use of both parameters enhance the fatigue limit estimation while the potential of the technique based on the synergic use of φ and S2 in fracture mechanics is represented by the possibility to monitor the fatigue crack propagation, “a”. In this case, the analysis of the second order parameter S2, here encouraged, may improve and simplify the analysis of the position of the crack tip in the plastic zone with respect to merely using the thermoelastic phase shift parameter φ.



Further developments of the method will focus on the study of correlations between φ and S2, and on the comparison of the crack tip observations with those provided by a quantitative experimental method such as Microscopy.



Moreover, referring to the phase lag, since its values are specific for the material, the capability of the parameter φ has been demonstrated for characterising the behaviour of material during fatigue.



Finally, due to:

	
their capability of assessing and monitoring damage behaviour, they provide more information than other methods;



	
the simple algorithm performed, the adopted method provides a less time consuming test and data analysis;



	
the simple sample preparation, requiring only the application of a thin removable layer of matt black on the surface, the proposed method may be applied successfully on real components during their operating life, without damaging or wasting them.
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