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Abstract

In recent years, the thermographic technique has been regarded as a key tool to investigate the fatigue
behavior of materials instead of time and cost consuming traditional methods. One way to assess the
fatigue as an irreversible process is studying the temperature signature due to the heat dissipation
during the cyclic loading. Numerous studies have suggested that the shift from anelastic to inelastic
strains results in a significant level of intrinsic dissipation, indicating the presence of the fatigue
damage.

The primary objective of this study is to explore heat dissipation in fatigue tests through a combination
of experimental methods and numerical models by utilizing the fundamental temperature component
related to dissipation, the second amplitude harmonic (SAH) of the temperature. The proposed hybrid
approach integrates experiments with a numerical model to pinpoint the specific volume generating
heat during the fatigue test. The investigation also delves into the impact of loading frequency on the

fundamental temperature component associated with dissipation.

In experimental part of the study, a comprehensive campaign was carried out to capture the material's
response under both static and cyclic loading conditions. The experimental data are employed for
comparing the accuracy of different thermal indices in fatigue limit estimation and establishing the

numerical model, act as reference data for comparison.

In the numerical part of the study, models are established in COMSOL Multiphysics 5.6 to simulate
the temperature distribution on the surface of the specimen. After the verification with analytical
solution of 1-D heat equation, a model is proposed for heat source identification. One of the main
controversial issues in fatigue characterization is addressed in this study, whether the entire gauge
volume dissipates or not. Additionally, the effect of loading frequency on SAH of temperature reveals

its limitation in thermographic measurement and fatigue assessment.

Keywords: Heat source, Fatigue test, Thermographic technique, Finite element simulation, Second

harmonic amplitude of temperature



Contents

1 INTRODUCTION

2 THERMOGRAPHIC TECHNIQUES FOR FATIGUE CHARACTERIZATION AND

ASSESSMENT: A LITERATURE REVIEW
2-1 State of art and the application of the infrared thermography
2-2  Theory
2-2-1 Heat sources related to fatigue damage
2-2-1-1 Micro/macro mechanisms involved in fatigue
2-2-1-2  Energy Dissipation in fatigue
2-2-1-3  The Relationship between Energy Dissipation and Temperature
2-2-1-4  Self-heating effect
2-2-2  Estimation of the dissipated heat during the fatigue
2-2-2-1 Estimation based on the mean temperature
2-2-2-2 Estimation based on the second amplitude harmonic of temperature
2-3  Different methods to investigate the thermal behavior for fatigue prediction
2-3-1 Direct Temperature Assessment
2-3-1-1 Mean temperature increase
2-3-1-2 Initial slope of the temperature curve
2-3-2  Thermoelastic Stress Analysis
2-3-2-1 Loss of adiabaticity (thermoelastic phase analysis)
2-3-2-2 Loss of linearity of FAH (first amplitude harmonic)
2-3-3  Energy-based approaches
2-3-3-1  Second amplitude harmonics (SAH)
2-3-3-2  Specific Heat loss
2-3-3-3  Entropy based methods
2-3-4  Thermoelastic point inversion assessment
2-4  Procedure and typical setup for rapid fatigue tests
2-5 Methods for rapid estimating of the fatigue limit

2-5-1 Luong-Risitano’s method

11

13

14

14

16

16

17

17

19

22

23

24

25

26

29

31

32

34

37

38



2-5-2  Iterative method
2-5-3  Threshold method
2-5-4  Thermoelastic point inversion in tensile test
2-6  Discussion and open points
2-6-1 Comparison of Fatigue indictors and capabilities
2-6-2  Accuracy and uncertainty in predicted fatigue limit by thermographic methods
2-6-3  Fatigue limit prediction in components
2-7  Conclusions
3 EXPERIMENTAL CAMPAIGN
3-1 Material and geometry
3-2  Tensile test
3-3  Cyclic loading test
3-3-1 Stepwise test
3-3-1-1  Stepwise test on SS 316
3-3-1-2  Stepwise test on C45
3-3-2 Constant amplitude test
3-3-2-1  S-N curve acquisition for SS 316
3-3-2-2 Loading frequency effect on SAH of temperature for C45
3-4  Data processing
4 NUMERICAL SIMULATION
4-1  Numerical model with a single heat source and the verification process
4-2  Heat source identification
4-2-1 Finite element model with randomly distributed heat volumes
4-2-2  Heat source identification process
4-2-2-1  The imposed heat definition

4-2-2-2  Reference experimental data

4-2-2-3  Preliminary considerations on the number of pixels and the random distribution

4-2-2-4  Criteria for identifying the dissipated volume

39
40
41
42
42
45
49
50
52
52
53
55
55
56
58
59
59
60

60

62
63
64
65
66
67
68
73

74



5 RESULTS
5-1 Experimental results: fatigue limit estimation by thermal indices
5-1-1 Data preparation
5-1-1-1 Fatigue limit from S-N curve
5-1-1-2  Variation of thermal indices with the load
5-1-2  Fatigue limit estimation by thermal indices
5-1-2-1  Comparison based on the threshold method
5-1-2-2  Comparison based on the Loung’s method
5-2  Numerical results
5-2-1 Verification of the numerical model with a single heat source
5-2-2  Effect of the number of pixels and the distribution of the heat sources
5-2-3 Initial model for heat source quantification
5-2-4  Modified model — effect of the unit size of heat volumes
5-3  Further investigation on the motion-induced noise effect
5-4  Effect of frequency on the SAH of temperature
6 CONCLUSIONS
APPENDIX A - DISCRETE FOURIER TRANSFORM MATLAB CODE [187]
APPENDIX B - MESHING
APPENDIX C - ADDITIONAL VERIFICATION OF THE NUMERICAL MODEL
APPENDIX D - MOVEMENT NOISE DUE TO THE DEFORMATION OF THE SAMPLE

APPENDIX E - THERMAL MAPS FOR SS 316 (SAMPLE 2 & 3, STEPWISE TEST)

REFERENCES

Vi

75
75
81
81
82
94
94
97
99
99
102
103
109
118

119

122
126
131
134
137

141

147



List of Figures

Figure 1 Some milestones in developing history of thermographic techniques for fatigue assessment..............ccccceeveenneenn. 6

Figure 2 (a) Fatigue crack initiation mechanism [94], b) schematic illustration of slip band extrusions during a cyclic

L LT a0 N L SRR 8
Figure 3 (a) Energy balance during cyclic loading [101] (b) the temperature change during the fatigue test for C45 specimen
L= T I A e 022 OSSR 10

Figure 4 Schematic illustration of temperature variations due to reversible (thermoelastic) and irreversible (dissipated
ENEIGY) PRENOMENA [A7]. .ot etiee ittt ettt ettt e st e e et e e ekt e e stb e e sab e e asbeeente e e seeeessbeeenbeeanbeeenteeesseeeanteeanneeans 12
Figure 5 Thermoelastic phase shift ¢: temperature and stress relation (a) under adiabatic condition, (b) under non-adiabatic
(o] 1o 14 Lo 0T PP 12
Figure 6 (a) fatigue life and dissipated energy [97] (b) modeling of men temperature variations and micromechanical
AaMAGE PrOCESSES [S0]. - eevveeirreeiriie ettt ettt e sttt et e stee et eesst e e srtee e teeesateessbeeasbeeenteeestee e s teeanbeeanteeenbeeenteeennteeanbeeanteeenreeenres 14
Figure 7 Surface temperature behavior and phases (thermal increments vs number of cycles) [120] ........ccccvevvviiinnnns 17

Figure 8 Specific damping W versus the stress range Ao, relative to AlISI304 specimensat a load ratio R = 1 and a frequency

F = 100 HZ [L0B]......cveeeeetieeecte ettt ettt ettt ettt et et b et e e ae et et eebeeab e b e e b e e be et e b et e e be et e beebeent e beebeereentearearas 19
Figure 9 The evolution of the temperature slope in bending fatigue of Aluminum 6061-T6 [110]........cccccvcveverrvireernens 20
Figure 10 Temperature slope just after a steady-state condition [120] .........ccceiieiiiiieiieiieiie e 21
Figure 11 (a) Temperature Slope at the beginning of the test and (b) fatigue limit predicted by initial slope of temperature
LL TSI TS 3 11220 SR 21
Figure 12 (a) Thermoelastic phase map for four different loading steps of ASTM A182 and (b) the maximum phase change
(oL 01N 522 24
Figure 13 (a) Thermoelastic phase map for four different loading steps and (b) its variation for C45, R=0.1[144] ......... 24
Figure 14 (a) First harmonic amplitude map for four different loading steps and (b) its variation for C45, R=0.1 [144] ..25
Figure 15 Normalized strain energy variation during the fatigue test for Al 6061-T6 [98] ........cccccvivivveviieviee i 26
Figure 16 A schematicrepresentation of hysteresis loop and temperature variations during a single cycle under a sinusoidal
R (SIS 172 SRR 27
Figure 17 (a) Second harmonic amplitude map for four different loading steps and (b) its variation for C45, R=0.1 [144]
.................................................................................................................................................................................... 27
Figure 18 Slope of the COOING rate [120] ......veeiviieiieeiie et e et e e st e e s ab e e s be e e te e e sareesnbeesnreeenreeenees 29
Figure 19 fatigue limit prediction with thermal energy dissipated or the cooling gradient for AISI 304L stainless steel [158]
.................................................................................................................................................................................... 30
Figure 20 Evolution of rate of entropy flow of aluminum until failure occurs: (a) variation with temperature; (b) variation
1V TR T3 L= 1 USSR 31
Figure 21 The schematic diagram of energy generation as a function of stress or strain showing the contribution of
microplastic and internal frICtION [166] .........coiiiiiiiieiie ettt e st st e st e sbeesbeesteesbeenteens 32
Figure 22 Qualitative stress—strain and temperature - Strain CUVES [L67].....ccveiieiiiiieiieiie e 33
Figure 23 Experimental setup for the rapid fatigue teSt [120].......ccciieiiiiiiiiieiie e 35
Figure 24 A schematic of stepwise 10adiNg [120] .....cciveeiiiiiiiiieiie ettt ettt e st sbeesraesree s 35
Figure 25 Thermal parameters to study fatigue and procedures for estimating fatigue limit [120].........cccoceviviiiniinnnnnns 38

vii



Figure 26 Graphical determination of the fatigue limit of a steel by Luong [109] ........ccceiiiiiiiieiiiiec e 39

Figure 27 Schematic representation of Cura™ et al. method [120].......cccooiieiiiiiiiiieie e 40
Figure 28 Comparison between (a) Luong’s method and (b) Threshold method for ASTM A 182 grade FONM [40] ...... 41
Figure 29 Fatigue limit prediction from tensile teSt [120] ......ccooiiiiiiiieiie e 42
Figure 30 Flat dog bone geometry for C45 material (in mm), thickness iS 6 MM ...........cccoviiiiiiiiiieiic e 53
Figure 31 SS 316 material (a) cylindrical dog bone geometry (in mm) and (b) fabricated sample..........cccoccoviiiiinnnns 53
Figure 32 Test equipment for tenSile teSt OF SS 3L6........ccuiiiiiiiiie bbbt 54
Figure 33 Stress-strain curve of two SAMPIES OF SS 3L6.........eoiiiiiiiiiiie ettt nee e 54
Figure 34 Stepwise teSt SETUD TOI SS 3LB.......oo ittt sb et sb et st sb e nbe e sbeesbeenree 57
Figure 35 A schematic of thermal data aCqUISTTION PrOCESS.........ciuiiiuiiiiieiiieitie ettt sttt sre e neee 57
Figure 36 Stepwise teSE SEUP FOI CAD ... .ottt et e e sab e e snbe e e bt e e sbeeesnteesnbeeenbeeenees 59
Figure 37 From the thermographic signal to temperature COmMpPONENts aCQUISTEION ..........ccivieiiiiieiiiiie e 61
Figure 38 Model of @ d0g DONE SAMPIE ......c.viiiiiiiee ettt bbbttt nteesbeentee 62
Figure 39 Verification procedures of the numerical MOTEl ..o 63
Figure 40 The meshed model for the main verification with analytical results - C45 ..........ccccviveiiiniicnee 64

Figure 41 A schematic representation of the unit heat volumes (with the size of 1 mm?3) randomly filled in 10%, 30% and

B0%0 OF thE GAUGE VOIUIME ...ttt ettt et e es e e e s e e e st e et e e ss e e anteesnte e e nte e e sneeennteeaneeesnteeennenennes 65
Figure 42 A schematic representation of heat source identifiCation ............cccoooieriiiiii e 67
Figure 43 Heat as an input for numerical MOGEL .............oooiiiiiiiiii e 68
Figure 44 Region of Ineterst (ROI) for laoding amplitude 0f 340 IMPa...........ccccvriiiiiiie e 69
Figure 45 The map of T, ..., for loading amplitudes: (a) 300 MPa (b) 310 MPa (c) 320 MPa and (d) 340 MPa.......... 70
Figure 46 Thermal acquisition noise from experimental data and the simulated NOISE ..........ccccevvvevviv v 71
Figure 47 A schematic representation of the movement of a single point on the surface of the sample during loading.....72
Figure 48 Imposing the noise due to the deformation of the sample on the numerical output............cccoevvevcve e e, 73
Figure 49 A schematic representations of thermal indices for fatigue estimation............ccccce i 75

Figure 50 Temperature trend of SS 316 acquired by a cooled camera during stepwise tests (a) sample 1 (b) sample 2 (c)

;L0 0] T OSSR 77
Figure 51 Thermal footprint on the surface of the SS 316 sample for each loading step during stepwise test—sample 3...78
Figure 52 T, on the surface of the SS 316 sample for each loading step during stepwise test —sample 3..........c..ccevveee 79
Figure 53 T,,, on the surface of the SS 316 sample for each loading step during stepwise test —sample 3............cccoeeveee 80
FIQUIE 54 S-IN CUIVE = SS 316 [18B6] ... ccuveeiiieiiiieeiie it s st e stte st s e et e et e e sa e e st e e et e e e ste e e s st e e s rbeesebeeesteeesnaeesnreeateeeres 81
Figure 55 Region of interests for thermal acquisition — uncooled camera — SS 316 ........cccceevveeiiiiiiiee e 82
Figure 56 Temperature rise at the stabilization — SS 316 .......cccieiiiiiiiiiiiiie e e e e 83
Figure 57 Cooling slope of the teMPErature — SS 316 .......cveeiiieiieeiii et be et e e st e e saae e snbe e s ree e e 83
Figure 58 Region of interests for thermal acquisition — cooled camera — SS 316.......c.cccveiiriiiiieiee i 84
Figure 59 First amplitude harmonic of the tempPerature - SS 316.........cccvviiiiieiieiie e 85
Figure 60 Second amplitude harmonic of the temMpPEerature - SS 316 ........cccvviiiiieiie i 85
Figure 61 Rising slope of temperature; sample 1 - Linear fitting — uncooled Camera .........cccocvevveiiniieiiesin e 89
Figure 62 Rising slope of temperature; sample 1 - Quadratic fitting — uncooled camera..........c.ccovevvieiiiiieiie e 89
Figure 63 Rising slope of temperature; sample 2 - Linear fitting — uncooled CamMera .........ccoccevveveeieeiiesie e siee s 90

viii



Figure 64 Rising slope of temperature; sample 2 - Quadratic fitting — uncooled camera............ccooviieiiciicnc i 90

Figure 65 Rising slope of temperature; sample 2 - Linear fitting — cooled Camera...........cccovveiieiieiec i 91
Figure 66 Rising slope of temperature; sample 2 - Quadratic fitting — cooled CamMera............ccovveiieiiiiic i 91
Figure 67 Rising slope of temperature; sample 3 - Linear fitting — uncooled Camera ...........cooevveiiiiiciie v 92
Figure 68 Rising slope of temperature; sample 3 - Quadratic fitting — uncooled camera............ccoooeviiiiiiicnic i 92
Figure 69 Rising slope of temperature; sample 3 - Linear fitting — cooled Camera...........ccccccoovvviieiiiiiiciiisccee 93
Figure 70 Rising slope of temperature; sample 3 - Quadratic fitting — cooled CamMera............ccoveeiiiieeniiiie e 93
Figure 71 The fatigue limits predicted based on R; using Loung’s method............cccoiiiiiiiiiiiiiiiicicc e 98
Figure 72 Validation with an analytical solution for the point at y=0: (a) constant heat source and (b) cyclic heat source
.................................................................................................................................................................................. 102
Figure 73 The scaled map of TFEM in ROI for different volume fraction, o, = 340 MPa — with noise (unit volume size:
LITIMB) ettt ettt et ettt reebe ettt eteete et et entebeebe et et ereebeebeste e ereereetenrens 105
Figure 74 The histograms of TFE™ in ROI for different volume fraction, o, = 340 MPa — with noise (unit volume size:
LTTIM3) ettt ettt et ettt eae e be e be et et eteete et et ertebeebeete et ereebeete et et ereereetentens 105
Figure 75 The variation T4: 3.4, in ROl with volume fraction (unit volume size: 1 mm3) ..o, 106
Figure 76 The experimental and numerical maps of TfEM in ROI- with noise (unit volume size: 1 mm3).................... 108
Figure 77 The scaled experimental and numerical maps of T2 in ROI- with noise (unit volume size: 1 mm3).......... 108
Figure 78 The experimental and numerical histograms of TXEM in ROI- with noise (unit volume size: 1 mm3)........... 109

Figure 79 The scaled numerical maps of TZEM in ROI for different unit edge size — with noise (o, = 340 MPa, total heat
VOIUME=10% OF JAUGE VOIUIME) ...ecieeeiiie ettt e e n e e s e et e et e e snt e e an e e enteeeteeesseeenneeennaeeanteeenes 110
Figure 80 The numerical and experimental maps of T, in ROl — with noise (g, = 340 MPa, total heat volume=12.5% of
0T LU Lo IRV VT34 SRR 114
Figure 81 The numerical and experimental histograms of T,, in ROl — with noise (o, = 340 MPa, total heat
VOIUME=12.5% OF QAUQE VOIUME) .. .eeeiiieeeie ettt ettt e et e e e e et e et e e sn e e an e e snte e e teeesneeeanaeesnteeanneeenes 114
Figure 82 The numerical and experimental maps of T,,, in ROl — with noise (o, = 320 MPa, total heat volume=4% of
0T LU Lo IRV VT4 =) SRR 115
Figure 83 The numerical and experimental histograms of T,,, in ROl —with noise (o, = 320 MPa, total heat volume=4%
(oL = VU 0TI o] 111 1) ISR 115
Figure 84 The numerical and experimental maps of T,,, in ROl — with noise (o, = 310 MPa, total heat volume=1% of
(0T LU Lo IRV VT34 SRR 116
Figure 85 The numerical and experimental histograms of T,,, in ROl —with noise (o, = 310 MPa, total heat volume=1%
(o1l 10 o TRV o] 111 0T ISR 116
Figure 86 The numerical and experimental maps of T,,, in ROl — with noise (o, = 300 MPa, total heat volume=1% of
(0T LR Lo IRV VT34 SRR 117
Figure 87 The numerical and experimental histograms of T,,, in ROl —with noise (o, = 300 MPa, total heat volume=1%
(o o= LR o TR o] 111011 SRS RRR 117

Figure 88 Effect of the maximum elongation on T, (unit size=0.3 mm, volume fraction=12.5% of the gauge volume,

0, = 340 MPa, With tWO CONSIAEIEA NOISES) ....veevieieeieeie ettt ettt ettt ettt be et beebe e 119
Figure 89 Verification of numerical model on the effect of loading frequency on T, found (o, = 300 MPa)............. 121
Figure 90 Effect of loading frequency on T5EY 0, (04 = 300 MPQ) ..o 121

iX



List of Tables

Table 1 Experimental requirements for the acquisition of different thermal indices [120].......cccccocviiiiiiiiiiiiiiienienenn 36
Table 2 A summary of fatigue indicators and specific implementation [120] .........cccooiriiiiinii i 43
Table 3 The capability of different indices to different factors [120].........cccceviiriiiiiiii i 45
Table 4 Comparison fatigue limits obtained from each method with the traditional one [120] .........cccoooeviiiiiiiiieiieenenn 46
Table 5 Summary of different features of the fatigue limit prediction methods [120].........cccccevviiiiiiiniiiieeee 47
Table 6 Material parameters fOr CA5 [L0L].......couiieiiiiiiiiiieitie sttt b e bt bbb 52
Table 7 Material parameters FOr SS 316 ......cccuuiiiiiiiiie ettt et e e srbe e ssbeesnbeeesteeesseeesnteesnneeans 53
Table 8 Mechanical propertieS 0f CA5 aN0 SS 316 .......ccuvieiiieiiee e sie e se e e et et e e srbe e steesbeeesteeesseeesnaeeaneeans 54
Table O CYCHIC TOAAING TESIS ...ttt a e st a e h e h e sttt a bbbttt e e e nbe e 55
Table 10 Loading table for Stepwise teSt OF SS 316 ....ccouiiiiiieiiee ittt e sree e snaeesneeans 58
Table 11 Loading table for S-N curve acquiSition OF SS 316.........oocuiiiiiiiiiiiiei e 60
Table 12 T, " ., fOr NEAt aMPIIUOE Wy ..cvvooceeieciiiciiicicccc s 69
Table 13 Thermal CQUISTLION NOISE ........eoiuiiitiiiiiitieiti ettt a e a e a e s bttt ettt e be et e be e 71
Table 14 Maximum and minimum elongations of the gauge length from extensometer for C45 ..........cccooviviiiiiiiiincnn 72
Table 15 Loading table for S-N curve acquiSition 0F SS 316.........oocuiiiiiiiiiiiie e 81
Table 16 Mean temperature rise (AT) and the cooling slope of temperature (R.) - SS 316.......ccccovvriiriiiiiniieieeneeieene 82
Table 17 First and second harmonic amplitudes of the temperature - SS 316 ......ccoevvviviiiiiie e 84
Table 18 Slope of temperature in the rising stage — sample 1 — uncooled camera - SS 316 .......cccccccevvveeevieeveesiee i 86
Table 19 Slope of temperature in the rising stage — SaMPIE 2 - SS 3L6........ceiiieiiieiieieee e 87
Table 20 Slope of temperature in the rising stage - SAMPIE 3 — SS 3L6....cvvveivieiieiiieree e 88
Table 21 Predicted fatigue limit by threshold method for - SS 316 .......ccoiiviii i 96
Table 22 Predicted fatigue limit using Loung’s method — SS 316 ........covviiiiiiiiiiiii e 99
Table 23 Effect of random distribution and grid of points on mean of TXEM (unit volume size: 1 mm3)..........c.ccce.e. 103
Table 24 TFEM .., for the heat amplitude of W, imposed in the whole of the gauge volume — with noise.................... 104

Table 25 TSE™ ... in ROI for the heat amplitude of W,,, imposed in a fraction of the gauge volume — without noise (unit
10 (VT oot U 1 TR 104
Table 26 Identified volume fractions producing heat for unit volume size of 1mm3— with noise.........c.cccccveveevevrerenene. 107
Table 27 TFEM ,..in ROI for different unit edge size — with noise (o, = 340 MPa, Total heat volume=10% of gauge
170 1022 SRS 110
Table 28 The probability of locating an unit heat volume on the surface of the gauge volume with different unit size...111

Table 29 Identified heat volumes with the edge size of 0.25 and 3 mm of the heat volume unit — considering the noise 111

Table 30 Statistical comparison between numerical (with noise) and experimental T, - 6, = 340 MPa.................... 114
Table 31 Statistical comparison between numerical (with noise) and experimental T,,, - g, = 320 MPa.................... 115
Table 32 Statistical comparison between numerical (with noise) and experimental T,,, - g, = 310 MPa.................... 116
Table 33 Statistical comparison between numerical (with noise) and experimental T,,, - g, = 300 MPa.................... 117

Table 34 Effect of the maximum elongation on T5.5% ..., (unit size=0.3 mm, volume fraction=12.5% of the gauge volume,

0, = 340 MPa, With tWO CONSIAEIEA NOISES) ....veevierieeiieie ettt ettt et et et be et e beebe e 119



1 Introduction

Fatigue phenomena have been a challenging issue as one of the primary causes of failure due to the
complexities involved in modeling material behavior. The cyclic nature of the load induces the creation
of dislocations, which in turn leads to plastic deformation. In other words, depending on the loading
level, it leads microscopic flaws [1-3] to grow and accumulates into macroscopic cracks and by
macroscopic crack propagation, fatigue failure occurs [4]. Since most of the structures are subjected
to cyclic loadings during their life, probing into the fatigue phenomenon provides key features for
selection of efficient materials [5].

Back in 1829, the initial fatigue test was conducted in Germany. It involved steel chains undergoing
100,000 cycles of tension at a rate of 10 cycles per minute. Following that, a substantial number of
valuable researches have focused on the fatigue characteristics of materials. This is because the
importance of this topic in the field of engineering [1, 6, 7]. Out of these research efforts, fracture
mechanics has emerged as a prominent method for comprehending and explaining fatigue behavior

over the past few decades.

While enthusiasm still surrounds concepts like fracture toughness and fatigue endurance limits,
challenges arise during fatigue testing of industrial components and structures due to the time and cost
consuming nature of the tests. As a result, increasing attention has been directed toward nondestructive
evaluation (NDE) techniques because of their critical role in assessing fatigue life, evaluating structural

integrity, preventing failures, and material savings.

In this domain, various NDE techniques, such as ultrasonics, acoustic emission, X-ray, neutron, and
computed tomography, have been employed to monitor mechanical damage [2, 8-12]. However, most
of these methods have inherent limitations. Some methods demand specialized sample preparations
and may not be applicable in typical working conditions, such as X-ray and neutron. Others rely on
sensors affixed to only a few points on the materials of interest, as seen with ultrasonics, acoustic
emission. In the present study, the infrared thermography detection technology, as a NDE method,
which requires no contact with the specimen has been used to assess the dissipation phenomenon
during the fatigue test by proposing a hybrid approach, linking the experimental thermal footprint from

the surface of the specimen and a numerical model.

The Motivation of this study is to obtain more comprehensive information on the fatigue behavior of

components and structures in a rapid way and develop procedures for fatigue damage monitoring.

1



Specifically, the main goal is the investigation of the heat dissipations during the fatigue test using
both experiments and numerical models. It is planned to identify the volume producing heat during
fatigue test by means of a FEM model, and study the effect of loading frequency on the fundamental
temperature component related to dissipation, experimentally and numerically. The former aids in
determining the validity of the assumption made by previous models, which consider the entire gauge
volume as the source of heat [13-15]. Meanwhile, the latter delves into how diffusion phenomena
(arising from loading frequency in this study or geometrical complexity) can impact the
aforementioned temperature component, thereby assisting in thermographic measurements. Neither of
these investigations can be solely conducted through the experiment; hence, proposing a hybrid
approach that integrates a numerical model with experimental data to address the above challenges is
the most important novelty of this work.

This study is organized as follows, according to the above purposes.

Chapter 2 intends to meticulously examine and assess the different thermography-based methodologies
used for rapid estimating the fatigue behavior of materials. The focus extends to a comparison between
the just said methodologies in evaluating the fatigue of metals and components, elucidating the
potential of diverse thermal indices in this area. Furthermore, it involves a comprehensive discussion
dissecting the advantages and drawbacks of each method, while also focusing on unresolved aspects
that merit further investigation. The outcomes from the present analysis help to step forward the

research on the use of thermography-based methodologies.

Chapter 3 begins with an exploration of the material and geometry employed. Following this, the
tensile test section deals with the material mechanical properties assessment and their responses under
tension. Two types of steels for different purposes were used, comparing different thermal indices in
fatigue limit estimation and heat source identification. Some parts of this campaign were done during
the abroad activities and the rest at the home university. Subsequently, the focus shifts to the cyclic
loading test, which comprises two key sub-sections, the stepwise test and constant amplitude test. The
last sub-section introduces the data processing, providing a glimpse into the methods employed to
analyze and interpret the experimental data. The aim of this section is mainly to provide details about
the procedure and experimental setup for rapid evaluation of fatigue presented in pervious section,

using thermography-based techniques.

Chapter 4 presents the numerical model in two main parts. The first part introduces and details the
numerical model along with its verification process, emphasizing the utilization of a finite element

model featuring a single heat source. The primary method of verification involves the utilization of an



analytical solution of the 1D heat equation, found originally in this work, which incorporate both
constant and cyclic heat sources. The second part is dedicated to heat source identification, where a
finite element model incorporating randomly distributed heat volumes is employed. Next, the
comprehensive process of heat source identification, covering aspects such as the definition of imposed
heat, reference experimental data, preliminary considerations, and criteria for identifying dissipated
volumes, is proposed. This chapter proposes a useful framework for creating a hybrid approach linking
the proposed numerical model with experimental data for heat source identification, and generally

investigating the dissipation phenomenon in fatigue.

Chapter 5 presents both experimental and numerical results. For the first one, after data preparation
and extracting the actual fatigue limit from the S-N curve, the prediction of the fatigue limit is done
by extracting the variation of thermal indices with stress amplitude. For this purpose, the thermal
indices trend is analyzed based on both threshold method and Loung’s method. It should be noted that,
through an investigation, a potential issue with the threshold method is revealed: the sensitivity of the
method to its parameters in fatigue estimation. Additionally, the study also investigates the challenges
associated with measuring one of the thermal indices, specifically the initial slope of temperature. One
significant feature of this part of the results is employing the same dataset for comparing different
methods’ efficiency. Moving to the numerical results, firstly, the main verification of the numerical
model with a single heat source is presented. Next, the influence of the number of pixels and the
distribution of heat sources on the numerical results are proposed, before proposing the initial model
with randomly distributed heat sources. Additionally, a detailed investigation of the impact of noise
sources (e.g. motion) is presented. After comparing the results with the corresponding experimental
ones, showing the effect of considered noises on the numerical output, a modified model is presented
based on the size of the heat sources in the proposed model. Afterwards, further investigation on the
effect of the movement noise based on the hypothetical data is proposed, giving a guide to explain the
temperature pattern present in the experimental data. Finally, the effect of loading frequency on the
second harmonic amplitude of the temperature is studied. Actually, the thermographic measurements
may be influenced by the lack of signal stabilization and sample motion resulting from imposing high
loading frequencies. Thus, investigating this effect poses a significant challenge through experiments,

in contrast to utilizing a validated numerical model

Finally, Chapter 6 concludes the study and presents the future works.



2 Thermographic techniques for fatigue characterization and

assessment: a literature review

Throughout the years, infrared thermography has demonstrated its versatility as a valuable tool in the
realms of experimental mechanics and mechanical design. This non-contact and non-destructive
method enables thorough examinations of structural integrity [16, 17] (including the detection of
defects in steel plates [18], composites [19-22], 3D printed materials [23] and welded joints [24], the
evaluation of fatigue cracks [25]), the stress analysis (thermoelastic stress analysis-TSA) evaluations
[26-31] and energy-based assessments to study fatigue processes [32, 33].

Advancements in equipment and robust data analysis tools have propelled the evolution of
thermography-based techniques. Presently, the robustness and reliability these methods can be
affirmed, providing valuable support for fatigue studies encompassing damage analysis, assessment,

residual life predictions, and crucially, estimations of fatigue limits [34, 35].

Basically, the drive to create alternative and inventive methods for determining the fatigue limit,

utilizing an experimental technique in fatigue tests, can be traced back to two main points:

1. The speed of the testing procedures in contrast to traditional protocols,
2. The opportunity to acquire additional information regarding the material's condition during

loading.

Referring to the first point, traditional and widely recognized methods for characterizing fatigue [36,
37], such as conducting constant amplitude tests to derive the Wohler curve, serve as a standard

approach.

Nevertheless, these methods are both time and cost-consuming, given the necessity to test a substantial
number of samples for a statistically valid fatigue limit estimation. The testing duration involves
considerable energy, operational, and maintenance costs. In general, a classic fatigue test involves a
pristine material tested until it fails under specific conditions of stress level, stress ratio, and

mechanical frequency.

In order to minimize both testing duration and expenses, rapid fatigue tests were developed according
to the approach of La Rosa and Risitano [37]. This approach involves a series of constant amplitude
loading blocks applied incrementally. In each block, the stress amplitude and mean stress progressively

increase, maintaining a constant frequency and stress ratio for a specified number of cycles, until the



material experiences failure.

During such a test program, the material undergoes various damage phases [38, 39], as elaborated upon
later. Transitioning from one phase to another induces changes in behavior that correlate with crucial
stages in the fatigue life, ultimately facilitating the estimation of the fatigue limit.In other words, the
fundamental idea behind the 'stepwise’ test is that the fatigue limit corresponds to the initial substantial

temperature fluctuation linked to the damage, using a specific loading procedure [37-40].

Regarding the second point, a pivotal factor in the advancement of this thermography-based method
lies in the potential to gather additional complementary information about fatigue behavior beyond
what a conventional test offers. This encompasses the assessment of energy dissipation resulting from
fatigue and the identification of the initiation and locations of damage [41]. The processing of thermal

signal ensures somehow the just said outputs.

Certainly, it has been forty years since the inception of tests utilizing an infrared (IR) camera to
consistently capture parameters delineating fatigue processes [42-46]. The mentioned method has
evolved from its initial procedure and has witnessed numerous enhancements, particularly in assessing
heat sources associated with intrinsic dissipations [47, 48]. The methods outlined in the literature,
based on estimating heat sources associated with damage phenomena [46, 49, 50], are based on the

assessment of specific energy-based indices/parameters, including:

a) Mean temperature rise [51-55],

b) Initial slope of the mean temperature [35, 56, 57],

c) Energy loss per each cycle [58],

d) Harmonic components of temperature [41, 47, 59, 60],

e) Loss of the adiabaticity (the study of the thermoelastic signal and the thermoelastic phase shift)
[41, 61-63], and

f) Fracture fatigue entropy [64].

Providing an overall perspective, Figure 1 underscores significant advancements in fatigue assessment
using thermographic methods. It is noteworthy that, in addition to these progressions, further studies

in this context will be addressed later.
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Figure 1 Some milestones in developing history of thermographic techniques for fatigue assessment



2-1 State of art and the application of the infrared thermography

It all commenced with the discovery of infrared radiation by Sir William Herschel [65] and the
development of IR cameras. These cameras contributed to the widespread adoption of thermography,
enabling the analysis of objects without direct contact. Prior to the advent of IR cameras, temperature
variations in specific object areas were measured using thermocouples. However, contemporary high-
resolution IR cameras are now employed in various innovative techniques for studying materials and

stress.

A comprehensive summary and elucidation of the fundamental concepts underlying thermography
proposed by Meola [66], while Maldague [67] presented the advancements in 1994. Throughout its
history, thermography has been used in various ways, including analyzing stress [68, 69], studying
how cracks grow and how materials break [70, 71], looking at materials and fatigue [72, 73], like
composites [74] and construction materials [75], welding check [66], exploring topics like integrated
electric circuits [76], and even in medical uses [77]. One interesting use among these applications is
studying fatigue. The fundamental concept behind employing thermography for fatigue lies in
comprehending the energy released by a material during repeated loading and unloading. At the heart
of this principle is "thermoelasticity,” a theory initially explored by Lord Kelvin in 1853 [78] and 1857
[79], and also discussed by physicist Biot in 1956 [80].

The use of thermography in thermoelastic stress analysis (TSA) originated in the 1970s. In this method,
slight temperature variations are induced by applying minimal stress. Typically, the stress applied is
maintained below the threshold at which the material can endure at least one million cycles, referred
to as the endurance limit. As the material undergoes compression and tension, its temperature
fluctuates. If the cycling occurs at a sufficiently high frequency, the specimen effectively behaves as
an adiabatic system, and the data captured by an infrared camera can be correlated with the primary
stresses in the material. Regions of the specimen exhibiting notably elevated temperatures can be

examined to understand the impact of stress concentration on the component.

The fatigue analysis applications of IR thermography follow a comparable principle. However, there
is no longer a necessity for the applied load to stay below the endurance limit. When a specimen
undergoing cyclic loading is outfitted with a strain gauge or an extensometer, it becomes feasible to
measure a hysteresis loop. The region enclosed by this loop represents the energy released by the
specimen. Subsequently, IR thermography can be employed to quantify this energy. Numerous

researchers have explored hysteresis loops, and Morrow [81], for instance, formulated an equation for



predicting hysteresis energy. Later works have used hysteresis energy as a method for predicting
fatigue life and studying cyclic loading [58, 82, 83].

2-2 Theory

2-2-1 Heat sources related to fatigue damage

2-2-1-1 Micro/macro mechanisms involved in fatigue

As evidenced by pioneering research [84], it is firmly established that fatigue constitutes a dissipative
process [1, 85-88] originating at the microscopic level [89-91] and progressing to fatigue cracks, as
elucidated by Schijve [5], where crack initiation occurs at stress amplitudes below the yield limit.

Bauschinger [90] demonstrated that under cyclic loading, very minute inelastic, specifically plastic,
micro-strains occur [92]. However, the microscopic causes of fatigue failure remained unclear and
were not thoroughly investigated until the early twentieth century. It was during this period that Ewing
and Humfrey [93] observed the emergence of slip bands and microcracks on the surface of fatigued
steel. Subsequently, damage mechanics explained that the manifestation of cyclic slips, considered a
non-recoverable phenomenon due to strain hardening [5], leads to slip accumulation. This, in turn,
results in the development of a microcrack, with the potential for further growth when subjected to

additional cyclic loading, as depicted in Figure 2a.
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Figure 2 (a) Fatigue crack initiation mechanism [94], b) schematic illustration of slip band extrusions during a cyclic
straining [95]



From a macroscopic perspective, the slip bands generated during cyclic loading lead to the creation of
extrusion-intrusion pairs, subsequently causing surface roughness. This surface roughness could
directly contribute to the initiation of cracks (see Figure 2).

As per Murakami [92], the fatigue limit can be characterized as the 'threshold stress for crack
propagation’ rather than the ‘critical stress for crack initiation'. The enduring and pertinent insight
derived from the studies of Bauschinger [90] and Ewing & Humfrey [93] is that fatigue damage stems
from the accumulation of numerous extremely small irreversible cyclic micro-strains that develops

macrocracks.
2-2-1-2 Energy Dissipation in fatigue

From an energetic standpoint, in a fatigue test, disregarding potential phase transformations in the
material (e.g., shape memory alloys or crystallizable rubbers), two internal heat sources are generated
due to mechanical loading: dissipative and thermoelastic sources [96]. The former contributes to the
rise in the specimen's temperature, while the latter, the reversible source, is associated with
thermomechanical coupling phenomena. In the work of Boulanger [48], the authors analytically
separated the thermal contributions of these sources to analyze their individual influence on fatigue
damage. Concerning the dissipative heat component, it is linked to fatigue damage mechanisms arising
from the inelastic/anelastic behavior of the material [91, 97].

As mentioned earlier, irreversible plastic deformations play a role in crack nucleation, growth, and
propagation. In fatigue tests, when there are macroscopic strains in the material, mechanical energy is
dissipated in each loading cycle. This dissipation of energy can be graphically depicted by a hysteresis
loop in the stress-strain curve [98-100] with the area serving as a measure of the dissipated energy.
Some of this energy transforms into heat, while another portion remains internally stored, resulting in
irreversible deformations [14, 97, 101].

As can be seen in Figure 3a, in accordance with the initial principle of thermodynamics applied to a

body under mechanical loading, the total power equilibrium is outlined as follow [14, 101]:
W+0Q=U=E,.,+E; +E, 1)

where W is the rate of total work energy supplied to the material; Q is the rate of the heat exchanged
with the environment and U is the internal energy variation. E,, is the variations of power of
reversible energy; E, is the portion of mechanical power that converts in heating and E; is the rate of
internal energy that does not convert in heating. The combination of E; + E; shows the rate of

irreversible energy variations which are related to the fatigue damage. Different techniques indirectly



derived it by analyzing the difference between the mechanical energy (1) and the energy released as
heat (Q ) [14].

It is important to highlight that an internal heat source resulting from damage (depicted by the blue
circle in Figure 5a) generated during cyclic loading can be identified by its signature on the surface of
the sample (the red circle in Figure 3a) using the Infrared thermography technique. For instance, in
Figure 3b, a temperature map corresponding to a C45 specimen subjected to fully reversed loading (R
= -1) is displayed. These maps demonstrate how temperature variations on the specimen's surface,
serving as an indicator of dissipation, correlate with the stress amplitude. Below the fatigue limit, this
temperature increase is minimal. However, beyond the fatigue limit, it substantially rises as damage

accumulates, eventually reaching its peak when the specimen fails.
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Figure 3 (a) Energy balance during cyclic loading [101] (b) the temperature change during the fatigue test for C45
specimen tested at R=-1 (6,=200 MPa and 305 MPa below the fatigue limit, 6,=335 MPa above the fatigue limit and
0,=425 MPa at end of the test) [102]
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2-2-1-3 The Relationship between Energy Dissipation and Temperature

The stress-strain hysteresis characteristics in metals rely on the micro-mechanisms responsible for
dissipating energy during cyclic deformation. These mechanisms determine a loss of linearity between
the applied stress and the corresponding strain, causing a delay in the material's response (strain) to
the applied stress [99], and ultimately the appearance of the hysteresis loop (from Greek votépnoic=
hysteresis=delay). The ability of materials to dissipate energy through internal adjustments is known

as damping [100].

In essence, when a material undergoes cyclic loading, it produces heat. This heat dissipation results
from the internal friction and damping of the material. The total energy dissipated through this internal
friction during cyclic loading is the sum of all the individual work done within the various elements of
the material. When a sinusoidal stress is applied to the material, the imperfect elasticity of the material
causes the unit deformation to intermittently deviate from the theoretical value of the stress-to-modulus
of elasticity ratio (¢/E), as predicted by elastic theory. Consequently, the stress-strain diagram takes
the form of a closed curve, commonly known as a 'hysteresis loop." The area enclosed by this loop
represents the energy dissipated by internal damping within a unit volume during a single cycle [103,
104].

Given that temperature serves as an indicator of internal heat sources generated by cyclic loading,
various researchers have investigated the thermal patterns linked to both reversible and irreversible
heat sources [27, 28, 33, 61, 101, 105, 106] as shown in Figure 4. In this figure, the quantities A and
A6, represent the phase lags attributed to the thermal diffusion of the first harmonic and second

harmonic, respectively, and A@ the difference between them.

The reversible energy variations produced by small volume changes inducing the ‘thermoelastic effect’
[41] are represented in Figure 5. For uniaxial sinusoidal loading, the temperature fluctuations

associated with thermoelastic coupling can be articulated as follows:
T = Tipe sin 2rft + 1 + @) (2

where T is the temperature variations at the loading frequency f, Ty, is half of the peak-to-peak signal
amplitude, and ¢ is the phase angle between temperature and loading signal [107]. In accordance with
the conventional theory of thermoelastic stress analysis, the temperature and the first stress invariant
exhibit opposite signs [28], which is why ‘@’ is included in Eq. (2). Figure 5 depicts the relations

between T and ¢ in two opposite cases [41, 62].
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Figure 5 Thermoelastic phase shift ¢: temperature and stress relation (a) under adiabatic condition, (b) under non-

adiabatic conditions [41]

A phase shift, influenced by various factors, may arise in the presence of phenomena leading to the
breakdown of adiabatic conditions. The loss of adiabaticity can be linked to a thermal dissipative

process. Typically, intrinsic dissipations result in heating through two distinct contributions:

e the heat produced under the hysteresis conditions (anelastic regime) [91],

e the heat produced under visco-plastic deformations regime [88, 108],

These heat contributions significantly impact the adiabatic nature of the processes, consequently
influencing the variation in ¢ values. It is important to note that in the case of a purely elastic cyclic
response, the level of adiabaticity (and the ¢ value) is contingent on the loading frequency. A higher

loading frequency corresponds to a higher adiabaticity level.

By examining the irreversible energy changes during fatigue tests (Figure 3a), the irreversible work

energy supplied to the material depends on the chosen stress ratio. In cases where the stored energy

12



(E) is negligible, the heat-converted energy (E,;) can be directly derived from thermodynamic balance.
However, E; can also be evaluated by scrutinizing the surface temperature of the sample [21, 109] and

can be articulated as:

Eq = pCy AT, 3)

where AT, are the dissipative temperature variations, p is the density and C, is the heat capacity at
constant pressure. In earlier investigations, Jordan [45] identified a direct correlation between the
variation in mechanical energy (area under the hysteresis loop) and the energy transformed into heat
during fatigue.

2-2-1-4 Self-heating effect

Figure 6a illustrates the evolution of the hysteresis loop within the fatigue regimes during traditional
constant amplitude tests used to construct Wohler’s curve [97]. In rapid fatigue tests [110], a self-
heating effect (representing mean steady-state temperature variations with the stress amplitude) [50,
111] occurs in the material, involving two mechanisms. As explained by Mareau [111], the first
mechanism is linked to a reversible movement of dislocations (mechanically reversible but thermally
irreversible), and the second is associated with plastic activity. The latter involves the gradual
emergence of microplasticity [112], while certain aspects of the mechanisms occurring during the

primary regime are still not fully understood.

In Figure 6b, according to Munier’s study [50], a model was introduced to establish a connection
between self-heating measurements and the high cycle fatigue characteristics of metals in relation to
temperature variations. Specifically, in Figure 6b, a representative elementary volume (REV) is

defined as an elasto-plastic matrix containing various lattice discontinuities, such as inclusions.

Under low stress amplitudes, it was assumed that inclusions exhibited behavior similar to the matrix,
with dissipation primarily attributed to the elasto-plastic behavior of the matrix. Nevertheless, when
the stress surpassed a specific threshold, plastic hardening within the inclusions came into play. Under
these circumstances, the dissipation associated with the matrix aligned with the primary regime, while
the dissipation in the group of inclusions was associated with the secondary regime. The latter,

according to Munier’s approach [50] governed the physical process of fatigue damage initiation.
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2-2-2 Estimation of the dissipated heat during the fatigue
2-2-2-1 Estimation based on the mean temperature

From a thermo-mechanical perspective, fatigue is recognized as a quasi-static dissipative process
[113]. Employing the thermodynamics of irreversible processes, a local heat equation can be developed
to elucidate the experimental data [113], encompassing temperature variations resulting from heat
exchanges and material deformation, subsequently leading to heat generation. This equation has been
commonly employed in various studies to approximate the heat dissipation from surface temperature
using thermographic techniques [108, 114]. A brief explanation of the approximate derivation of heat

dissipation from the heat equation is provided below.

The idea relies on a collection of N state variables that characterizes the equilibrium state of each
element within the material. The chosen variables are the absolute temperature, T, a strain tensor ¢ and
N — 2 scalar components &,,¢,, ..., Ey_, completing the description of the thermodynamic state. The
latter describe the macroscopic effects of complex and usually coupled microstructural phenomena.

The heat equation is expressed in the following manner [48, 113]:

¢t divg=d ()
ppat+ ivg=d;+Sp +5;+7,

Where p and C, are density and specific heat at constant pressure, respectively; q being the heat influx

and d, shows the intrinsic dissipation as below [48]:
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oy oy (5)
d1=a:D—pa—£:e—p¥:f

Where o is the Cauchy stress and ¥ is the Helmholtz free energy and D is the Eulerian strain-rate
tensor (o: D is the deformation energy, pi—f:e‘ is the elastic energy rate and pi—?:é is the stored
energy rate) [115]. The second and third terms next to the d; in Eqg. (4), the thermomechanical coupling

. . %y . .
sources, include the thermoelastic source (s;, = me : €) and the internal coupling sources (s; =

0%y
aT 9¢

pT §); and the external volume heat supply 7, is the last term.

In theory, by assessing the left-hand side of Eq. (4) through experimental measurements (e.g.,
employing thermographic techniques), it is possible to approximate the overall heat source and
dissipation [48, 116]. However, without introducing any simplifications, this estimation process

becomes a challenging ill-posed inverse problem [113].

In general, to estimate d,using thermal data from thermographic techniques [113], certain fundamental

assumptions need to be considered. These may include:

Negligible thermal gradient throughout the thickness;
Constant values for p, C, thermal conductivity (k), and convection coefficient (h);

Time independence of 7,;

M w0 e

The temperature variation induced by the fatigue test having no impact on the microstructural

state (typically neglected when the temperature rise is relatively low [114]).

Additionally, other assumptions found in the literature [114] include neglecting heat conduction
between the loading machine gripper and the specimen, using a simple linear function for heat
exchange through convection and radiation, and disregarding heat sources arising from thermoelastic

effects. With all these assumptions, Zhao et al. [114] derived the heat dissipation as:

pC, (6)

di = A=~

Where A has a constant value can be obtained from the experimental temperature variation and 7 is a

characteristic time constant related to the heat diffusion from the surface of the sample [114].

It is important to highlight that d, is expected to be defined solely within the gauge length of the sample
during the fatigue test since the amount of deformation is highly dominant in comparison to the

domains outside it [114].
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The experimental values of d; in Eq. (6) were predicted by Zhao et al. [114] utilizing the

thermographic technique and measuring the mean surface temperature.
2-2-2-2 Estimation based on the second amplitude harmonic of temperature

Rather than relying on the mean surface temperature, the second amplitude harmonic (SAH) of
temperature can also be employed for estimating energy dissipation. This is justified by its fundamental
association with heat-converted energy, as demonstrated by De Finis et al. [45] in the case of C45 steel
under fully reversed loading (R=-1). Over recent years, attention has grown towards the SAH
component, recognizing it as a valuable parameter for fatigue assessment [47, 59, 60, 117].

In Eq. (1), the energy balance, I/ can be determined from changes in stress and strain over time. As
the cyclic load in the fatigue test induces periodic fluctuations in both strains and stresses, therefore, it
can be anticipated that the mechanical energy rate (W) also exhibits a periodic form, given that it

equals the scalar product of stress and strain rates [101].

Besides, by ignoring the stored energy rate (E; =~ 0), based on the 1% law of the thermodynamic and
for R=-1, the heat dissipation rate is theoretically almost equal to the mechanical energy rate, E; ~ W.

Therefore, a periodic behavior can also be expected for E, [101].

In the case of C45 steel subjected to fully reversed loading, it was proven that the second harmonic of

heat dissipation, Edzw, is the dominant component of the E, (the same as for W) [101]. Through the
application of Discrete Fourier Transform (DFT) on the surface temperature signal, Edzw, can be

determined based on the SAH of temperature [101] (similar to Eq. (3)):

Ea, = 2fpCTaq (7)

where 2f represents twice the loading frequency and T,,, is the second harmonic amplitude of the
temperature. However, the estimation of heat dissipation from the average of the SAH of surface
temperature is only an approximation. Because it is calculated from the surface temperature [101] and

does not offer insights into the processes taking place within the gauge volume.

2-3 Different methods to investigate the thermal behavior for fatigue prediction

In this section, the well-established and recent advanced approaches to obtain thermal parameters to

study fatigue behavior are presented.
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2-3-1 Direct Temperature Assessment
2-3-1-1 Mean temperature increase

The phenomenon of self-heating can be traced back to the research conducted by Stromeyer in 1914
[118]. Subsequently, it has been employed for the swift prediction of fatigue limits. In 1983, the
pioneering researcher Risitano [38], and in 1986, Curti et al. [119], investigated the potential of
thermography as a non-contact sensing technique for assessing the fatigue limit based on surface
temperature [37].

It is important to highlight that the fluctuation in surface temperature primarily arises as a macroscopic
consequence of energy transfer. The onset of heat dissipation and the self-heating regime during cyclic
loading can be predominantly attributed to internal mechanisms of fatigue damage, such as
microplasticity. Additionally, external factors, including thermal convection and radiation, can exert a

substantial influence on temperature variations [55, 102, 105].

La Rosa and Risitano [37] investigated the surface temperature patterns of specimens subjected to
cyclic loading. As illustrated in Figure 7, (N and N are the number of cycles to reach the stabilized

temperature and the failure, respectively), for loads exceeding the fatigue limit, the temperature
demonstrates a characteristic pattern. It experiences an initial rise at the commencement of the test
(phase 1), followed by a "stabilization" phase (phase 2) until shortly before failure, and ultimately, a
rapid ascent just before failure (phase 3).
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Figure 7 Surface temperature behavior and phases (thermal increments vs number of cycles) [120]
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They observed that as the stress relative to the fatigue limit increases, both the temperature rise rate in
phase 1 and the "stabilization™ temperature in phase 2 also increase [37, 39]. Using the temperature of
the steady state (AT..qqy) Obtained during a stepwise loading procedure allows for an exploration of

the fatigue behavior of materials and components [40, 41].

In another pioneer study [36], Luong introduced intrinsic dissipation as a precise indicator of damage
initiation. Using the coupled thermomechanical equation and subtracting the thermal image at different

reference times, it became possible to estimate intrinsic dissipation based on the mean temperature.

It is important to highlight that accurately quantifying intrinsic dissipation in engineering materials
presents some challenges. Surface thermal signature measurements can be influenced by heat
exchanges, resulting in measurements that are essentially estimates of the internal energy dissipated
[40]. The quantification of intrinsic dissipation becomes more intricate when dealing with brittle or
highly diffusive materials, primarily due to minimal temperature changes [40], which requires the
development of specific smoothing procedures.

For this purpose, De Finis et al. [40] introduced a novel thermal data analysis procedure, which
involved filtering out superficial temperatures, including environmental temperature and those
generated by heating from the hot servo-hydraulic fixture of the loading machine. To address the
ambient temperature effect, they subtracted the surface temperature of a dummy specimen from that
of the sample. Simultaneously, the contribution from the loading machine was eliminated by assuming
a linear temperature increase and employing a specific data fitting procedure for thermal profiles along
the longitudinal direction of the gauge length. These recent advancements in image processing have
significantly improved the capability of infrared thermography in detecting the fatigue limit for various
materials, particularly in automotive components subjected to different stress paths (reversed tension,

rotating bending, cyclic torsion, etc.) [109].

As shown in Figure 8, the initiation of damage and defects triggers alterations in dynamic
characteristics, influencing properties like the specific damping capacity (¥) and the natural frequency
of materials, both associated with damping parameters (e.g., loss factor and damping ratio) [106].
Damping, a property of materials or systems to dissipate energy under cyclic loading, can be
determined either from the exponential free decay curve or the half-power bandwidth method in the
time or frequency domain, respectively [106]. Crupi established a relationship between the stabilized
emperature increment, AT qpinizea,» and the square of the applied stress amplitude (62) based on

damping parameters as follows [106]:

18



{ATstabilized =0, 0, < O¢ (8)
— 2
ATstabitizea =@ 05 +b, 0. <0, < Oy

where a and b denote material constants depending on the specific damping capacity ¥ and o, and a,,

are the fatigue limit and the stress amplitude, respectively.
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Figure 8 Specific damping W versus the stress range Aa, relative to AlSI304 specimens at a load ratio R =1 and a
frequency f = 100 Hz [106]

The specific damping capacity is linked to the stabilized hysteresis loop, a fatigue parameter, and
ATgeapitizea- 1N €ssence, ATgqapitizea COrresponding to various loading levels can be determined by
capturing thermal sequences during a stepwise loading of a single specimen [106]. It is important to
mention that similar relationships, employing power functions, can also be identified in the literature,
albeit with different exponents [37, 121-124].

The relationship between AT qpiisea @Nd o, Was further developed by considering the number of
cycles to the failure (N¢).

Utilizing the shakedown theory and multiscale concept, Wang et al. [125] provided theoretical support
for the analysis of energy and identified an intrinsic correlation among the three mentioned parameters.
They termed this correlation Quantitative Thermographic Methodology (QTM). More recently, Feng
et al. [126] proposed an enhanced version of QTM, integrating heat exchange through the heat
diffusion equation [33, 48, 116] and accounting for variable amplitude loading. They posited that

damage could be equivalently transferred from one loading block to another [127].
2-3-1-2 Initial slope of the temperature curve

Through fatigue testing, it was observed that a close link exists between the temperature increase and
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material degradation under cyclic loading. In the case of Aluminum 6061-T6, Figure 9 depicts the
variation of the temperature slope concerning the normalized number of cycles relative to the cycles
leading to failure. The graph indicates an initial increase, followed by a sharp decline, and then a
relatively stable phase that persists for approximately 90% of the lifespan. Finally, there is a sharp

increase towards the end of the test [110].

Slope of the Temperature ( 0Ks'l)

Normalized No. Cycles

Figure 9 The evolution of the temperature slope in bending fatigue of Aluminum 6061-T6 [110]

Being pioneers in the field, Huang et al. [128] observed a significant temperature spike in certain
stainless steel and superalloys shortly after reaching a stable state. This temperature increase,
illustrated in Figure 10, was connected to the initiation and spread of macrocracks [50] and the
forthcoming fracture [52]. However, this temperature increase seems to be an ineffective indicator as

it is determined after substantial accumulation of damage and involves a time-consuming process.

However, in the initial phase | on the left side of the temperature curve, before stabilization, the angle
of temperature rise has been suggested as a potential indicator for fatigue assessment. This notion has
been previously highlighted in pioneering studies by Curti et al. [119] and Botny and Kaleta [129].
Boulanger et al. [48], demonstrated that the initial slope of the temperature rise is valuable for
investigating fatigue behavior, specifically in estimating dissipated energy. Mehdizadeh and Khonsari
[64] proposed that the effectiveness of this slope (refer to Figure 11a) for estimating fatigue limit
depends on the sharp change in slope in the Ry — o curve (see Figure 11b for SS 304 with fatigue
limit around 230 MPa [64]). Additionally, Amiri and Khonsari [56, 57] presented a relationship for

determining fatigue life based on the temperature slope in the initial phase of the temperature trend.
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Figure 10 Temperature slope just after a steady-state condition [120]

As the temperature evolution slope, denoted as R = AT /N, is measured during the initial phases of
testing, it provides a swift method for predicting fatigue life, thereby saving testing time and preventing
catastrophic failure. However, a limitation is that this relationship specifically applies to fatigue tests
conducted on pristine specimens without prior damage history. In other words, it does not account for
the history of the specimen. Meyendorf et al. [130] illustrated that when a specimen has undergone
fatigue, its microstructure changes, leading to a distinct thermal response compared to a pristine
specimen. Through a series of fatigue tests on cylindrical dog-bone samples obtained from forged
titanium, they observed a gradual alteration in the temperature rate as the number of cycles
accumulated [130]. To address this limitation, Khonsari and colleagues adjusted the mentioned

relationship by considering accumulated damage for non-undamaged samples [35].
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Figure 11 (a) Temperature Slope at the beginning of the test and (b) fatigue limit predicted by initial slope of
temperature for SS 304 [120]

As the sample undergoes cyclic fatigue, there is a substantial increase in temperature after each step.
Based on this observation, Amiri and Khonsari [35] suggested that this slope, considered as a function
of time, can be employed to estimate the remaining fatigue life. This method enables the quantification

of previous fatigue damage. It is noteworthy that all of these investigations were conducted under
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under excitation loading, which entails short-term mechanical loading [130].

In another work by Liakat and Khonsari [131], the relative slope (R,) was introduced for predicting
the remaining fatigue life. It was characterized as the disparity between the temperature rise slope (R)
and the intercept of the slope and the number of load cycles (R-N) curve. Through the introduction of
the relative slope, denoted as R,, Liakat and Khonsari [131] [128] demonstrated its linearity with
respect to N, making it applicable for both constant and variable amplitude cyclic loadings. Moreover,
the temperature slope can be employed to forecast fatigue life by estimating the accumulation of

entropy and the generation of plastic energy[132], as later discussed.
2-3-2 Thermoelastic Stress Analysis

Gough [51] first observed the thermoelastic effect, but the initial experiments were conducted by
Weber [133]. The theoretical foundations were later established by Thomson, who is also known as
Lord Kelvin [134]. In summary, Thermoelastic Stress Analysis (TSA) is based on the reversible
temperature changes that occur during the elastic deformation of a homogeneous solid under adiabatic
conditions. Under these assumptions, it is possible to define a linear relationship between surface
temperature variations and the first invariant of stress [30, 31, 135-137], called the classic TSA
equation [137]:

AT (5)

where p is the density, C, is the specific heat under constant strain, AT is temperature variation, Ty is
the reference temperature, « is the linear thermal expansion coefficient and 4s is the change of the
first invariant of the stress tensor [136]. A comprehensive examination of this equation and the revised
versions can be found in the research conducted by Wong et al. [136, 138, 139]. It should be noted that
the presence of non-adiabatic phenomena (such as visco-plastic behavior of the material or the

presence of a high stress gradient) disrupts this linearity [30].

In the classic TSA equation, as mentioned in Eq. (2), the temperature changes can be defined as follows

by considering uniaxial stresses with sinusoidal loading:
a -
T = p—CTa sin(wt + 7 + @) ©)

Eqg. (9) introduces a phase angle between the temperature and loading signal, influenced by factors like

painting thickness or grippers. When there are high-stress gradients and viscoelastic-plastic behavior,
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significant alterations in the phase signal occur due to deviations from adiabatic conditions and the
onset of fatigue damage [62].

As previously mentioned, the utility of TSA extends beyond adiabatic conditions. Both the
thermoelastic temperature amplitude and thermoelastic phase serve as indicators of non-adiabatic
conditions. This indirectly facilitates the investigation of material damage behavior and estimation of
fatigue limits during stepwise loading tests [45, 59, 60, 140, 141], as elucidated below.

2-3-2-1 Loss of adiabaticity (thermoelastic phase analysis)

Palumbo and Galietti [62] introduced a novel empirical approach termed Thermoelastic Phase
Analysis (TPA) to examine the fatigue behavior of stainless steels. This method relies on analyzing
the phase of the thermoelastic signal. Additionally, TPA proves useful in estimating the fatigue limit.
Essentially, changes in the phase can be attributed to either the visco-plastic behavior of the material
[107, 142] or the presence of a high stress gradient, causing heat conduction and a departure from
adiabatic conditions [28, 30, 69, 143]. As a result, this loss of adiabaticity leads to shifts in the trend

of the thermoelastic phase.

For a better explanation, Figure 12a illustrates the shift in the phase signal across four stress
amplitudes. The first two are below the fatigue limit (around 170 MPa for ASTM A182), and the
remaining two surpass the fatigue limit. Notably, there is a significant elevation in the phase observed
when stress amplitudes exceed the fatigue limit. This in escalation crease indicates the loss of adiabatic

conditions and the onset of damage [62].

In TPA, the thermoelastic data were obtained following Loung's method, specifically during the second
phase of the temperature trend where the average surface temperature remains constant [62]. For each
loading step, the maximum phase change (4¢,,4,) Was computed by taking the difference between the
maximum and minimum phase values during a specific thermographic sequence. Then, by analyzing
how 4¢,,,, varies with stress amplitudes, the fatigue limit can be determined at the point where the

curve undergoes a distinct and abrupt change in its slope (see Figure 12b) [62].

A similar variation, ¢, in Figure 13, was also reported by Cappello et al. for C45 [144]. Compared
with the classical thermographic method (A4T;,,,,) in Loung’s method, TPA demonstrated superior
efficacy, particularly for materials or components undergoing relatively minor temperature
fluctuations. Reports indicate that TPA surpasses approaches relying solely on stabilized temperatures,

especially in materials exhibiting higher ductility [62]. In Figure 13, The green and blue cross marks
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show the minimum value (5th percentile) and the maximum value (95th percentile), which were
changed with the loading amplitude [144].
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Figure 12 (a) Thermoelastic phase map for four different loading steps of ASTM A182 and (b) the maximum phase

change curve [62]
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Figure 13 (a) Thermoelastic phase map for four different loading steps and (b) its variation for C45, R=0.1 [144]

The accuracy of predicting fatigue limits using phase shift data was investigated by De Finis et al. [41].
Furthermore, they illustrated that the phase's sensitivity to stress amplitudes [41] positions it as a
suitable metric for tracking the transition between plastic and viscous phenomena. It is also effective

in describing dissipative phenomena linked to the plastic stress regime.

2-3-2-2 Loss of linearity of FAH (first amplitude harmonic)

Krapez et al. [45, 60], and later De Finis et al. [41, 145], introduced similar temperature models that
leverage the first amplitude harmonic of temperature. Through comparing the first temperature

amplitude with its linear trend assessed at the beginning of the test, a noticeable distinction was
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observed when the stress amplitude surpassed the fatigue limit. In essence, TSA equation loses validity
in the presence of damage, particularly when microplastic phenomena occur in the material. Under
such conditions, the prediction of the fatigue limit becomes feasible when a loss of linearity in the first
harmonic is detected for a given stress level. In Figure 144, displays full field maps of the first harmonic
amplitude of temperature for C45 (with an approximate fatigue limit of 200 MPa) and its variation (E;
in [144]) are shown. Noted that green and blue crosses in Figure 14a indicate minimum and maximum
related values [144].

Figure 14b illustrates the nonlinearity occurring around 220 MPa, very close to the material's fatigue
limit [45]. Importantly, the intensity of the slope change in the curve depends on both the material and
the stress ratio [41, 45]

150MPa 210MPa 270MPa 310MPa 0.70 }
x' 0.7
0.60
0.6 'G'
’ £ 050 3
0.5 w
0.40
0.4
0.30
- 5 i 0.3 0.20
140 190 240 290 340
o, [MPa]
@ (b)

Figure 14 (a) First harmonic amplitude map for four different loading steps and (b) its variation for C45, R=0.1 [144]

2-3-3 Energy-based approaches

Research on the connection between fatigue (or failure) and energy has roots dating back to the 1920s
[146]. However, it was not until the early 1940s and 1950s that numerous researchers started exploring
the correlation between a material's fatigue life and the dissipation of strain energy throughout the

fatigue process [32, 98].

Feltner and Morrow [32] attribute the initial connection between Strain Energy Density (SED) and
fatigue life to Hanstock [147] around 1947. Subsequently, in 1965, Morrow made a significant
contribution by introducing a power function that links plastic SED, plastic work, and fatigue life. This
function is considered the prototype for contemporary SED-based models [148]. Following this,

various forms of SED-based fatigue approaches were developed and refined [148-151]. For a detailed
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historical development of SED and a collection of equations directly correlating SED with fatigue life,
one can refer to the work by Lia et al. [148].

A promising insight is that the strain energy necessary for the failure of a material in a static test closely
aligns with the strain energy dissipated during a fatigue process [45]. As depicted in Figure 15, the
strain energy (or its normalized counterpart, which is the strain energy density per cycle divided by
the strain energy density in the steady-state strain region) increases with the number of cycles as plastic
deformation or damage elevates [98].
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Figure 15 Normalized strain energy variation during the fatigue test for Al 6061-T6 [98]

2-3-3-1 Second amplitude harmonics (SAH)

Enke and Sandor [59] illustrated how the assessment of dissipative heat sources can be employed to
gauge material damage. Assuming negligible mean strain, corresponding to fully reversed cyclic
loading, they introduced a general form of thermo-elastic-plastic response. They applied the Fourier
sine series to the thermal signal recorded by an infrared camera and highlighted that the amplitudes at
the frequency and twice the frequency of the mechanical loading are proportionate to the elastic and

plastic strains (or deformation), respectively.

Illustrated in Figure 16 is a schematic representation of the hysteresis loop for sinusoidal loading,
depicting the variations in stress, strain, and temperatures. During the transition from point 'a' to 'b,’
elastic strain increases, while temperature concurrently decreases, both following a sinusoidal pattern.
In the elastic unloading phases from 'b' to 'c' and then 'd' to 'e,’ the temperature is solely attributed to
elastic deformation (T,;,s:ic)- This cyclic behavior repeats for subsequent cycles (‘c-d' and 'd-e"), but

with opposite signs for the elastic temperature contribution. As clarified by Enke and Sandor [59], for
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each cycle of elastic temperature response, two cycles of plastic temperature response occur.
Consequently, twice the loading frequency, 2f, plays a fundamental role in assessing Tpigsic- It IS
worth noting that at the test's commencement, this temperature contribution is negligible, but it
increases with plastic deformation and damage. As an example, the full field maps of the second
harmonic amplitude of temperature (D, in [144]) for C45 with the fatigue limit of around 200 MPa are

shown in Figure 17.
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Figure 16 A schematic representation of hysteresis loop and temperature variations during a single cycle under a
sinusoidal stress [120]
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Figure 17 (a) Second harmonic amplitude map for four different loading steps and (b) its variation for C45, R=0.1 [144]

In continuation of prior research, Krapez et al. [45, 60] demonstrated that energy variations resulting
from irreversible processes generate a secondary harmonic temperature component, serving as a
fatigue indicator. They conducted an analysis of the thermal signal in the frequency domain to

differentiate between dissipative and thermoelastic sources [45, 60]. The original concept was initially

27



proposed by Bremont and Potet [46].

To enhance the precision of dissipated energy measurements, Shiozawa et al. [47, 152] introduced a
method utilizing the phase 2f lock-in infrared technique. This method employs a double-frequency
component of temperature change, encompassing the effects of both energy dissipation and
thermoelastic sources (refer to Figure 4). Notably, this technique effectively eliminates the superficial
portion of dissipated energy, or noise components generally associated with thermoelastic temperature
(ATg), resulting from the harmonic vibration of the loading machine. The primary objective was to
ascertain the genuine temperature rise attributable to the dissipated energy (AT,) and the rate of energy

dissipation (q). They are formulated as follows:
ATy = —kTAo (10)
q = pCyATy (11)

where k is thermoelastic coefficient, T is the absolute temperature and Ac is the sum of principal

stresses.

De Finis et al. [101] conducted further exploration into the second amplitude harmonic (SAH) of
temperature, denoted as AT,,,. Specifically, they investigated the potential of the AT,,, signal as an
indicator for predicting the dissipated heat energy. Additionally, the study revealed a correlation

between the SAH of heat dissipated rate AEdZW and mechanical energy rate AW,,, for C45 steel under

two stress ratios (R =2 g . and og,,,, are the applied minimum and maximum stresses,

Omax

respectively) R=0.1 and -1, as follows:
AW, = Ay AE,,  + A, (12)

where A, and A, depend on the material. While the first one was reported to be dimensionless, the

second dimension has the same of either AW,,, or AE,, .

The endurance limit can be estimated from the latter one, AE,, , [117] and subsequently the area under
the hysteresis loop. However, the accuracy of this approach is contingent on several assumptions,
including (i) the complete conversion of mechanical energy into heat, (ii) consideration of only a
fraction of AEy, and (iii) determination of AE,;, from AT,,, on the surface, which is smaller than the
value associated with the actual heat source. Additionally, Pitarresi and Cappello [61, 153] introduced
a thermoelastic stress analysis method aimed at experimentally detecting and assessing crack closure

during mode | fatigue loading on isotropic cracked samples. They found that the second harmonic of
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surface temperature, measured over a short period during the fatigue test, served as a sensitive indicator
of crack closure. The study revealed distinctive signal patterns in the second harmonic amplitude,
enabling direct visualization of the crack closure area. The researchers also elucidated the mechanisms
underlying the correlation between the second harmonic and crack closure. Recently, Meneghetti and
Ricotta [13-15, 154] proposed a method for estimating the heat dissipation from T5,,. They assumed
that the whole of the gauge volume in a dog bone specimen dissipating the same way, under cyclic
loading, and the temperature of a small area on the surface of the gauge volume is a representative of
the whole. They introduced an adjusting parameter depending on the material behavior and thermal
boundary conditions, and neglecting the diffusion effect (or material diffusivity), to make a
relationship between the heat dissipation and T5,,. This paper served as a pivotal source of motivation
for the inception and development of the current work presented in this thesis; answering what is the
volume producing heat and how the experimental measurement of T, of the real heat source can be
affected by the diffusion [13-15, 154].

2-3-3-2 Specific Heat loss

Meneghetti [58] introduced a promising parameter for fatigue characterization centered on the energy
per cycle within a unit volume, as opposed to surface temperature. Utilizing the energy balance
equation, a connection was made between thermal power dissipated per unit volume (encompassing
conduction, convection, and radiation) and the cooling rate (0T /dt). It was found from the temperature

evolution curve after a sudden interruption of the fatigue test, see Figure 18.
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Figure 18 Slope of the cooling rate [120]
After getting the cooling rate from experimental measurements, the heat dissipated was measured [58,
102] as follows:
pC dT (13)

fotl—¢

where p and C represent respectively the mass density and the specific heat, and f is the frequency.
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The dissipation of heat is solely determined by the characteristics of the cyclic loading applied,
including the mean, amplitude, and stress state. The effectiveness of this approach has been
documented in the literature for various steels and fracture mechanics approaches [155-157]. As an
illustration, Figure 19 displays the predicted fatigue limit for AISI 304L stainless steel based on either
the dissipated thermal energy or the cooling gradient.
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Figure 19 fatigue limit prediction with thermal energy dissipated or the cooling gradient for AISI 304L stainless steel
[158]

In a specific material with designated loading and mechanical boundary conditions, the surface
temperature is influenced by the sample's geometry, loading frequency, and heat exchange with the
surroundings. Conversely, the dissipated energy is solely contingent on the applied stress amplitude
and load ratio. Therefore, surface temperature cannot be adopted for geometries and testing conditions

different from the reference ones [58].

Rigon et al. [159] demonstrated that the cooling gradient immediately after t* is at least one order of
magnitude higher than the heating gradient at the same time. Consequently, the dissipated fraction
significantly surpasses the self-heating portion within the total heat production. Additionally, in a more
recent investigation, Rigon et al. [49] effectively applied this method to fatigue tests conducted under
in-phase and out-of-phase axial/torsional multiaxial loadings. It is noteworthy that the thermographic
technique is primarily employed in uniaxial fatigue tests, where achieving temperature stabilization is
feasible. However, this assumption may not always hold true in the case of multiaxial loadings, which
is not the focus of this study. For more details on the application of thermography in predicting fatigue
life under multiaxial and non-proportional fatigue loadings, readers can refer to the work by Skibicki
et al. [160].
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2-3-3-3 Entropy based methods

Built upon the thermodynamic theory of irreversible processes, as proposed by Naderi et al. [73], the
accumulation of entropy during a fatigue test is considered a measure of degradation. According to
their study, entropy continues to accrue until it attains a specific value referred to as the fatigue fracture

entropy (FFE), defined as follows:

(Y (W, q.grad(T) (14)
n= ] (F-2)
where y; is the fatigue fracture entropy (FFE), tf is the time up to the fatigue failure and q is the heat
flux across the boundary. During the entire test, an infrared camera was employed to capture the
temperature evolution, T, and Morrow's cyclic plastic energy dissipation formula [81] determined the
plastic energy, W,. An illustrative depiction of the entropy flow rate evolution for aluminum 6061 until

failure is presented in Figure 20a.

In low-cycle fatigue, where entropy generation is predominantly attributed to plastic deformation, it
has been demonstrated that the second term in the integral is negligible [132]. It was verified that y;

remains a material constant, unaffected by the geometry, load, and frequency [132].

As depicted in the temperature trend illustrated in Figure 20b, following the steady-state phase, there
is a sharp increase in entropy at approximately 90% of the fatigue life. This pattern corresponds with
the temperature slope presented in Figure 9. From this observation, Naderi and Konsari [161] stated

that the operation, or loading, should be continued until y < 0.9 y;, avoiding fracture.
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Figure 20 Evolution of rate of entropy flow of aluminum until failure occurs: (a) variation with temperature; (b)
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In alternative research, it has been demonstrated that cyclic energy dissipation in the form of
thermodynamic entropy can be successfully employed to assess the progression of fatigue damage
[110] and the remaining life [64]. Jang and Khonsari [162] presented an experimentally validated
analytical approach, highlighting that the energy dissipation attributed to recoverable internal friction
must be subtracted from the irreversible microplastic deformation (see Figure 21) to precisely find the
FFE value [162-165].
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Figure 21 The schematic diagram of energy generation as a function of stress or strain showing the contribution of

microplastic and internal friction [166]

2-3-4 Thermoelastic point inversion assessment

A distinct methodology, termed the "Static Thermographic Method,"” has been employed by Risitano
and Risitano [167] to estimate the fatigue limit by evaluating the termination of the thermoelastic effect
during a static test. According to their approach, a static tensile test can be considered as a part of the
initial cycle of a fatigue test under fully reversed loading. This perspective allows for determining the
stress amplitude associated with the fatigue limit by monitoring surface temperature changes during a
static test [167]. It is noteworthy that while this method drew some inspiration from the work of Bottani
and Caglioti [168] its primary foundation lies in the research conducted by Plekhov and Naimark [53]
and Risitano et al. [169].

Typically, the thermal behavior of metals or crystalline solids under a tensile test can be discerned
through two distinct zones: the elastic zone, characterized by a linear stress—strain relationship, and

the plastic zone, where not all crystals deform within an elastic field.

As mentioned by Risitano and Risitano [167] during tensile tests, fatigue failures occur at points in the

material’s stress—strain curve where local stress induces plastic deformation. These localized stresses
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intensify compared to the average applied stress (load/area), resulting in fatigue failure. Consequently,
the specimen fails when the load surpasses this average value [167]. This critical value is identified

when the linear trend of the maximum surface temperature in Figure 22 (thermoelastic behavior) is

lost [167].
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Figure 22 Qualitative stress—strain and temperature - strain curves [167]

The emergence of non-linearity is attributed to the localized intensified stress inducing irreversible
micro-plastic deformations (zone Il in Figure 22) and consequently heat dissipation [167]. It is
highlighted that, apart from a few crystals undergoing plastic deformation, the majority experience

stress within an elastic field. In contrast, plastic deformation intensifies within zone Ill, eventually

encompassing every crystal in zone IV [167].

In another work, Risitano et al. [170] demonstrated the method's reliance on the applied stress rate
during the tensile test. Nevertheless, this dependence does not exert any influence on the attained
results in relation to the fatigue limit. The method can be implemented efficiently even with a restricted
number of specimens and within a brief time frame [34, 171-173]. However, for a more robust

estimation of the fatigue limit, it is recommended to test a minimum of five samples.
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2-4 Procedure and typical setup for rapid fatigue tests

A standard experimental setup comprises an infrared camera and a set of computer-controlled
components, as illustrated in Figure 23. Tests are conducted utilizing a mechanical excitation source
provided by a servo-hydraulic testing machine equipped with a suitable load cell capacity. The testing
environment is maintained at an almost constant temperature. Sample dimensions should adhere to

established standards [174] and typically exhibit a dog-bone or hourglass geometry.

As depicted in Figure 23, a computer collects both the load cell signal, serving as the reference signal
for the noise rejection process, and the thermographic signal. Subsequently, the software computes
temperature from the infrared signal, presenting it as colorful temperature maps.

The fatigue assessment testing procedure involves a series of loading blocks, each featuring an
identical duration of loading cycles, and fixed values for loading frequency and stress ratio [40]. This
process is repeated until the material ultimately undergoes failure. As illustrated in Figure 24, the
sequence of loading blocks is determined by incrementally raising the applied stress level, a method

known as stepwise loading.

Each block encompasses a specific number of cycles, and after completing each block, the stress is
elevated until the material fails. For the initial block, it is recommended that the maximum stress be
set at 20-30% of the ultimate tensile strength of the material to ensure a sufficient collection of data
points below the fatigue limit [175]. The stress increment between each block may vary but should be
established to maintain a practical total test duration while still gathering an adequate number of data

points around the fatigue limit [117].

Throughout each block, thermographic acquisitions are conducted for a predefined time period and
sampling frequency. Naturally, the quality of the thermal acquisition depends on the camera
specifications (e.g., cooled or uncooled) and settings (such as frame rate, integration time, and

temperature range).

In general, the Thermographic method [40] necessitates continuous temperature acquisition,
achievable through a typical uncooled micro-bolometer camera. However, if the test objective involves
extracting harmonic components of the temperature, a cooled camera becomes indispensable. This is
particularly crucial for appropriately reconstructing the thermal signal, which demands higher
acquisition frame rates. An effective approach to implement all the presented approaches for fatigue

assessment is to employ both cooled and uncooled IR detectors simultaneously [36, 37, 40]. Readers

34



interested in a comprehensive comparison between cooled and uncooled cameras can refer to the study

by Deane et al. [176].
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Figure 23 Experimental setup for the rapid fatigue test [120]
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Figure 24 A schematic of stepwise loading [120]

Key factors significantly influencing measurement accuracy are categorized into three groups, as

elucidated in the work by Bagavathiappan et al. [11].

The first group encompasses operational factors, which pertain to the available information and

experiences regarding the test conditions and samples. The involvement of skilled thermographers can
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help minimize these factors, resulting in superior thermal images from the region of interest.

Technical factors constitute the second group, encompassing variables such as the emissivity of the
object under investigation and the distance between the camera and the object. Emissivity is considered
a critical parameter in measurements. To address this, samples are typically coated with a layer of
black paint of suitable thickness. This coating enhances their emissivity and prevents reflections
caused by heat sources in proximity to the samples during the test.

The last group encompasses environmental factors such as ambient air temperature, humidity, and
convection. To mitigate these effects, it is recommended to enclose samples in an insulating chamber
whenever possible [40]. Additionally, placing a dummy-unloaded specimen made from the same

material as the one being tested inside the insulated chamber serves as a temperature reference [62].

Table 1 delineates the essential experimental conditions to acquire different thermal indices. It is
important to note that the experimental setup needed to obtain these thermal indices is akin to the one
previously elucidated, with specific requirements for each index outlined below.

From the information presented in Table 1, the initial consideration pertains to selecting an appropriate
IR camera that can capture pertinent data for a specific thermal index. Unlike the mean temperature-
related indices (i.e., indices 1, 2, and 6, which involve mean temperature increase, initial slope of the
temperature, and specific heat loss), and necessitate a typical low-cost uncooled camera, acquiring the
harmonic components of temperature (indices 3, 4, and 5, associated with thermoelastic phase, first
amplitude harmonic, and second amplitude harmonic) requires the use of a high-performance cooled
camera [11, 57, 58, 62, 101].

Table 1 Experimental requirements for the acquisition of different thermal indices [120]

Thermal indices
1 2 3 4 5 6
Requirements Mean Initial slope | 1 - First Second | Specific
temperature of the amplitude | amplitude heat
. phase - .
increase temperature harmonic | harmonic loss
Uncooled X X X
1| IR Camera camera
Cooled camera X X X
2 High frame rate X X X
3 High loading frequency X
4 Dummy specimen X X
5 Insulating chamber X X X X X
Thermal Continuous X
6 | acquisition )
type Discrete X X X X X
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The second row of Table 1 pertains to the sampling rate employed for recording the thermal sequence.
In contrast to indices 1, 2, and 6, which do not require a high frame rate, thermal indices 3 to 5
necessitate an elevated frame rate. This increased frame rate is essential to ensure precise
reconstruction of the temperature signal, a critical prerequisite for obtaining the aforementioned
indices [41, 45, 145].

Furthermore, from the third row of Table 1, when capturing the first harmonic amplitude, conducting
the test at a high loading frequency is imperative. This ensures adiabatic conditions during the initial

loading stages and allows for the observation of linearity loss caused by damage [30, 113, 177].

From the fourth row of Table 1, when opting for the first two indices, it is crucial to include a dummy
pristine sample to eliminate the environmental temperature effect from the mean surface temperature
of the sample [62]. For all indices except the specific heat loss, the use of an insulating chamber is
recommended to mitigate the influence of environmental factors [178, 179].

The final consideration revolves around the manner in which each index should be captured. As
depicted in Table 1, with the exception of the mean temperature index, which needs to be recorded for
the entire temperature trend, the other indices can be discretely captured by selecting appropriate time
windows during the test [37, 41, 42, 109, 144].

2-5 Methods for rapid estimating of the fatigue limit

In this section, the emphasis is on established approaches utilized for promptly estimating the fatigue
limit. Commencing with the pioneering method, a survey of recent advancements in the field is
provided. Indeed, there exist only a few of methods for fatigue limit estimation, outlined as follows:
Thermographic Method by Luong-Risitano’s or referred also so as Luong’s method” [37, 109],
“Iterative method” by Cura’ et al. [54], “Threshold method” by De Finis et al. [40] and “Thermoelastic

point inversion” by Risitano and Risitano [167].

In Figure 25, an overview of the main idea of the well-established methods based on the thermal
parameters is presented. Once the parameters have been assessed, well-established procedures [36, 37,
142, 167, 180] can be applied to estimate the fatigue limit.
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2-5-1 Luong-Risitano’s method

As previously discussed, the stabilization temperature is observed throughout the fatigue test. La Rosa
and Risitano [37] proposed a method where the curves of the stabilized temperature or the initial
thermal gradient are plotted against the stress magnitude (see Figure 26). They suggested that the
fatigue limit could be estimated as the intercept of the curve on the x-axis. Notably, this method is

noteworthy for its efficiency, as the initial temperature increase occurs over a few cycles in the
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stabilization temperature. This allows the process to be completed within a very small number of
cycles, typically around 10% of the entire lifespan. Consequently, it becomes feasible to use the same
specimen for various levels of loading. With this limited number of cycles, the cumulative damage to

the specimen is considered negligible [42, 44].
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Figure 26 Graphical determination of the fatigue limit of a steel by Luong [109]

Moreover, as highlighted by La Rosa and Risitano [37], only three specimens are deemed adequate
due to the minimal scattering observed in the data. Illustrated in Figure 26, by graphing the temperature
associated with high dissipation (observed from the surface of the sample) against stress level, Loung
identified a breakpoint - a point characterized by a sharp change in slope - that can be utilized for

predicting fatigue life [36, 109].

2-5-2 Iterative method

Cura’et al. [54], proposed another rapid method based on the stabilized temperature for predicting the
fatigue limit of materials and components based on the Luong approach [36, 109]. As shown in Figure
27, first, the approach involves selecting a trial stress magnitude to categorize thermal data into two
groups: below and above the specified stress value. Subsequently, two linear interpolations were
applied to fit each set of data in the space of temperature difference and stress amplitude. The
intersection of these two lines was identified as a trial fatigue limit. If the difference between the trial
stress and the estimated fatigue limit is positive, the subsequent trial stress must be chosen lower than
the initial one, and vice versa. This trial stress and fatigue limit determination process was continued

via an iteration method until the discrepancy between them fell below a predefined threshold. In such
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a scenario, the trial stress was deemed a reliable estimation of the fatigue limit. In contrast, Luong's
method does not involve a trial-and-error procedure. After identifying the first intersection point, its
corresponding stress value is directly reported as the fatigue limit. Consequently, the accuracy of the
method is significantly dependent on the chosen trial stress.
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Figure 27 Schematic representation of Cura’ et al. method [120]

As mentioned before, Crupi [106] proposed a non-linear relationship between stabilized temperature
increment (ATg:qpitizeq) @nd stress amplitude (o,). To predict the fatigue limit, a fitting was applied
on all data pairs (ATgapinizear 02) Using least-squared and by extrapolating the regression line down to
zero at the o2 - axis. Similar relationships can be found in the literature, albeit with distinct exponents
[37, 121-124].

2-5-3 Threshold method

By eliminating the influences of environmental factors and the loading machine on temperature, De
Finis et al. [40] modeled the temperature variation attributed to damage using a linear equation in terms
of stress amplitude. The two constants in the equation were determined in the initial loading stages
through fitting a line to the experimental data, serving as known values for subsequent steps. As shown
in Figure 28 b, they showed that when the “residual” or AT, , Which represents the difference
between the maximum temperature change (or steady-state temperature) obtained from the surface
through an infrared camera and the linear function, surpasses a predefined threshold, fatigue failure is
anticipated. The threshold is determined as six times the standard deviation of residuals based on the
initial five sets of experimental data (AT}, ¢, ). Moreover, as shown in Figure 28b, in contrast to Luong’s

method [109] in Figure 28a, continuing the test until failure is not necessary for assessing the fatigue
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limit [40]. The Threshold method determines the transition that occurs in the behavior of the material.
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Figure 28 Comparison between (a) Luong’s method and (b) Threshold method for ASTM A 182 grade FONM [40]

2-5-4 Thermoelastic point inversion in tensile test

As indicated by Risitano and Risitano [167], the fatigue limit estimation involves incorporating the
temperature curve into the conventional stress—strain curve (depicted in Figure 29). By identifying the
onset of nonlinearity in the temperature curve, a corresponding stress value can serve as a reliable
estimation of the fatigue limit. In Figure 29, the temperature evolution manifests three distinct zones:
(D an initial nearly linear decrease attributed to the thermoelastic effect, (11) the introduction of non-
linearity due to the conversion of mechanical energy into heat (indicating the initiation of micro-plastic

deformation) and reaching a minimum temperature, and (I11) a subsequent rise leading to material
failure.
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2-6 Discussion and open points

2-6-1 Comparison of Fatigue indictors and capabilities

In the present section, a discussion on the methods and still open points is presented. In Table 2, to
resume all the parameters adopted in the literature for estimating fatigue limit are presented. It
summarizes the parameters used in literature to estimate fatigue limits, along with references and
procedures. It is noteworthy that the procedures discussed earlier for estimating fatigue limits can be

applied to both temperature and energy-based parameters.
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Table 2 A summary of fatigue indicators and specific implementation [120]

temperature in
a tensile test

beginning of the nonlinearity of the temperature
and the corresponding stress value was reported
as the fatigue limit.

Fatigue limit
Method Index Author(s) Year Procedures estimation
procedure
La Rosa & 1983 | The first usage of thermography on the fatigue | Luong-Risitano’s
Risitano & using stabilization temperature for fatigue limit | method
[37, 38] 2000 | estimation; slope of Tgiupitizea — 04 CUrve that
could be associated with the fatigue limit.
Luong [36] 1995 | Estimatingthe intrinsic dissipation from the mean
temperature; a sharp change in the dissipation-
stress amplitude curve can be related to the
fatigue limit.
Cura’ et al. 2005 | The method is also used as a basic procedure for | Iterative method
[54] other methods based on other indices; using the
Mean mean temperature; Considering a trial fatigue
temperature Il_mlt and applying stress belo_w and a_bove it to
Direct increase f!nd th_ermal data; finding the intersection of two
fitted lines on the thermal data and comparing it
temperature with trial one, continuing the process until the
assessment trial value and the one from intersection of
thermal data are almost the same; at the end,
updated trial value shows the fatigue limit.
De Finisetal. | 2015 | Filtering out the superficial temperatures; | Threshold
[40] modeling a linear relation between ATq;qpiizea | Method
and g, ; evaluating the residual of AT qpirized-
The first statistically significant value of
temperature residuals was used to estimate the
fatigue limit.
Initial slope of Khonsariand | 2012 Using_ the slope of the mean temperatt_Jre Luong-Risitano’s
the colleagues evolutlon;_a s_harp change of the t_emperature rise | method
temperature [56, 57, 64] at the _begmnlng and_ stress a_mpll_tude_(Rg —dy)
curve is used for fatigue limit estimation.
Thermoelastic Palgmt_)o & 2017 Qbserving the ph_ase_ change of the temperature | Luong-Risitano’s
| Galietti [62] signal; a sharp point in the A — g, curve shows | method
Loss of phase analysis the fatigue limit.
ﬁ't%?gt:ﬁgy Krapez et al. 2000 | Using the loss of linearity of the trend of the first | /
Thermoelastic [45] harm_onlc of thermo_elastlc S|gna}l Wlt_h stress
Stress First_ amplitude used to estimate the fatigue limit.
Analysis amplltU(_:ie De Finisetal. | 2019 | Using the_ first amplitude and pha}se shift of the | Threshold-like
framework harmonic [41] thermal signal; the sharp change in the slope of | method
either of them with stress amplitude is used for
fatigue limit estimation.
Shiozawa et As_sessing the dissipated energy q = pC(AT,) | Luong-Risitano’s
Second al. [47] 2016 | using te_mperature change (ATd)_; flnd_lng a sharp | method
amplitude ’ change in g — g, curve as a fatigue limit.
harmonics De Finisetal. | 2021 Usin_g thg SAH of temperature to find the | /
Energetic (SAH) [101] relatlon§h|p between the heat_ dlss_lpated rate_and
approaches mechanical energy rate; estimating the fatigue
limit with the trend SAH and plastic work.
Specific Heat Meneghetti 2007 | Finding tht_e heat_di_ssipation based on the cooling | Luong-Risitano’s
loss [58] rate; drawmg d|SS|pated_ energy per cycle — g, | method
curve to estimate the fatigue limit.
Thermoelastic R!s!tano and 2013 | Inspiring from temperature gradit_ent due to _the Th_ermoglastic_
. Risitano advent of the plastic zone in a tensile test; adding | point inversion
point [167] a temperature curve to the typical stress—strain | method
g‘;ﬁﬁ'ﬁ;or curve; finding a point in the curve shows the
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In this section, the capability of all studied thermal indices is investigated according to different factors
that can affect the measurement and/or the analysis. To enhance simplicity and readability, Table 2 is

proposed to summarize this investigation; each index is numbered as follows:

1) Mean temperature increase

2) Initial slope of the temperature

3) Thermoelastic Phase

4) First amplitude harmonic of temperature
5) Second amplitude harmonic of temperature
6) Specific heat loss

Regarding sensitivity to the heat diffusion effect (highlighted in the first row of Table 3), methods
dependent on direct temperature measurement, such as mean temperature approaches, face challenges
when applied to materials with high thermal diffusivity. Capturing subtle temperature variations,
particularly mean temperature changes, proves intricate and requires advanced equipment like IR-
cooled cameras [37, 40, 54, 109]. Indices 3, 4 and 5 which rely on either the harmonic amplitudes [41,
45, 47, 60, 101] or the phase information [62], are likely the most accurate for fatigue limit estimation.
This is attributed to their involvement in post-processing analysis of thermal data. Numerous studies

emphasize their effectiveness compared to mean temperature methods.

Kawai et al. [181] conducted a study comparing the effectiveness of mean temperature and the second
amplitude harmonic. They explicitly emphasized that the mean temperature is not suitable for use in
regions with high stress concentrations, unlike the second amplitude harmonic. This limitation arises
due to the significant temperature gradient formation between the stressed region and its surroundings.
As the load level increases, this gradient becomes more pronounced, causing a distortion in the
correlation between load amplitude and mean temperature, ultimately impacting the assessment of
fatigue limit [181]. In another investigation, De Finis et al. [182] demonstrated the efficacy of the
second harmonic amplitude and thermoelastic phase in martensitic stainless steels characterized by
stress concentrations during cyclic loading. Furthermore, in a more recent study by Lepitre et al. [183],
they showcased the reliable performance of the first amplitude harmonic in detecting fatigue cracks in

steel.

From the second row of Table 3, the microstructure of the material presents another limitation for
fatigue limit prediction with certain indices. Among them, index 3 stands out as the only one with
almost insensitive behavior to this problem [62]. As explained by Palumbo and Galietti [62], attribute
this sensitivity to the fact that heat generation and maximum temperature attainable during the test are

considerably lower when dealing with brittle materials. Consequently, accurate data processing
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becomes crucial to extract the signal from the noise in this case.

In terms of environmental conditions, indicated in the third row of Table 3, all indices relying on mean
temperature, except for the specific heat loss index, demonstrate sensitive behavior. However,
harmonic components have been reported to exhibit less sensitivity compared to others, as they are
analyzed in the frequency domain, effectively filtering out the impact of environmental factors [41,
47].

Certainly, various factors can influence the mentioned indices, but their impact is relatively consistent
across all considered indices. These factors may include inaccuracies associated with assuming that
surface temperature is representative of the entire thickness, material geometry, loading frequency,

loading ratio, and heat conduction generated by the hot oil in the loading machine gripper [158, 184].

Table 3 The capability of different indices to different factors [120]

Item Parameters/Indices*
[factor Description of the item
" P 123|456
1 Sensitivity to the heat diffusion effect X | X X
2 Sensitivity to the microstructures, i.e., ductility or brittleness | X | X X | x |x
3 Sensitivity to the environmental condition XX | X
* Indices:

1) Mean temperature increase

2) Initial slope of the temperature

3) Thermoelastic Phase

4) First amplitude harmonic of temperature
5) Second amplitude harmonic of temperture
6) Specific heat loss

Considering the information summarized in Table 3, in summary, it can be inferred that the parameters
presented have the potential to be utilized synergistically, offering complementary information for
fatigue characterization. This approach allows for the selection of the most appropriate parameter

based on specific test conditions.

2-6-2 Accuracy and uncertainty in predicted fatigue limit by thermographic methods

In this section, we assess the accuracy of various methods for estimating fatigue limits. A comparison
is made among four rapid methods: (I) Loung-Risitano’s method [37], (I1) the iterative method [54]
(111) the threshold method [40] and (1) the thermoelastic point inversion method in tensile test [167],
in comparison to the conventional Staircase method. The effectiveness of each method is examined,

and uncertainties in predicted fatigue limits are discussed based on specific characteristics.

As can be seen in Table 4, methods (1)-(111) yield fatigue limit estimates closely aligned with those
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determined by the Staircase method [37, 40, 54]. It is important to note, however, that method (1V), as
proposed by Risitano et al. [170], tends to provide a conservative estimation of the fatigue limit,

significantly below the values obtained through the traditional Staircase procedure [170].

Table 4 Comparison fatigue limits obtained from each method with the traditional one [120]

Material Method for fatigue limit prediction | Fatigue limit | Difference (%)
(Mean value)

XC55 steel [37] Staircase 399 -

Luong - Risitano 375 6

Fe 510 steel [54] Staircase 203 -
Iterative method 199 1.97

17-4 PH Steel [40] Staircase 212.1 -
Threshold method 201.7 4.9

Fe360 steel [167] Staircase 435 -
Thermoelastic point inversion 44 1.15

It is essential to acknowledge that the reported results originate from the initial publications
introducing each method. Additionally, it's crucial to highlight that the predicted values from each
method were derived from a single test or specimen, which may not be sufficient for a precise

comparison with the Staircase method.

When only one specimen is tested, the standard deviation theoretically approaches zero, causing
thermal methods to underestimate the variability in the predicted fatigue limit compared to the
Staircase method. However, a meaningful comparison can be achieved by examining the difference
between the fatigue limit estimated through thermographic techniques and the fatigue limit determined
using the Staircase procedure for a 50% survival probability. Another recommendation is to

incorporate more samples in thermographic methods for a more comprehensive evaluation.

Following the accuracy comparison outlined in Table 5, a brief analysis of various factors influencing
the effectiveness (highlighted in the first row of Table 5) and practicality (rows 2, 3, and 4 in Table 5)
of the thermographic method in predicting fatigue limits is presented. These features offer insights into

the uncertainties associated with fatigue limit estimation procedures.

Examining Table 5, the first feature under consideration is the impact of loading block definition and

the number of samples on the precision of the predicted fatigue limit.

It is crucial to acknowledge that the definition of loading blocks significantly impacts the accuracy of
fatigue limit predictions, potentially leading to underestimation or overestimation. As indicated in

Table 5, the step dimension, encompassing the load increment from one step to another and the number
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of cycles for each block (refer to Figure 24), plays a pivotal role in loading block definition for methods

(1) to (1)

Additionally, the number of loading blocks is a critical aspect of this procedure. According to existing
literature [37, 40, 54], method (111) can make accurate predictions with fewer than 10 loading blocks,
unlike methods (1) and (I1), which require a greater number. Consequently, it can be inferred that
method (111) is more time-efficient compared to methods (1) and (I1). Finally, the stress level of the
first block is the concluding part of the loading block definition. Unlike methods (I) and (1), the load
of the initial block is explicitly specified for method (I11) and is approximately 30% of the ultimate

tensile stress (in terms of maximum stress) [40].

Table 5 Summary of different features of the fatigue limit prediction methods [120]

Fatigue limit estimation procedure
(V)
Features (1) Luong- (1) Iterative (111) Threshold | Thermoelastic
Risitano method method point
inversion
‘Step
dimension’
between YES YES YES :
two
loading
Factors Loading Mt_)lc_)cks
affecting block inimum
the definition number of | More than 10 More than 10 Below 10 i
loading [37] [54] [40]
1 | accuracy of
. blocks
fatigue
limit Stres_s of
estimations tlgzg:rrg Not specified Not specified Omax =30% UTS -
block
Dependence Dependence
Number of specimens on the Depengien_ce on Depen_dgnce on on the loading
; oL the definition of | the definitions of .
required definition of loading blocks loading blocks rate in the
loading blocks 9 g tensile test
2 | Possibility to be done automatically NO YES NO NO
3 Applicability to more than one YES ) YES NO
thermal index
4 Analytical expression to evaluate the NO NO NO NO
uncertainty

another aspect emphasized in Table 5 concerns the quantity of samples necessary for accurately
estimating the fatigue limit. Table 5 demonstrates that this requirement primarily hinges on how the
loading block is defined. Furthermore, the method (1V) also varies in its sample requirement based on

the loading rate applied during the tensile test.

Certainly, the minimal number of samples required for each method significantly impacts both the
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duration and cost of the test. In methods (1)-(111), samples need to undergo cyclic loading until they
reach a stabilized temperature for each loading block. Theoretically, only one sample is required to
estimate the fatigue limit since the loading is stopped before any damage occurs [37, 40, 158]..
However, uncertainties arising from environmental conditions, material microstructure, geometry,
etc., introduce statistical variations in results among samples [158]. To address this variability while
maintaining test efficiency, it is typically recommended to use at least three samples [37, 158].
Therefore, relying solely on one specimen for estimating the fatigue limit is mainly beneficial for

exploratory purposes.

In method (Il a lack of sufficient points in T — g, could pose challenges in fitting straight lines to the
thermal data [54]. Thus, it can be inferred that this method requires more thermal data than methods
(1) and (111). As a result, obtaining additional thermal data may prolong testing time, and naturally,
more samples might be needed (since a higher number of thermal points increases the likelihood of
damage initiation).

In method (111), establishing the correlation between temperature rise and stress amplitude, along with
determining the threshold value, can be achieved during the initial loading phases. Upon surpassing
the threshold value, the fatigue limit estimation can be made without additional loading. Theoretically,
this approach holds promise for a novel era of non-destructive fatigue testing, implying that method

(111) could deliver quicker predictions of fatigue limits compared to methods (1) and (11).

According to Risitano & Risitano [167], the thermoelastic point inversion technique is swifter
compared to cyclic loading methods (1)-(111). Nonetheless, it is crucial to acknowledge that this method
hinges on the loading rate during the tensile test, as outlined in Table 5. To implement this method
effectively, conducting preliminary tests at varying stress rates is essential to observe a distinct and
abrupt slope change in the temperature trend. Following this, additional tests should be conducted
using the loading rate identified in the previous step, considering possible scatter as explained by Foti
et al. [34].

The second characteristic highlighted in Table 5 pertains to the automated execution of a

thermographic technique. Among the four methods listed, only method (I1) possesses this capability.

Among the third feature's attributes, method (1V) distinguishes itself by its exclusive utilization of the
mean temperature, unlike methods (1) and (I11). It's worth mentioning that the Iterative method (method
(1) hasn't been examined with indices beyond the mean temperature. Nevertheless, in theory, there

could be potential for applying this method to other indices, particularly indices 5 and 6 as discussed
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in the previous section.

Ultimately, as depicted in the final row of Table 5, it is crucial to emphasize that all the methods under
consideration share a universal constraint: none of them offer an estimation of the uncertainty linked

to the determined fatigue limit.

2-6-3 Fatigue limit prediction in components

In this section, following an exploration of various aspects concerning thermal fatigue indicators and
thermographic techniques, it becomes imperative to address the challenges entailed in assessing

component fatigue through thermographic methods.

A challenge encountered with thermographic methods lies in their application to real-world scenarios
beyond the controlled laboratory environment, particularly in conducting in-situ inspections of
components under operational loads. Practically, performing in-situ inspections necessitates adequate
space to accommodate equipment (such as an infrared camera and computer) with high spatial
resolution, as well as the option to enhance component emissivity through the application of a black
coating. Additionally, prior knowledge of the critical regions of components and their loading

conditions is indispensable for effective implementation.

Implementing laboratory techniques in practical settings presents an extra challenge, especially
concerning component geometry. In thicker components, internal heat sources may produce a subtle
thermal imprint on the surface, posing a detection challenge without conducting targeted post-
processing analyses to distinguish the heat source's signal from background noise. Without these
analyses, discerning the most crucial areas in components with intricate shapes becomes challenging
due to heat dissipation occurring at multiple points. In such scenarios, employing a finite element

model is recommended as it offers valuable assistance in identifying the most stressed regions.

Besides the previously discussed challenges, determining the stress history and the current stress state
is often uncertain, particularly for components experiencing operational loads. Consequently,
establishing a direct correlation between the measured thermal data and the stress state, as well as

predicting remaining life, is not a straightforward endeavor.

Based on the analyses conducted in earlier sections, it becomes clear that prior to implementing a
particular thermographic method on a specific component composed of a particular material, it is

essential to meticulously refine all procedures in the laboratory.
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Certainly, considering the aforementioned challenges, establishing the fatigue limit of metals at the
component level presents a notable obstacle. This is underscored by the scarcity of studies dedicated
to this subject concerning components, particularly when contrasted with the extensive research
focused on flat and cylindrical samples. To date, only two prominent studies are evident in the literature
on this matter.

The initial endeavor was carried out by Luong [43, 109] concerning tension-compression fatigue tests
on XC55 steel connecting rods. The research demonstrated that the fatigue limit could be determined
within a few hours, marking a substantial enhancement compared to the standard staircase method,
which typically requires several months [43, 109].

In the latest investigation conducted by Faria et al. [185], a thermographic approach was employed to
predict rapidly the fatigue behavior of a comparatively intricate component, a cast iron crankshaft. The
findings indicated a notable correlation between the thermographic results and the data derived from
the Staircase method, especially evident in the dog-bone samples extracted from the crankshaft

counterweights.

2-7 Conclusions

This section undertook a thorough comparative analysis of thermography-based techniques and
protocols for estimating the fatigue limit. It is crucial to gain a deeper understanding of these methods
to elucidate the current state of knowledge, stay abreast of recent advancements, and comprehend the
advantages and disadvantages of various approaches. Such insights are pivotal for selecting the most

suitable methodology for conducting fatigue assessments in metals utilizing thermography.

The domain of thermal fatigue assessment was thoroughly investigated, encompassing an exploration
of various thermal indices such as mean temperature rise, initial temperature slope, thermoelastic
phase, first amplitude harmonic of temperature, second amplitude harmonic of temperature, and
specific heat loss. These indices are utilized for either predicting fatigue limits or evaluating material
damage. Additionally, a comprehensive examination of all rapid methods—including Luong-
Risitano's method, the iterative method, the threshold method, and thermoelastic point inversion in

tensile tests—for estimating fatigue limits was conducted.

On one hand, the section provided an analysis of the strengths and weaknesses of each thermal index,
aiding in the selection of the most suitable one for specific testing conditions. On the other hand, it

conducted a comparison among rapid thermographic methods for estimating the fatigue limit. This
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comparison considered factors such as accuracy and key features affecting their effectiveness, such as
the definition of the loading block and the number of required specimens. Additionally, the discussion
delved into the applicability of thermographic methods, including potential automation, suitability for
various thermal indices, and the level of variability in estimations. Through this analysis, uncertainties

in the estimation of fatigue limits were revealed.

Moreover, obstacles encountered when employing thermographic techniques for fatigue assessment in
practical applications were identified, including constraints such as space availability for in-situ
inspections, prerequisite understanding of critical regions and loads, complexity of component

geometry, and uncertainty surrounding the component's stress history.
In summary, it can be stated that [120]:

e The thermal indices tied to specific physical processes (thermoelastic effect, intrinsic
dissipation, non-adiabatic effects...) are effective parameters for studying the damage from both
qualitative and quantitative points of view;

e Further exploration of the connection between these processes and the microstructural
phenomena related to damage is needed to understand better the meaning of the thermal fatigue
limit;

e The harmonic parameters of the temperature signal provide a more robust method for damage
assessment than simply using the mean temperature;

e While thermographic methods for estimating the fatigue limit are rapid and promising,
additional work is needed to establish a procedure for calculating the uncertainty of the
prediction, even with limited samples, to align with standard test methods;

e The application of thermographic methods and procedures in real-world applications is an

ongoing topic that requires more effort.

According to the above explanations, the second harmonic amplitude of the temperature was decided
to be used as an efficient thermal index for establishing a strong methodology to create a hybrid
approach linking a numerical model with the experimental data for heat source identification. In
addition, the efficiency of this thermal index is shown further in fatigue limit estimation through an

experimental campaign proposed in the following sections.
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3 Experimental campaign

In this chapter, the utilized materials and the implemented tests are proposed. The unique dataset
collected from this part of the work are basically used for two distinct purposes:

() SS 316 data: comparing the efficiency of different thermal indices in fatigue limit
prediction with the reference value obtained from the traditional fatigue test (see sections
3-3-1-1 and 3-3-2-1);

(i)  C45 data: obtaining both mechanical and thermal data for creating a numerical model
and establishing a hybrid approach linking the numerical and experimental methods for
heat source identification and the heat diffusion study (see sections 3-3-2-1 and 3-3-2-2).

3-1 Material and geometry

To investigate the dissipation and fatigue behavior, it is necessary to use samples designed according
to the available standards [174]. Two carbon steels including tempered steel C45 and Stainless Steel
316 (SS 316) were used in this study. The first is widely utilized in industry for the construction of
shafts, cranks, keys, pins, supports, rods, drive shafts, due to its strength and durability. The latter one
is usually used in food processing and marine equipment due to its superior corrosion resistance

properties as well as pharmaceutical equipment due to its low particle contamination levels.

Because of the availability of the data in the literature, the material used for the main verification of
the numerical model of heat source identification, is C45 with the properties listed in Table 6 which
are taken from the work by De Finis et al. [101]. In the table, p is the density, C,, a and k are
respectively the specific heat at constant pressure, thermal expansion and conductivity coefficients; e
is the emissivity factor. The geometry of the samples for C45 was a flat dog bone designed according

to the related standard [174] as shown in Figure 30.

On the other hand, the comparison between different thermal methods in terms of estimating the fatigue
limit was performed using SS 316 samples. The material parameters and the design of the SS 316

cylindrical dog bone specimens are depicted in Table 7 and Figure 31, respectively.

Table 6 Material parameters for C45 [101]

() | (570 | * () |« ()|
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Figure 30 Flat dog bone geometry for C45 material (in mm), thickness is 6 mm

Table 7 Material parameters for SS 316
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Figure 31 SS 316 material (a) cylindrical dog bone geometry (in mm) and (b) fabricated sample

3-2 Tensile test

The static tests were conducted on SS316 specimens (for C45, the data are available in [101]) to
identify material properties. These tests were performed at Center for Rotating Machinery, Louisana
State University, USA during the abroad period. The tensile data were used to define the stepwise
loading table (Figure 24).

For C45 samples, tensile tests were carried out for 5 samples under displacement control with a rate of

1 mm/min using MTS model 370 servo-hydraulic loading frame (loading capacity of 100 kN) [101].

For SS 316, two samples were planned for tensile test using an Instron universal testing machine Model
1,000 Hz 810 (loading capacity of 25 kN) and a high precision extensometer, Epsilon Model 3542-
0100-050-ST as shown in Figure 32, to accurately measure the strain. In Figure 33, the stress-strain
curves from the tensile test for two SS 316 samples are proposed. In addition, Table 8 indicates the

mechanical properties for both materials, C45 and SS 316.
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Table 8 Mechanical properties of C45 and SS 316

Material E: Young’s modulus (GPa) | gy Yield strength (MPa) | ¢,,: Ultimate Strength (MPa)

C45 [101] 205 450 760

SS 316 [186] 171 335 640
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Figure 33 Stress-strain curve of two samples of SS 316
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3-3 Cyclic loading test

As shown in Table 9, two types of cyclic loading tests, including constant amplitude test and stepwise
test, were performed on both C45 and SS 316 for distinct purposes. The stepwise tests were conducted
to compare various thermal indices for estimating fatigue limit of SS 316 and to identify heat sources
in C45, numerically.

The constant amplitude fatigue tests were performed for two purposes: (i) acquiring the S-N curve for
SS 316, which serves as a reference to compare the efficiency of different thermal methods in terms
of fatigue limit estimation; and (ii) probing into the effect of loading frequency on the SAH of
temperature for C45.

As summarized in Table 9, one part of the cyclic loading tests was performed at Center for Rotating
Machinery, Louisiana State University (LSU), USA, and the rest at Structural Diagnostic and Thermal
methods for Experimental Mechanics lab, Politecnico di Bari (POLIBA), Italy.

Table 9 Cyclic loading tests

The goal of the test

Material SS 316 C45
. Comparlng d|ffe_rer_1t thgrma! indices in Heat source identification
Stepwise test fatigue limit estimation (at POLIBA)
Test (at POLIBA)
type Constant S-N curve acquisition Effect of loading frequency on the SAH
. of temperature
amplitude test (at LSV) (at POLIBA)

3-3-1 Stepwise test

The stepwise includes a sequence of loading blocks of the same duration in terms of loading cycles
with fixed values for loading frequency and stress ratio [40]; involving incremental stress amplitude
and mean stresses up to the material failure. The sequence of loading blocks is usually characterized
by an increase in the mean stress, which is why the method is termed stepwise loading (see Figure 24).
However, in a complete reversed loading (R= -1) studied in this work, the steps are defined by the

stress amplitude.

For the first block, the maximum stress should be around 20-40% of the ultimate tensile strength of
the material to ensure enough data below the fatigue limit [175]. The stress increment between each
block can be adjusted to ensure reasonable testing time and an adequate number of points around the
fatigue limit [117]. During each block, thermographic acquisitions are performed for a predefined time

period and sampling frequency. Of course, first and foremost, the quality of the thermal acquisition
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depends on the camera specifications and settings (i.e., cooled or uncooled, the frame rate, the

integration time and the temperature range), as mentioned section 2.

3-3-1-1 Stepwise test on SS 316

In this work, the stepwise tests were designed to involve a series of 12 incremental loading steps, as
outlined in Table 10. All steps are carried out at a fixed loading frequency of 11 Hz and the stress ratio
R=-1. After completing approximately 20,000 cycles for each step, the stress is increased according
to Table 10 until the material fails. Samples geometry and dimensions were shown in Figure 31.

The tests were performed with a servo hydraulic fatigue machine MTS model 370 with loading
capacity of 100 kN and two thermal cameras. As shown in Figure 34, a micro bolometric IR camera
FLIR A20 (160x140 pixels and a thermal sensitivity NETD < 50 mK) was used to obtain
thermographic data in a single sequence up to the end of the test; mainly for observing the temperature
stabilization. While the second camera, a cooled IR camera X6540 (640x512 pixels and a thermal
sensitivity NETD < 20 mK), was utilized to acquire three thermographic sequences with higher frame
rate. A dummy-unloaded specimen made from the same material was used to provide a temperature
reference, as suggested in the previous section, to eliminate the environmental temperature effect from
the mean surface temperature of the sample. The gage section of the specimens was polished using
sand papers and progressed through 480, 800, 1200, and 1500 grit sizes to reduce the surface

roughness. In addition, a matte black coating was applied to improve thermal signal accuracy.

During the test, thermographic acquisitions are performed both at 213 Hz for 10 seconds (2130 frames
acquired) using an IR camera X6540 and at 5 Hz for the same period (50 frames acquired) using a
micro bolometric IR camera, FLIR A20. The thermal sequence during each loading step is recorded

after a specific cycle count.

Figure 35 shows a schematic representation of the thermal data acquisition. Thermal measurements
for each loading step (including 20,000 cycles) were conducted in four sub-steps. This approach
enabled the analysis of damage progression throughout the loading cycles. Sub-steps 1, 2 ,3 and 4
corresponded to the data acquired between 1000 -1110 cycles, 5000 and 5110, 10000-10110 cycles
and 15000-15110 cycles, respectively. The region of interest corresponds to the gauge length area

between the clips of the extensometer.
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Figure 34 Stepwise test setup for SS 316

Temperature
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Thermal frames

Figure 35 A schematic of thermal data acquisition process
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Table 10 Loading table for stepwise test of SS 316

loading block | % UTS (MPa) | Stress amplitude (MPa)
1 39.8 255
2 41.4 265
3 43.0 275
4 44.5 285
5 46.1 295
6 46.9 300
7 47.7 305
8 48.4 310
9 49.2 315
10 50.0 320
11 52.3 335
12 54.7 350

3-3-1-2 Stepwise test on C45

For heat source identification by a numerical model, the experimental thermal data are necessary to be

used as a reference for setting the parameters of the model.

For this purpose, fatigue tests were performed on dog bone samples of C45 steel with the mechanical
properties and geometry as proposed in Figure 30, Table 6 and Table 8. The specimens designated for
fatigue testing were initially polished by applying acetone, and surface roughness or irregularities were
eliminated using a mechanical air die grinder. Then, the surface of the samples was coated with a mat

black to enhance their emissivity and thus improve the accuracy of the acquired thermal signal.

The setup is the same as previous test for SS 316 but incorporating also an extensometer, as shown in
Figure 36. The mechanical data were collected by processing the loading machine unit at a frequency
of 204 Hz. At R=-1 and a frequency of 11 Hz, the fatigue tests were done through a stepwise test [40]
under four stress amplitudes above the fatigue limit of around 290 MPa [101], including 300, 310, 320
and 340 MPa, where the damage and heat dissipation are significant. The thermographic sequences
were recorded for a duration of 10 seconds at a rate of 123 Hz; the integration time was set at 0.97
milliseconds; and the temperature range was between 10 and 90 °C. Each infrared sequence acquisition
corresponded to 110 mechanical loading cycles. Thermal measurements were taken for each loading

block after temperature stabilization.
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Figure 36 Stepwise test setup for C45

3-3-2 Constant amplitude test

3-3-2-1 S-N curve acquisition for SS 316

A S-N curve, also known as the stress-life curve or fatigue curve, is a graphical representation that
illustrates the relationship between the stress amplitude (S) and the number of cycles to failure (N¢)
for a given material under cyclic loading conditions. It is a fundamental tool used in the field of fatigue
analysis to predict the fatigue life of a material. The S-N curve typically exhibits the following

characteristics:

e Fatigue Limit: for some materials, there is a stress level below which the material can
theoretically endure an infinite number of cycles without failing. This stress level is known as
the fatigue limit. In the S-N curve, this corresponds to a horizontal line where the number of
cycles to failure approaches infinity as the stress amplitude decreases.

e Fatigue Strength: the stress level at which failure occurs after a specific number of cycles is
known as the fatigue strength at that cycle count. As the number of cycles decreases, the stress
level at which failure occurs increases, approaching the material's static strength.

e S-N Slope: the slope of the S-N curve represents the rate at which the fatigue life decreases
with increasing stress amplitude. Steeper slopes indicate that the material's fatigue life is more

sensitive to variations in stress levels.
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For S-N curve acquisition, the fatigue tests were performed at a fixed loading frequency equal to 11
Hz and the stress ratio R=-1. They were performed using an Instron universal testing machine with a
maximum loading capability of +25 KN (see Figure 32). The test samples were fastened to the machine
by appropriate grips. A load-control mode was used, and different stress levels ranging from 300 MPa
to 350 MPa were applied on 18 samples of SS 316, as shown in Table 11. The force was applied in a

sinusoidal waveform in the fatigue experiments.

Table 11 Loading table for S-N curve acquisition of SS 316

Sample # 1 2 3 4 5 6 7 8 9
Stress amplitude (MPa) 300 310 310 310 3125 315 315 315 320

Sample # 10 11 12 13 14 15 16 17 18
Stress amplitude (MPa) 320 325 325 330 335 3375 340 345 350

3-3-2-2 Loading frequency effect on SAH of temperature for C45

For acquiring necessary data to study the effect of the loading frequency on SAH of temperature, a
fatigue test was designed and performed on a pristine C45 dog bone sample with the geometry as
shown in Figure 30. Tests were done under a constant loading amplitude of 300 MPa and different
loading frequencies including 1.5, 2.5, 3.5, 4.5 and 5.5 Hz, and the stress ratio R=-1. For each loading
frequency after reaching the temperature stabilization, three thermal acquisitions were performed.
After acquiring the data for each frequency, the loading frequency was changed to another one. It
should be noted that the setup is the same as shown in Figure 36; the data acquisition and sample
preparation are the same as those for stepwise test on C45, mentioned before. It is worth noting that
low loading frequency and relatively low imposed stress were planned for avoiding the vibration of
the loading frame (it increases with frequency and load level) and achieving a stabilization phase in

the signal.

3-4 Data processing

The data processing involves the assessment of the mean and harmonic components of a thermal signal
through a method called Lock-in thermography [102]. It needs a reference signal (load or strain) for
processing the temperature field via the Fast Fourier Transform (FFT), which enables the conversion
of the temperature signal into its frequency-domain representation. In this way, all of the temperature

components can be acquired by modeling the temperature as below [45]:
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T(t) = Ty + ATft + T, sin(wt + ¢,) + T, sin(wt + ¢,) (15)

where f is the loading frequency, T, is the temperature level at the beginning, AT is the mean rise of
the temperature per cycle, T;, ¢4, T,, ¢, are the amplitudes and phases of the first and second Fourier
components, respectively. A schematic presentation of thermal signal processing is shown in Figure
37.
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Figure 37 From the thermographic signal to temperature components acquisition

The thermal data processing involved a series of consecutive steps. Firstly, the infrared thermal camera
was used to acquire the temperature signal (7'(t)) with the mm/pixel ratio of almost 0.194 mm and
0.116 mm for C45 and SS316 samples, respectively. Next, a specific region of interest (ROI) was
defined in IRTA® software, and its temperature data over time were extracted for subsequent analysis.
The average temperature value (T, (t)) for this ROl was computed for each frame in the time sequence.
After that, the temperature signal was subjected to a Discrete Fourier Transform (DFT) using a
specialized algorithm in MATLAB (see Appendix A) [187].

In this study, the mean of temperature, the first and second harmonic amplitudes are utilized for
comparing different thermal indices in fatigue limit estimation, while the second harmonic amplitude

is also used for heat source identification via numerical model.
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4 Numerical simulation

The primary objective of this chapter is to propose a framework for developing a hybrid approach that
integrates numerical models with experimental data for heat source identification. The initial section
of this chapter presents the established numerical model and its verification process, while the second

section elaborates on the process of heat source identification employed in this study.

Numerical models were set up using COMSOL Multiphysics 5.6 to simulate the surface temperature
distribution of the specimen. This simulation focused on the heat source(s) applied within the gauge
volume of a dog bone sample, representing the area where heat is dissipated due to plastic deformation
[101]. As depicted in Figure 38, the gauge volume and the area held by the gripper are highlighted in

red and blue, respectively.

It is assumed that the temperature at both ends connected to the grippers are equal to the environmental
temperature, T,, = 20 °C [114, 188], except the model for the main verification process where domains
outside the guage volume have this fixed temperature. Keeping a constant temperature at gripper sides,
is nearly impossible due to continues heat conduction in the contact region between the sample and
grippers, especially the one connected to the loading machine actuator. Nevertheless, as the gauge
length is potentially under the damage and usually used to estimate the fatigue behavior of the material,
focusing only on the temperature change of this domain can be practically efficient and the above
assumption is not consequential [188]. Radiation and heat convection are applied on all external
surfaces and the simulations are performed using Heat Transfer in Solids Interface and Time
Dependent study in COMSOL.

1/8 of the
geometry

Gauge ™
volume

Figure 38 Model of a dog bone sample
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Firstly, the proposed model is verified with a single heat source, and then the heat source identification
process is presented with randomly distributed heat sources.

4-1 Numerical model with a single heat source and the verification process

For verifying the model, a single heat source is imposed in the whole of the gauge volume (red domain
red in Figure 38). In this part of the study, since the heat source does not disrupt the symmetry of the

entire geometry, modeling only 1/8 of the geometry is sufficient, thus saving computational time.

Figure 39 summarizes the model verification procedures, presenting the input and output data (or

comparison metrics) for the numerical model.

Numerical model

verification
: P Additional verification
Main verification PR
I I
Comparison with an analytical Comparison with the experimental

solution of a 1D heat equation data by Zhao et al. [114]
e S P ———————
i | Input: Input: i
: e Heat source imposed in the gauge volume ¢ Heat source imposed in the gauge volume (Eq. :
1 (Eqg. (19) and Eg. (20)) (6)) |
: o Material properties (Table 6) o Material properties (Table B1) :
1 e Geometry (Figure 30) e Geometry (Figure Bla) :
: e Mesh and boundary conditions (Figure 40) ¢ Mesh and boundary conditions (Figure B1b) |
: Output (comparison metric): Output (comparison metric): :
1 o Mean temperature trend e Mean temperature trend !
X o Cyclic behavior of the temperature :
1

Figure 39 Verification procedures of the numerical model

Due to the absence of sufficient experimental data in the literature concerning estimated heat
dissipation or the cyclic temperature trend induced by cyclic mechanical loading ([37, 109, 157, 189]),
the main verification method involves employing analytical solutions of the 1D heat equation. These
solutions can include both constant and cyclic heat sources (the details can be found in section 5-2-1,
Eqg. (19) and Eg. (20)). This method allows for a direct comparison between the numerical and
analytical thermal data, specifically in terms of the mean temperature and the cyclic trend of the
temperature of a point situated on the top surface of the gauge volume (the red point in Figure 38 and
Figure 40).
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It should be noted that the choice to utilize a 1D heat equation for model verification was made due to
the significant complexity involved in defining and solving two or three-dimensional heat equations
with cyclic heat sources. In addition, 1D equation is an acceptable approximation for thermal behavior
of the geometry shown in Figure 38. This is because the predominant thermal changes occur along the
longitudinal direction of the sample, making variations in other dimensions insignificant. It is
important to highlight that, finding the solution of the 1D heat equation incorporating a cyclic heat
source is one of the findings of this work.

The material used for the verification is C45 with the properties listed in Table 6; and the geometry is
the same as in Figure 30. As mentioned before, all regions outside the gauge volume where the heat
source is imposed (yellow domain in Figure 40), were fixed to the ambient temperature (see Figure
40). This was done because a constant cross-section is assumed for deriving 1D heat equation (see

section 5-2-1, for more information).

As shown in Figure 40, hexahedral elements with quadratic Lagrange discretization including 27 nodes
for each element were used for meshing, and the number of elements were set after mesh convergency

check. More details about the mesh selection are provided in Appendix B.

Fixed to ambient
temperature

Gauge volume where
heat source introduced

Effective length

Figure 40 The meshed model for the main verification with analytical results - C45

Furthermore, an additional verification (see Appendix C) is also conducted based on the experimental
work by Zhao et al. [114] to compare the 3D model with the same geometry in reality, albeit only in

terms of the mean temperature, as the cyclic trend was not proposed in their work.

4-2 Heat source identification

Once the correctness of the numerical model is verified, it is possible to use the model for heat source

64



identification, by comparing the numerical results with proper experimental data.
4-2-1 Finite element model with randomly distributed heat volumes

As the damage area created during the fatigue load cannot be estimated in advance both in terms of
the location and the geometry, using only one single heat source in the gauge volume of the numerical
model as a representative of the whole dissipated volume is far from the actual scenario. To address
this, the geometry of the heat volume in the simulation is designed based on the model proposed by
Munier et al. [50]. Briefly, this model defines a Representative Elementary VVolume (REV) as a matrix
that contains multiple inclusions randomly distributed in a matrix. Under low stress amplitudes, the
inclusions behave similarly to the matrix, and the dissipation is primarily due to the elasto-plastic
behavior of the matrix. However, at higher stress levels, significant additional plastic hardening is

activated within the inclusions which governs the physical process of fatigue damage initiation.

In this study, as mentioned before, the stress amplitudes are above the fatigue limit of the material,
thus, it can be assumed that damage regions where heat sources are established behave similarly to the
randomly distributed inclusions with dominant plastic deformation compared to other regions (or
matrix in the work by Munier et al. [50]). Inspired by this hypothetical model, the gauge volume was

presumed to be filled with randomly distributed unit heat volumes (or inclusions) with a specific size.

A schematic representation of the idea is shown in Figure 41, where the size of unit heat volumes is

assumed to be 1 mm3.

g

;
Edge of the heat
volume unit

10% 30% 60%
Figure 41 A schematic representation of the unit heat volumes (with the size of 1 mm?) randomly filled in 10%, 30%

and 60% of the gauge volume
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It is worth mentioning that exploring smaller sizes, potentially close to the pixel size in experimental
maps, is necessary to identify the most appropriate one that provides comparable numerical results to
those obtained experimentally. However, reducing the size of unit volumes is constrained by the
available computational resources as it results in smaller element sizes or a higher number of elements

in the FEM, which can significantly increase the computational load for simulation.

Starting from a relatively big size (i.e., 1 mm?3) can be computationally beneficial to check the overall
behavior of the model, or in other words, the examination of factors unaffected by the unit size of heat
volumes (as proposed below, including the change of the studied temperature component with total
heat volume, the number of pixels defined on the surface of the model for data acquisition and the
distribution of unit volumes). In the following sections, the steps for heat source identification
processor are presented.

4-2-2 Heat source identification process

This section demonstrates a procedure for identifying the heat volume that produces the same
temperature variations as the experimental data for each considered loading level. The identification

is based on the average of the SAH of temperature, T,,,.

Throughout this process, the mechanical properties in Table 6 and the sample geometry in Figure 30
are used; and the model is meshed with 1260 hexahedral elements, as shown in Figure 40. After
preparing geometry and material properties, next steps for identifying the volume producing heat are
shown in Figure 42 and explained in the following subsections. As shown in the figure, the process is
designed under the assumptions of uniform size and heat amplitude for all randomly distributed unit
volumes, a non-interacting behavior between units and a criterion based on the mean value of T,,,

from the surface of sample.
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Defining the geometry of the
sample and mechanical
properties
i
| Imposed heat definition |
]
| Preparing reference data |
¥
| Preliminary considerations |

!
Imposing the cyclic heat Experimental
in the whole of the gauge [« measurements are
volume not accurate

No

FEM exp
T2m,mean > Tszmean

| Consider a volume fraction |

Determine the number of unit heat volumes based on the
volume fraction and distribute them randomly in the
gauge volume, assuming:

¢ The same size and heat amplitude for all unit volumes
&+ Non-interacting behaviour between unit volumes

Acceptable heat volume size is found

Figure 42 A schematic representation of heat source identification

4-2-2-1 The imposed heat definition

As shown in Figure 43 and according to the experimental data, a cyclic heat source can be introduced
based on either the experimental heat dissipation estimated from the surface temperature or the
mechanical data. As mentioned before, the estimation of heat dissipation from the average SAH of
temperature, T,.,”, (Eq. (7) is an approximation as it relies solely on surface temperature without
providing insights into the processes occurring within the gauge volume. Thus, it can be said that the
mechanical energy is the most accurate option to define the imposed heat in the numerical model as it

is measured via extensometer and the loading machine.
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Figure 43 Heat as an input for numerical model

De Finis et al. [101] showed that for C45 steel under fully reversed loading (R=-1), the SAH of
mechanical energy, W,,,, is almost equal to the total mechanical energy, W. Generally, W can be
defined from scalar product of the instantaneous values of stress and strain over the time through a
simple viscoelastic model, and then W can be found by derivation of W along the time. By applying
DFT on W, W,,, can be determined. In this work, W,,, is utilized as the amplitude of the imposed heat

with a sinusoidal form of W,,, (1 + sin(2m (2f) t)) (W /m3).

4-2-2-2 Reference experimental data

After defining the imposed heat, essential experimental data including T,,”, W,,,, the noise resulted
from the thermal measurements and the sample deformation should be collected. T, .., is mainly

used for comparing the numerical results with the experimental ones, establishing a criterion for heat
source identification. Incorporating noise-related data into the numerical model is imperative as they

constitute an integral part of the experimental dataset which are used for comparison.
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4-2-2-2-1 Data for checking the quality of the numerical results

For four loading steps including 300, 310, 320 and 340 MPa, above the fatigue limit where the damage
presents considerably (the fatigue limit is around 290 MPa [101]), the experimental values of the SAH

of temperature, T,..", were acquired based on the data processing mentioned before.

2w !

For this purpose, an appropriate size of ROI, as shown in Figure 44, was applied on the gauge length
with 52*99 pixels. As proposed in Figure 45 for each loading level, the values of T,.,” of each pixel

in ROI provides a thermal map. They are then utilized for qualitative comparison with the numerical

maps obtain from the same ROI as in experiment.

o
v

Figure 44 Region of Ineterst (ROI) for laoding amplitude of 340 MPa

The mean of T, values in ROI for each loading level is proposed in the Table 12; they serve as

reference values for both identifying the volume producing heat and improving the numerical model.

In addition, the SAH of the total mechanical energy, W,,,, are also listed in Table 12. They can be
found from the stabilized hysteresis loops at each loading step to define the amplitude of the cyclic

heat source imposed in the numerical model, W,,, (1 + sin(2m (2f) t)) (W /m?3).

Table 12 TP for heat amplitude W,,,

2w,mean

0, (MPa) 300 310 320 340

Tyt ean C) | 0.0023 | 00025 | 00054 | 0.0132
W,,, (W/m3) | 1.70E+07 | 2.13E+07 | 2.93E+07 | 4.11E+07
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Figure 45 The map of T,.,,” for loading amplitudes: (a) 300 MPa (b) 310 MPa (c) 320 MPa and (d) 340 MPa
4-2-2-2-2 Noise resulted from the thermal acquisition

Thermal acquisition noise is due to the noise of detector in measuring the temperature, resulted from
inherent electronics, the calibration of camera and so on. One possible solution to account for this kind
of noise is the acquisition of the temperature data at the beginning of the test (before loading or at very
low loading level) where all possible artifacts (e.g., the deformation of the sample, the vibration of the

loading machine, etc.) are negligible.

Using the same ROI as before, T,,? values were extracted before imposing the first loading step; the
T, map and histogram are shown in Figure 46. Simulating this noise is preferable to simply adding

it to the numerical maps. By fitting different distribution functions, the Weibull function with scale

70



parameter of 0.0025 and shape parameter of 1.9783 (see Table 13) found to be the best fit for
simulating this experimental noise. Next, this simulated noise is added pixel by pixel to the numerical

maps.
x10°2
. 160 ; ‘ ; . .
140 - [ experimental noise
s [ Jsimulation of experimental noise
120 -
° 100 -
4 80
3 60
40 -
2
20 -
1
0 —
7 8
%10
(T,, map of the thermal acquisition noise) (Histogram of the experimental noise and the simulated one)
Figure 46 Thermal acquisition noise from experimental data and the simulated noise
Table 13 Thermal acquisition noise
e Simulated T, "
2w Weibull distribution parameters
Mean Standard deviation Scale parameter Shape parameter
0.0022 0.0001 0.0025 1.9783

4-2-2-2-3 Noise due to the deformation of the sample

In experiment, when the imposed stress level (or stress amplitude here as R=-1) is higher than the
fatigue limit of the material, the sample deforms in the gauge length as a response to the applied load.
In this situation, as shown in Figure 47, the points on the material coordinate (or in the initial
coordinate, with the origin same as the red point in Figure 38) initiate movement while ROI of the

thermal camera and pixels inside it are fixed in the space.

On the other hand, in the numerical model, sample deformation is not accounted for as it is only a
thermal model, not a coupled thermo-mechanical one. Thus, the points on the material coordinate are
fixed in the gauge length. However, this movement can be simulated and imposed on the numerical
results. For this purpose, a linear displacement can be considered from the fixed gripper to the moving

gripper; it changes from zero at the fixed side to a maximum value on the other side.
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Figure 47 A schematic representation of the movement of a single point on the surface of the sample during loading

Based on the collected data in this work, displacement can be estimated through either the utilization
of thermal images with an edge detection function in MATLAB or extensometer data (as mentioned
in Appendix D). However, the effectiveness of the former method heavily relies on the size of the pixel
or pixel ratio (i.e., length divided by the number of pixels) in the thermal acquisition. Due to
insufficiently small pixel ratios, accurate displacement measurements were not feasible using this

method. Consequently, the second method was employed.

The maximum and minimum elongations of the gauge length are listed in Table 14, for each load cycle
when the hysteresis loops are stabilized. As the stress ratio in the experiments was R=-1, it was

assumed that the absolute value of the maximum and minimum elongations is equal.

Table 14 Maximum and minimum elongations of the gauge length from extensometer for C45

Stress amplitude (MPa) Maximum or minimum (mm)
300 0.0443
310 0.0465
320 0.0523
340 0.0583

As shown in Figure 48, after finding the maximum displacement and simulating the movement of
points inside ROI frame by frame, modified temperatures can be estimated through the extrapolation
and interpolation functions in MATLAB, by having the old and new positions of points and the
temperature of points in old positions. These modified temperatures, can then be compared with those
directly observed from thermal camera. The details of simulating of this noise are proposed in

Appendix D.
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Read the maximum displacement for each
loading frame from the experimental data
v
| Get the location of each point: [X;] |

» =1

| Get the temperature of each point: [T]; |
¥

Calculate the displacement of
each point in the ROT: [u];
¥

Calculate the new position of each point:
[X]i= [Xol + [u];
v

Estimate the temperature of each point in the new position: [T'];
by interpolation/extrapolation function in MATLAB
(it gets [X], [Ty]; and gives [T']; for the new position of the points [X];
L1

| i=i+1 |

i < total frame

Figure 48 Imposing the noise due to the deformation of the sample on the numerical output

4-2-2-3 Preliminary considerations on the number of pixels and the random distribution

Similar to the experimental procedure in thermography-based techniques, the numerical temperature
data are extracted from the surface of the gauge volume and specifically from the same ROI. The

following two primary considerations should be taken into account:

I.  To ensure the consistency of numerical results, it is essential to define a proper grid of points
(which play the role of pixels in the experiment) on the surface of the gauge volume in the
numerical model. Each point provides a temperature history throughout the runtime. It is worth
noting that increasing the number of points leads to an increase in the time required for data
extraction, thus reducing the number of pixels (or points) as far as possible in numerical model
while still maintaining the accuracy, can be beneficial. As mentioned before, the number of
pixels in thermal acquisition and ROI was 52*99.

Il.  Since the unit heat volumes (see Figure 41) are randomly distributed in gauge volume, the

effect of the distribution should also be explored.
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For investigating the above considerations, it is assumed that only 15% of the gauge volume of a C45
dog bone sample with the unit size of 1 mm?3 for randomly distributed heat sources produces heat.
Two different grids of points including 13*31 and 52*99 (same as in the experiments) are considered

and the simulation is performed for 10 random distributions of the unit volumes.
4-2-2-4 Criteria for identifying the dissipated volume

As shown in Figure 42, after defining the geometry and mechanical properties of the sample, defining
imposed heat, collecting reference data and preliminary considerations, the cyclic heat is imposed in

the whole of the gauge volume.

Considering the whole of the gauge volume producing heat is not prevalent in a fatigue test since the
heat dissipation is usually localized in a fraction of it. However, initially, the entire gauge volume is
considered as a trial heat volume to check if W,, is a sufficient heat power to satisfy

TFEM > TP where TFEM is the average of the SAH of surface temperature found

2w,mean = ‘2w,mean’ 2w,mean

numerically. It should be noted that TS .. > T,."

2o,mean CAN D€ @ case because (i) it is assumed the
whole of the gauge volume is damaged and (ii) the producing heat is equal to the W,,. Actually, in
fully reverse loading, it is just an assumption that the whole of the mechanical energy converts to heat;
there will be a small portion potentially remaining unconverted. When the heat dissipation imposed in
the entire gauge volume is equal to the whole of the mechanical energy, it can be expected that the
temperature increase is higher than the acquired value in the experiment. By extending this fact to the
harmonic components of temperature and mechanical energy, it can also be exapted that

TFEM > Texp

2w,mean 2w,mean"

When TSEN can > Toonean 19 Satisfied, it is the time to introduce the randomly distributed heat units
in different fractions of gauge volume to satisfy the final criteria, TS5 o = Tyomean » aNd

consequently identifying the dissipated volume numerically, for each loading level.
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5 Results

5-1 Experimental results: fatigue limit estimation by thermal indices

In this section, based on the same dataset collected from the experimental campaign, the objective is
to provide the behavior of different thermal indices with stress amplitudes to assess how effectively
they can pinpoint the fatigue limit. To estimate the fatigue limit accurately, two distinct methodologies
were employed on each temperature index trend, the threshold method [40] and Loung’s method [109].
Before presenting the comparison, the preparation of data for each temperature index is described. It
should be noted that the iterative method was not applied as it requires more thermal data than the

threshold method and Loung’s method, as mentioned in section 2.

As represent schematically in Figure 49, the chosen thermal indices for the comparison are as below:

e The mean temperature rise in stabilization stage (AT)

e The slope of the mean temperature in initial stage (R;)

e The first amplitude harmonic of temperature signal at the stabilization (T;,,)

e The second amplitude harmonic of temperature signal ate the stabilization (T,,,)

e The slope of the mean temperature in cooling stage (R,)

/ > T
— /\/ /\ %

Cycles

>

Figure 49 A schematic representations of thermal indices for fatigue estimation
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The experimental setup adopted during the stepwise tests, the loading table, loading frequency,
sampling frequency and thermal acquisition process were explained before in Section 3. The stepwise
tests were conducted on three separate samples of SS 316 to guarantee the precision and reliability of

the comparisons made.

The general thermal behavior of the samples under different loading level are presented below. In
Figure 50, the mean change of the surface temperature of three SS 316 samples acquired by a micro
bolometric camera during the stepwise tests are presented. Following each loading step, when a stable
temperature and a specific cycle count are reached, a cooling period of around one minute begins
before proceeding to the subsequent loading step until failure of the sample. The maximum
temperature observed at failure falls within the range of 160-200 °C. This high temperature can be due
to the ductile behavior (as can be seen from its relatively high elongation in Figure 33) and work
hardening of this steel. In Figure 51, the temperature map for the third sample of SS 316 subjected to
fully reversed loading is shown. It can be seen that the temperature rises minimally below the fatigue
limit but significantly beyond it, indicating damage accumulation until the specimen fails (step 11 is
the step before the failure of the sample). The same behavior can be seen in Figure 52 and Figure 53
for T,,, and T, respectively. For samples 1 and 2, the thermal maps are shown in Appendix E with
the same behavior as sample 3. Note that in Figure 53, the accumulation of higher values of T,,, at the
bottom side of the specimen can be due to the heat conduction between the loading machine gripper

and the sample or the noise due to the movement of the gripper.
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Figure 50 Temperature trend of SS 316 acquired by a cooled camera during stepwise tests (a) sample 1 (b) sample 2 (c)
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Figure 51 Thermal footprint on the surface of the SS 316 sample for each loading step during stepwise test — sample 3
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Figure 52 T4,, on the surface of the SS 316 sample for each loading step during stepwise test — sample 3
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5-1-1 Data preparation

5-1-1-1 Fatigue limit from S-N curve

Based on the details in section 3-3-2-1, the S-N curve is found which are presented in Table 15 and
Figure 54. The fatigue limit by adopting an average runout of 5000000 cycles is around 306 MPa as
mentioned by our collaborators at LSU [186]. This value is then used as a reference to check the

accuracy of thermal indices in prediction of the fatigue limit.

355
350
345
340
335
330
325
320
315
310
305
300
295
290

Stress (MPa)

Fatigue limit

T
10* 10°

T
10 107

Number of cycles to failure ( N¢ )
Figure 54 S-N curve - SS 316 [186]

Table 15 Loading table for S-N curve acquisition of SS 316

Sample # | Stress amplitude (MPa) | Number of cycles to failure

1 300 6000000
2 310 5100000
3 310 9000000
4 310 4000000
5 3125 2000000
6 315 325000
7 315 471000
8 315 313000
9 320 179324
10 320 228871
11 325 296000
12 325 118000
13 330 109329
14 335 65000
15 3375 47744
16 340 40410
17 345 16500
18 350 9500
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5-1-1-2 Variation of thermal indices with the load

The thermal data from an uncooled camera was employed to extract the trend of AT and R, with stress
amplitudes. AT was determined by assessing the difference between the average surface temperature
of the sample (red ROI in Figure 55) and the dummy sample (green ROI in Figure 55). Meanwhile, R,

was found by calculating the gradient of the average of surface temperature during the cooling stage.

The measured values are presented in Table 16, Figure 56 and Figure 57.

sample

Figure 55 Region of interests for thermal acquisition — uncooled camera — SS 316

Table 16 Mean temperature rise (AT) and the cooling slope of temperature (R,) - SS 316

. Sample 1 Sample 2 Sample 3
Stress amplitude (MPa)

AT (°C) | R (°C/s) | AT (°C) | R (°C/s) | AT (°C) | R, (°C/s)
255 5.230 0.150 4.360 0.102 2.561 0.123
265 6.240 0.174 5.259 0.183 4.202 0.175
275 7.485 0.215 6.983 0.213 6.030 0.203
285 8.977 0.260 8.853 0.287 7.745 0.278
295 10.972 0.320 11.307 0.366 10.219 0.343
300 12.545 0.376 14.145 0.452 15.075 0.424
305 14.222 0.458 17.233 0.530 14.528 0.527
310 16.572 0.522 20.540 0.641 17.355 0.589
315 19.447 0.611 25.174 0.820 21.964 0.746
320 23.574 0.777 31.991 1.069 24.702 0.865
335 38.914 1.215 76.849 2.524 55.951 2.159
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Figure 57 Cooling slope of the temperature — SS 316
When it came to T, and T,,, the data acquired from a cooled camera were utilized as a higher
sampling rate is needed for reconstructing the temperature signal and consequently quantifying the

first and second harmonic amplitudes of temperatures. The ROIs are shown in Figure 58, and the

measured values are proposed in Table 17, Figure 59 and Figure 60.
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Figure 58 Region of interests for thermal acquisition — cooled camera — SS 316

Table 17 First and second harmonic amplitudes of the temperature - SS 316

. Sample 1 Sample 2 Sample 3
Stress amplitude (MPa)

T (0 | To0 (°C) | Tiw (°C) | Tow (°C) | Tie (°C) | Toe (°0)
255 0.2771 | 0.0042 | 0.3154 | 0.0052 | 0.3132 | 0.0049
265 0.2920 | 0.0040 | 0.3231 | 0.0049 | 0.3308 | 0.0057
275 0.3083 | 0.0030 | 0.3376 | 0.0045 | 0.3508 | 0.0061
285 0.3256 | 0.0027 | 0.3533 | 0.0050 | 0.3708 | 0.0063
295 0.3444 | 0.0029 | 0.3705 | 0.0033 | 0.3904 | 0.0047
300 0.3444 | 0.0028 | 0.3813 | 0.0035 | 0.4043 | 0.0052
305 0.3676 | 0.0031 | 0.3927 | 0.0037 | 0.4168 | 0.0054
310 0.3819 | 0.0034 | 0.4055 | 0.0044 | 0.4305 | 0.0061
315 0.3968 | 0.0039 | 0.4221 | 0.0055 | 0.4469 | 0.0074
320 0.4158 | 0.0047 | 0.4366 | 0.0073 | 0.4631 | 0.0087
335 0.4789 | 0.0096 | 0.4972 | 0.0227 | 0.5352 | 0.0165
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Figure 60 Second amplitude harmonic of the temperature - SS 316

Unlike the other indices, for R; (the slope of temperature in the rising stage), a more comprehensive
analysis was performed to investigate how its measurement can be affected by thermal acquisition
(cooled or uncooled camera) and the curve fitting methods (both the order of the fitting and the time

period over which the fitting is applied).

Using same ROIs as in Figure 55 and Figure 58, the linear and quadratic fitting (T = m,t + ¢, and
T = at? + my,t + c,, respectively; where T is the temperature, t is the time, m, and m, are the slopes,
¢, and c, are constants, and a is the degree to which the curve deviates from being a straight line) were

applied on the thermal data within the time durations varied from 1 to 10 seconds. Noted that the slope
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was calculated from the data points where temperature starts to rise and exhibits cyclic behavior. The
results are proposed in Table 18 to Table 20 and plotted in Figure 61 to Figure 70. It should be noted
that the data from cooled camera is only available for the last two samples. As can be seen, unlike the
curves obtained from fitting on the data from a cooled camera, those obtained from an uncooled camera
exhibit severe irregular trends (or fluctuations) that make it impossible to estimate the fatigue limit
from the datapoints. These trends are obvious for a time duration of 1 second when linear fitting is
used, and for time durations of 1 and 2 seconds when quadratic fitting is applied.

The analysis conducted here, for the first time, underscores the importance of careful consideration
when measuring the initial slope of the temperature trend. Therefore, it is advisable to utilize more
data points and a cooled camera when measuring the temperature slope. Alternatively, if an uncooled
camera is the only option, it is suggested that the curve fitting be conducted for the time durations
beyond 2 seconds, irrespective of the fitting order.

Table 18 Slope of temperature in the rising stage — sample 1 — uncooled camera - SS 316

Stress amplitude (MPa)
“me(g:g"“o” 255 | 265 | 275 | 285 | 295 | 300 | 305 | 310 | 315 | 320 | 335
1 0.162 | 0.313 | 0.272 | 0.259 | 0.258 | 0.253 | 0.421 | 0.296 | 0.554 | 0.611 | 0.702
2 0.177 [ 0.216 | 0.211 | 0.228 | 0.249 | 0.307 | 0.388 | 0.395 | 0.540 | 0.631 | 0.736
3 0.176 | 0.184 | 0.184 | 0.215 | 0.256 | 0.326 | 0.389 | 0.419 | 0.521 | 0.626 | 0.694
4 0.167 | 0.166 | 0.175 | 0.214 | 0.267 | 0.318 | 0.381 | 0.415 | 0.507 | 0.613 | 0.671
Linear 5 0.162 | 0.157 | 0.174 | 0.209 | 0.266 | 0.307 | 0.375 | 0.411 | 0.494 | 0.600 | 0.654
fitting 6 0.157 | 0.154 | 0.172 | 0.201 | 0.261 | 0.298 | 0.366 | 0.407 | 0.485 | 0.586 | 0.638
7 0.154 | 0.149 | 0.167 | 0.196 | 0.257 | 0.289 | 0.357 | 0.401 | 0.471 | 0.573 | 0.622
8 0.150 | 0.146 | 0.164 | 0.194 | 0.251 | 0.281 | 0.348 | 0.393 | 0.465 | 0.559 | 0.605
9 0.146 | 0.142 | 0.162 | 0.193 | 0.246 | 0.275 | 0.340 | 0.385 | 0.454 | 0.546 | 0.591
R; 10 0.144 [ 0.138 | 0.160 | 0.193 | 0.240 | 0.267 | 0.331 | 0.377 | 0.443 | 0.531 | 0.581
1 0.912 | 0.685 | 0.457 | 1.155 | -0.834 | -1.215 | 0.002 | -0.655 | -0.296 | 0.039 | 1.836
2 0.366 | 0.297 | 0.201 | 0.540 | -0.118 | -0.066 | 0.279 | 0.201 | 0.275 | 0.446 | 0.998
3 0.285 | 0.231 | 0.204 | 0.376 | 0.055 | 0.155 | 0.326 | 0.349 | 0.431 | 0.566 | 0.820
4 0.257 | 0.215 | 0.183 | 0.302 | 0.122 | 0.236 | 0.368 | 0.414 | 0.486 | 0.617 | 0.764
Quadratic 5 0.232 | 0.192 | 0.169 | 0.278 | 0.183 | 0.277 | 0.385 | 0.427 | 0.509 | 0.641 | 0.743
fitting 6 0.218 | 0.177 | 0.170 | 0.272 | 0.221 | 0.296 | 0.399 | 0.434 | 0.515 | 0.655 | 0.732
7 0.206 | 0.174 | 0.177 | 0.259 | 0.240 | 0.314 | 0.406 | 0.443 | 0.547 | 0.658 | 0.727
8 0.201 | 0.170 | 0.179 | 0.245 | 0.255 | 0.321 | 0.411 | 0.449 | 0.528 | 0.662 | 0.729
9 0.197 | 0.170 | 0.175 | 0.231 | 0.265 | 0.325 | 0.411 | 0.453 | 0.533 | 0.663 | 0.723
10 0.190 | 0.172 | 0.177 | 0.221 | 0.278 | 0.329 | 0.420 | 0.456 | 0.548 | 0.679 | 0.707
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Table 19 Slope of temperature in the rising stage — sample 2 - SS 316

Stress amplitude (MPa)

time duration

(se0) 255 | 265 | 275 | 285 | 295 | 300 | 305 | 310 | 315 | 320 | 335
1 0.026 | 0.262 | 0.214 | 0.236 | 0.229 | 0.322 | 0.329 | 0.323 | 0.385 | 0.749 | 0.869
2 0.127 | 0.220 | 0.215 | 0.213 | 0.280 | 0.346 | 0.356 | 0.525 | 0.540 | 0.734 | 0.951
3 0.127 | 0.198 | 0.208 | 0.205 | 0.325 | 0.358 | 0.379 | 0.506 | 0.579 | 0.720 | 0.988
Lincar 4 0.154 | 0.191 | 0.211 | 0.229 | 0.319 | 0.360 | 0.405 | 0.522 | 0.616 | 0.737 | 1.002
fitting, 5 0.161 | 0.188 | 0.193 | 0.237 | 0.306 | 0.357 | 0.419 | 0.516 | 0.590 | 0.735 | 1.016
uncooled 6 0.168 | 0.187 | 0.193 | 0.236 | 0.293 | 0.355 | 0.406 | 0.506 | 0.585 | 0.729 | 1.018
camera 7 0.170 | 0.184 | 0.184 | 0.229 | 0.285 | 0.349 | 0.401 | 0.500 | 0.578 | 0.722 | 1.015
8 0.158 | 0.181 | 0.182 | 0.225 | 0.277 | 0.343 | 0.404 | 0.492 | 0.568 | 0.716 | 1.002
9 0.149 | 0.181 |0.182 | 0.226 | 0.269 | 0.337 | 0.403 | 0.481 | 0.561 | 0.703 | 0.980
10 0.148 | 0.179 | 0.180 | 0.223 | 0.262 | 0.335 | 0.389 | 0.471 | 0.551 | 0.689 | 0.966
1 0.854 | -0.042 | 0.061 | -0.603 | -0.059 | -0.507 | 1.702 | 0.412 | 0.010 | 0.199 | 1.003
2 0.322 | 0.137 | 0.151 | 0.135 | 0.017 | 0.063 | 0.496 | 0.316 | 0.303 | 0.499 | 0.827
3 0.195 | 0.182 | 0.169 | 0.236 | 0.240 | 0.207 | 0.374 | 0.514 | 0.449 | 0.659 | 0.866
S~ 4 0.150 | 0.183 | 0.192 | 0.172 | 0.338 | 0.280 | 0.378 | 0.496 | 0.461 | 0.636 | 0.920
fitting, 5 0.155 | 0.180 | 0.251 | 0.193 | 0.374 | 0.318 | 0.385 | 0.515 | 0.601 | 0.678 | 0.920
uncooled 6 0.147 | 0.181 | 0.222 | 0.220 | 0.380 | 0.337 | 0.445 | 0.548 | 0.609 | 0.712 | 0.945
camera 7 0.162 | 0.185 | 0.228 | 0.252 | 0.368 | 0.354 | 0.452 | 0.555 | 0.620 | 0.732 | 0.986
8 0.199 | 0.189 | 0.219 | 0.249 | 0.362 | 0.365 | 0.426 | 0.553 | 0.629 | 0.744 | 1.035
9 0.209 | 0.186 | 0.206 | 0.237 | 0.356 | 0.373 | 0.425 | 0.560 | 0.630 | 0.769 | 1.082
10 0.198 | 0.193 | 0.200 | 0.241 | 0.350 | 0.372 | 0.458 | 0.573 | 0.635 | 0.796 | 1.099
1 0.110 | 0.156 | 0.216 | 0.245 | 0.347 | 0.397 | 0.452 | 0.453 | 0.659 | 0.858 | 1.140
2 0.140 | 0.201 | 0.222 | 0.267 | 0.297 | 0.405 | 0.400 | 0.401 | 0.709 | 0.824 | 1.190
3 0.142 | 0.200 | 0.220 | 0.253 | 0.287 | 0.397 | 0.381 | 0.382 | 0.718 | 0.802 | 1.203
Lincar 4 0.139 | 0.197 | 0.216 | 0.245 | 0.277 | 0.385 | 0.369 | 0.369 | 0.714 | 0.782 | 1.195
fitting, 5 0.137 | 0.194 | 0.213 | 0.237 | 0.268 | 0.377 | 0.358 | 0.358 | 0.703 | 0.763 | 1.178
cooled 6 0.134 | 0.190 | 0.210 | 0.231 | 0.260 | 0.369 | 0.348 | 0.349 | 0.690 | 0.745 | 1.155
camera 7 0.132 | 0.186 | 0.205 | 0.227 | 0.252 | 0.362 | 0.341 | 0.342 | 0.676 | 0.728 | 1.133
8 0.131 | 0.182 | 0.201 | 0.224 | 0.245 | 0.355 | 0.334 | 0.335 | 0.659 | 0.711 | 1.110
9 0.129 | 0.179 | 0.197 | 0.220 | 0.239 | 0.349 | 0.326 | 0.327 | 0.644 | 0.695 | 1.088
10 0.127 | 0.176 | 0.194 | 0.216 | 0.233 | 0.342 | 0.319 | 0.320 | 0.630 | 0.681 | 1.068
1 0.150 | 0.106 | 0.162 | 0.309 | 0.345 | 0.431 | 0.458 | 0.459 | 0.617 | 0.788 | 1.036
2 0.156 | 0.206 | 0.211 | 0.287 | 0.292 | 0.453 | 0.410 | 0.411 | 0.698 | 0.839 | 1.143
3 0.157 | 0.222 | 0.222 | 0.295 | 0.288 | 0.445 | 0.403 | 0.404 | 0.709 | 0.855 | 1.180
S 4 0.159 | 0.219 | 0.230 | 0.285 | 0.302 | 0.442 | 0.407 | 0.408 | 0.737 | 0.852 | 1.224
fitting, 5 0.157 | 0.219 | 0.229 | 0.280 | 0.302 | 0.431 | 0.405 | 0.406 | 0.754 | 0.855 | 1.252
cooled 6 0.155 | 0.219 | 0.231 | 0.275 | 0.303 | 0.425 | 0.402 | 0.403 | 0.762 | 0.853 | 1.273
camera 7 0.152 | 0.218 | 0.232 | 0.266 | 0.302 | 0.419 | 0.394 | 0.395 | 0.771 | 0.849 | 1.282
8 0.149 | 0.216 | 0.234 | 0.260 | 0.302 | 0.415 | 0.392 | 0.393 | 0.781 | 0.846 | 1.288
9 0.149 | 0.214 | 0.234 | 0.260 | 0.297 | 0.414 | 0.394 | 0.394 | 0.781 | 0.842 | 1.287
10 0.149 | 0.213 | 0.233 | 0.259 | 0.297 | 0.413 | 0.392 | 0.393 | 0.782 | 0.839 | 1.289
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Table 20 Slope of temperature in the rising stage - sample 3 — SS 316

Stress amplitude (MPa)

time duration

(se0) 255 | 265 | 275 | 285 | 295 | 300 | 305 | 310 | 315 | 320 | 335
1 0.128 | 0.198 | 0.235 | 0.049 | 0.308 | 0.320 | 0.432 | 0.492 | 0.492 | 0.412 | 0.683

2 0.136 | 0.182 | 0.176 | 0.205 | 0.291 | 0.330 | 0.416 | 0.466 | 0.466 | 0.491 | 0.647

3 0.157 | 0.172 | 0.174 | 0.211 | 0.284 | 0.332 | 0.444 | 0.464 | 0.464 | 0.511 | 0.639

Linear 4 0.172 | 0.164 | 0.172 | 0.208 | 0.276 | 0.334 | 0.436 | 0.456 | 0.456 | 0.516 | 0.634
fitting, 5 0.160 | 0.159 | 0.172 | 0.205 | 0.271 | 0.340 | 0.433 | 0.449 | 0.449 | 0.515 | 0.626
“g‘;‘:}‘;’rzd 6 0.163 | 0.162 | 0.169 | 0.201 | 0.265 | 0.339 | 0.424 | 0.440 | 0.440 | 0.509 | 0.618
7 0.159 | 0.160 | 0.164 | 0.197 | 0.261 | 0.334 | 0.412 | 0.432 | 0.432 | 0.501 | 0.606

8 0.156 | 0.156 | 0.160 | 0.193 | 0.256 | 0.327 | 0.400 | 0.423 | 0.423 | 0.493 | 0.596

9 0.155 | 0.152 | 0.156 | 0.189 | 0.251 | 0.319 | 0.390 | 0.414 | 0.414 | 0.483 | 0.585

10 0.154 | 0.151 | 0.155 | 0.183 | 0.248 | 0.311 | 0.379 | 0.403 | 0.403 | 0.476 | 0.573

1 1.290 | 0.187 | 0.550 | -0.807 | 0.601 | 0.230 | -0.113 | 0.194 | 1.060 | 1.501 | 1.074

2 0.303 | 0.202 | 0.302 | -0.130 | 0.374 | 0.304 | 0.280 | 0.348 | 0.679 | 0.918 | 0.955

3 0.189 | 0.195 | 0.200 | 0.037 | 0.325 | 0.331 | 0.329 | 0.403 | 0.610 | 0.814 | 0.928

Ouadratic 4 0.189 | 0.191 | 0.183 | 0.114 | 0.315 | 0.336 | 0.411 | 0.444 | 0.586 | 0.722 | 0.924
fitting, 5 0.206 | 0.183 | 0.175 | 0.155 | 0.305 | 0.334 | 0.436 | 0.460 | 0.576 | 0.704 | 0.955
“(’:’;r‘:]‘;'rzd 6 0.177 | 0.168 | 0.181 | 0.176 | 0.300 | 0.348 | 0.460 | 0.471 | 0.579 | 0.696 | 0.949
7 0.195 | 0.171 | 0.186 | 0.189 | 0.295 | 0.363 | 0.477 | 0.478 | 0.580 | 0.694 | 0.966

8 0.195 | 0.179 | 0.190 | 0.199 | 0.295 | 0.375 | 0.483 | 0.483 | 0.580 | 0.688 | 0.973

9 0.180 | 0.186 | 0.189 | 0.206 | 0.296 | 0.383 | 0.485 | 0.486 | 0.582 | 0.690 | 0.983

10 0.179 | 0.176 | 0.183 | 0.217 | 0.292 | 0.393 | 0.485 | 0.503 | 0.579 | 0.704 | 0.985

1 0.103 | 0.216 | 0.224 | 0.176 | 0.310 | 0.307 | 0.383 | 0.366 | 0.430 | 0.735 | 1.045

2 0.146 | 0.174 | 0.176 | 0.188 | 0.276 | 0.330 | 0.375 | 0.401 | 0.496 | 0.676 | 0.983

3 0.153 | 0.164 | 0.171 | 0.205 | 0.265 | 0.327 | 0.382 | 0.401 | 0.483 | 0.662 | 0.954

Linear 4 0.151 | 0.157 | 0.164 | 0.211 | 0.258 | 0.323 | 0.384 | 0.392 | 0.472 | 0.650 | 0.934
fitting, 5 0.150 | 0.154 | 0.160 | 0.204 | 0.255 | 0.319 | 0.382 | 0.384 | 0.462 | 0.637 | 0.916
ch’r%':g 6 0.148 | 0.150 | 0.156 | 0.197 | 0.250 | 0.313 | 0.377 | 0.375 | 0.447 | 0.625 | 0.899
7 0.146 | 0.146 | 0.152 | 0.195 | 0.245 | 0.307 | 0.370 | 0.367 | 0.437 | 0.612 | 0.881

8 0.143 | 0.143 | 0.149 | 0.193 | 0.240 | 0.301 | 0.363 | 0.360 | 0.426 | 0.599 | 0.863

9 0.140 | 0.140 | 0.146 | 0.188 | 0.235 | 0.295 | 0.355 | 0.353 | 0.416 | 0.585 | 0.844

10 0.138 | 0.137 | 0.144 | 0.183 | 0.231 | 0.289 | 0.349 | 0.346 | 0.406 | 0.574 | 0.828

1 0.138 | 0.228 | 0.235 | 0.112 | 0.324 | 0.415 | 0.403 | 0.372 | 0.473 | 0.717 | 1.036

2 0.138 | 0.177 | 0.180 | 0.148 | 0.266 | 0.334 | 0.361 | 0.429 | 0.465 | 0.694 | 1.005

3 0.157 | 0.171 | 0.169 | 0.151 | 0.275 | 0.338 | 0.357 | 0.430 | 0.538 | 0.678 | 1.006

Quadratic 4 0.163 | 0.173 | 0.174 | 0.179 | 0.275 | 0.343 | 0.369 | 0.437 | 0.527 | 0.684 | 1.001
fitting, 5 0.163 | 0.167 | 0.174 | 0.217 | 0.270 | 0.343 | 0.382 | 0.435 | 0.524 | 0.690 | 0.999
g;’;';’g 6 0.163 | 0.168 | 0.175 | 0.226 | 0.272 | 0.347 | 0.397 | 0.435 | 0.535 | 0.690 | 0.997
7 0.165 | 0.169 | 0.175 | 0.216 | 0.275 | 0.350 | 0.407 | 0.432 | 0.522 | 0.694 | 0.999

8 0.165 | 0.167 | 0.174 | 0.215 | 0.276 | 0.349 | 0.411 | 0.426 | 0.520 | 0.698 | 1.002

9 0.165 | 0.166 | 0.172 | 0.222 | 0.275 | 0.350 | 0.415 | 0.425 | 0.517 | 0.701 | 1.003

10 0.165 | 0.165 | 0.170 | 0.227 | 0.276 | 0.351 | 0.415 | 0.423 | 0.517 | 0.701 | 1.003
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Figure 62 Rising slope of temperature; sample 1 - Quadratic fitting — uncooled camera

89



o

Slope ( C/s)
o
[+]
T

o
o]
T

===+ Time duration=1 sec
= = Time duration=2 sec
— Time duration=3 sec

04 —— Time duration=4 sec | |
= Time duration=5 sec
~——Time duration=6 sec

02k = Time duration=7 sec | _|

’ —— Time duration=8 sec
~——Time duration=9 sec
— Time duration=10 sec
D 1 1 1 1 | | 1 1
250 260 270 280 290 300 310 320 330 340
Time duration of curve fitting (s)
Figure 63 Rising slope of temperature; sample 2 - Linear fitting — uncooled camera
2 T T T T T T T T
«=++++==Time duration=1 sec
— = Time duration=2 sec
15k ——Time duration=3 sec -
: —Time duration=4 sec
—Time duration=5 sec
Time duration=6 sec
1k ———Time duration=7 sec |
—Time duration=8 sec
——Time duration=9 sec
~———Time duration=10 sec
05 T
————— - i
0F T ] 4
0.5 -
A 1 1 1 1 1 1 1 1
250 260 270 280 290 300 310 320 330 340

Time duration of curve fitting (s)

90

Figure 64 Rising slope of temperature; sample 2 - Quadratic fitting — uncooled camera
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Figure 66 Rising slope of temperature; sample 2 - Quadratic fitting — cooled camera
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Figure 68 Rising slope of temperature; sample 3 - Quadratic fitting — uncooled camera
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Figure 70 Rising slope of temperature; sample 3 - Quadratic fitting — cooled camera

1.1 T T T T T T T T
1 Time duration=1 sec —
— — Time duration=2 sec "
o9k ~———Time duration=3 sec N
. — Time duration=4 sec )
~=Time duration=5 sec
08 ~—— Time duration=6 sec N
—— Time duration=7 sec
w07 — Time duration=8 sec 1
O ~—Time duration=9 sec
— 06 ———Time duration=10 sec o,
o 0
=%
k=]
wos5F .
04 7
03 _
02 B
O 1 """ 1 1 1 1 | | 1 1
250 260 270 280 290 300 310 320 330 340
Time duration of curve fitting (s)
Figure 69 Rising slope of temperature; sample 3 - Linear fitting — cooled camera
1.1 T T T T T T T T
-------- Time duration=1 sec
1F = = Time duration=2 sec n
— Time duration=3 sec
09 ——Time duration=4 sec -1
~—Time duration=5 sec
08l — Time duration=6 sec -
: = Time duration=7 sec
— Time duration=8 sec
w07 ~——Time duration=9 sec 7]
© — Time duration=10 sec
o 06 7
=%
o
wos5F -
04 n
03[ .
02 7
01 1 1 1 1 | | 1 1
250 260 270 280 290 300 310 320 330 340



5-1-2 Fatigue limit estimation by thermal indices

5-1-2-1Comparison based on the threshold method

As mentioned before, the threshold method is based on the “residual” which is the difference between
the measured temperature at a specific stress level and the fitted line constructed from the measured

temperatures at the initial stress levels.

In the original description of the method, the authors used a fixed number of points for creating the
fitted line and a constant factor for the criterion that predicts the fatigue limit, without analyzing their
effect on the prediction. In this study, to delve deeper into the method’s functionality, an examination
was conducted to find out the sensitivity of the method to its parameters. For convenience, the pseudo

code of threshold method is presented below [40]:

1. Finding the equation of the fitted line as (y = mx + q) by performing a linear regression
analysis on the first u pairs of a data (temperature index (TI) - stress level (a,) pair).

2. Finding the residuals for each loading step: R; = TI; — (mao,, + q), i = 1,2,3,...,n; where
n is the number of loading steps.

3. Assessing the standard deviation of residuals (ST Dg) from the initial 4 data points across all
experiments (comprising 3 specimens, resulting in a total of 3u data points).

4. Evaluation of the threshold value: R, = A * STDx.

5. Comparing R; with R, for all loading steps.

6. Report the lower stress amplitude that satisfies R; > R, as the fatigue limit.

u and A were fixed to 5 and 6 in the reference [40]. however, for checking the sensitivity of the
threshold method, the estimated fatigue limits are compared foru = 4,50r 6 and A = 1,3 or 5, as

proposed in Table 21.

The table also shows the difference between the average of predicted fatigue limits for three samples
and the fatigue limit obtained from the S-N curve. The bold values in the table highlights the minimum

difference for a specific combination of p and A.

It becomes apparent that the effectiveness of the threshold method is significantly influenced by both
u and A, making it challenging to identify an index that consistently outperforms others. Thus, the
dependency of this method on these parameters hampers the selection of a single index with superior

predictive performance.
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A potential issue with the threshold method could arise from its reliance on initial data points to
establish the threshold value. If a relatively high noise level is present in the first loading steps, it
highly affects the threshold and eventually the predicted fatigue limits. This investigation sheds light

on a potential concern with the threshold method and the necessity for further investigations.

Hence, to ensure the quality of the comparison and revealing the efficiency of each thermal index in
fatigue limit estimation, it is preferable to employ an alternative method that is less sensitive or reliant
on fewer parameters. In the next section, the Loung’s method is used for this purpose.
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Table 21 Predicted fatigue limit by threshold method for - SS 316

Predicted fatigue limit (MPa)
R; (°C/s)
A K AT Ty Tou R, Linear fitting Quadratic fitting
(°C) (°0) (°0) (°C/s)  [Cooled [ Uncooled | Cooled | Uncooled
camera | camera | camera | camera
sample 1 295 305 300 335 300 295 300 295
4 sample 2 295 300 315 295 300 295 300 295
sample 3 300 305 335 335 300 295 300 295
Difference* (%) | 3.05 0.87 3.49 5.12 1.96 3.59 1.96 3.59
sample 1 305 310 320 NM 300 305 300 310
5 g sample 2 300 305 320 NM 300 305 300 315
sample 3 300 310 320 335 300 305 300 305
Difference (%) 1.42 0.76 4.58 9.48 1.96 0.33 1.96 1.31
sample 1 315 310 320 NM 315 310 315 315
6 sample 2 310 310 315 NM 315 310 315 315
sample 3 315 315 320 NM 320 320 320 315
Difference (%) 2.40 1.85 4.03 NM 3.49 2.40 3.49 2.94
sample 1 295 305 295 335 300 295 300 295
4 sample 2 295 295 315 295 300 295 300 295
sample 3 295 300 320 335 295 295 295 295
Difference (%) 3.59 1.96 1.31 5.12 2.51 3.59 2.51 3.59
sample 1 300 305 315 335 300 300 300 310
3 5 sample 2 300 300 315 300 300 300 300 310
sample 3 300 305 315 335 300 300 300 305
Difference (%) 1.96 0.87 2.94 5.66 1.96 1.96 1.96 0.76
sample 1 310 305 315 NM 315 310 315 310
sample 2 305 305 315 305 315 310 315 310
6 sample 3 315 310 315 335 315 305 315 305
Difference (%) 1.31 0.22 2.94 4.75 2.94 0.76 2.94 0.76
sample 1 295 295 265 310 265 295 300 255
4 sample 2 255 255 285 255 265 295 265 275
sample 3 295 300 320 305 285 285 295 295
Difference (%) 7.95 7.41 5.23 5.23 11.22 4.68 6.32 10.13
sample 1 295 305 305 320 265 295 285 295
1 c sample 2 255 255 285 255 265 295 265 295
sample 3 300 300 275 315 255 255 255 295
Difference (%) 7.41 6.32 5.77 3.05 14.49 7.95 12.31 3.59
sample 1 305 295 305 335 300 300 300 255
6 sample 2 300 255 285 255 300 300 300 295
sample 3 300 300 275 335 255 255 300 255
Difference (%) 1.42 7.41 5.77 0.76 6.86 6.86 1.96 12.31

NM: Not Measurable
* Difference between the average of predicted fatigue limit of 3 samples and the fatigue limit in SN curve
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5-1-2-2Comparison based on the Loung’s method

As mentioned before, the Loung’s method involves fitting two regression lines to data points situated
distinctly below and above the knee point in each thermal index trend [109]. By determining the
intersection of these two lines, the fatigue limit can reliably be estimated.

Because the variation of R; (the initial slope of the temperature) is not only dependent on the stress
level but also the fitting order as well as the time duration used for fitting, the estimated fatigue limits
by this index need to be deeply studied as proposed in Figure 71. According to this figure, for all
samples, the predicted fatigue limits show almost a plateau when the fitting performed on the time
duration of at least 3 seconds, regardless of the type of camera and the fitting order. Although drawing
any conclusive finding from sample 1 is quite challenging, thermal acquisition by a cooled camera
provides more accurate predictions close to the actual fatigue limit for samples 2 and 3, when
employing a linear fitting method (as indicated by the dashed line in Figure 71). From this, for
comparing with other thermal indices, it was decided to use the average of predicted fatigue limits
obtained from all considered time durations and fitting orders.

In Table 22, fatigue limit predicted using all considered thermal indices are presented. In the last
column of the table, the difference between the mean of predicted fatigue limits for each sample and

the value obtained from the S-N curve (see Figure 54) is also found.

Based on the first column of Table 22, the predicted values by T,,, along with a specific calculation of
R; (linear fitting on the data acquired by a cooled camera) demonstrate superior performance and

accuracy compared to the others.

Notably, from the differences in the second and third rows of the table, the estimated fatigue limit is
very small when the data from a cooled used for measuring R;. Thus, it can be concluded that using a
thermal camera with high sampling rate is preferable for measuring R;, as mentioned before.

Moreover, the same conclusion can be drawn by observing the rankings in Table 22.

Additionally, AT, T,,, and R, are ranked third to fifth in terms of their predictive accuracy and

performance in estimating the fatigue limit.
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Figure 71 The fatigue limits predicted based on R; using Loung’s method for (a) sample 1, (b) sample 2 and (c) sample 3
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Table 22 Predicted fatigue limit using Loung’s method — SS 316

Rank Method Predicted fatigue limit (MPa) Difference*

Sample 1 | Sample 2 | Sample 3 | Average (%)
1 T,,,(°C) 305.69 304.33 307.21 305.75 0.1
1 R; (°C/s), linear fitting - cooled camera - 308.05 303.53 305.79 0.1
2 R; (°C/s), quadratic fitting - cooled camera - 308.09 297.802 302.95 1.0
3 AT (°C) 303.35 300.00 300.00 301.12 1.6
4 | Ty, (°C) 300.77 | 297.16 300.62 299.52 2.1
5 R. (°C/s) 294.24 296.98 299.89 297.04 2.9
6 R; (°C/s), linear fitting - uncooled camera 296.02 296.34 285.52 292.62 4.4
7 fallrge% ), Quadratic fitting - uncooled 20648 | 29584 | 25093 | 284.08 7.2

*Difference with respect to the fatigue limit from SN curve (306 MPa)

5-2 Numerical results

In this section, the aims are showing how to identify the heat volume producing heat during the fatigue
test and studying the effect of loading frequency on SAH of temperature (or generally the heat diffusion
effect).

Firstly, the verification of the numerical model is presented. Following this, the impact of the number
of points on the surface of the sample used for extracting data and the distribution of unit heat volumes

on the numerical output are provided. These factors are crucial for ensuring accuracy in the output.

Next, the focus shifts to presenting the preliminary results from the initial model with randomly
distributed heat volumes. Through this comparison, a modified model is developed by adjusting the
unit size, showcasing significant improvements in similarity with the experimental data and estimating
the heat volume. Before showing of the loading frequency effect on SAH of temperature, numerically,

an investigation on the motion-induced noise effect is proposed.

5-2-1 Verification of the numerical model with a single heat source

In this section, the self-heating phenomenon or the temperature increase caused by the heat dissipation
due to a cyclic loading is modeled with both constant and cyclic heat sources. As mentioned before,
since the load in the fatigue test has a cyclic nature, the correctness of the numerical model should be
necessarily examined when it deals with a cyclic heat source. As shown in Figure 39, the accuracy of
the numerical model is mainly investigated by comparing it to the analytical solutions of 1D heat

equation.
Given the cyclic nature of the load in the fatigue test, adopting a cyclic representation of the heat source
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is logical [101]. Once the heat dissipation source is identified or estimated, an approximate temperature
distribution can be determined through an analytical procedure involving the solution of the heat
equation with certain simplifications. A common approach for this involves expressing the 1% law of
thermodynamics for an isotropic and homogeneous material in terms of energy per second for a control

volume surrounding the gauge section:

f(pCZ—Z) v = U(kVZT) dV—fh(T—Too) dA —feﬁ(T‘* —Th) dA] +f(a: de)f dv (16)

L ) L )\ )\ ) L J
T

Internal energy Conduction Convection Radiation Mechanical energy

Where 3, T, A and V are respectively the Stephan-Boltzmann constant, the absolute temperature, the

cross-sectional area and volume of the gauge section.

Assuming an arbitrary heat source power G within a control volume and a constant cross-section for
it, the temperature distribution in one dimensional model can be obtained from the following partial
differential equation [162]:

92T hP G 10T (17)

557 e T T - ep (Tt =T~ 7 ==

Where P is the perimeter of the gauge section. Because difference between T and the ambient
temperature (8 = T — T,,) is negligible compared to the latter one (6 < T,), the third term can be
linearized by Taylor expansion around T,,. Thus, Eq. (17) will be reduced as follows [162]:

926 G 100 (18)

oy MOt =aae

0(0,t) =0(L,t)=0 ,0(y,00=0

Where m = /(hH:i )P and L represents the effective length of the sample in the "y direction.

Solving the above linear non-homogeneous partial differential equation allows the derivation of the
temperature distribution for any heat source (or heat power), G. Consequently, this framework serves
as a valuable theoretical basis for assessing the performance of a numerical model with both constant
and cyclic heat sources (by defining G), through a comparison of the mean temperature and its cyclic

behavior obtained from the numerical model with the solution of Eq. (18).

Due to the complexity of Eq. (18), the Maple programming language is used to solve it. The solutions

for two type of heat sources are found as follows [190]:
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- For a constant heat source of G = g:

(19)
0(y,t) = pr T [emy — emL+y) _ gm(2L-Y) 4 g2mL 4 om(L-Y) _ 1] g+
-2t
in(MY 2 12((_1\_
Zlezsm( e nLnle (D"-1 e@mL-1)m2}
- For acyclic heat source of G = g(1 + sin(2mft)) [190]:
(20)

O(y,t) = S — {2(—1 + (—1)") gL?sin (%) <(lza2 —wl?la +

[ee]
Zn:l knml(12a?+w?L%)

atl
w?Le 127 + wl?la cos(wt) — la? sin(wt) — [?a? + w2L4>}

Where | = (L?>m? + n?n?), g is the mean value of each heat power and f is the loading frequency

(other parameters were defined before).

By assuming g = 107(W/m3), f = 11 Hz, the material characteristics and geometry as in Table 6
and Figure 30, the temperature variation can be found from Eq. (19) and Eqg. (20). The numerical
temperature was also found by model with the same input variables as in the analytical solution. Figure
40 showed the suggested mesh and boundary conditions for the numerical simulation. The simulations
were done on a computer with an Intel Core i7-8700 processor at 3.20GHz, 32.0 GB of RAM and an
NVIDIA GeForce GT 1030 graphic card.

The comparison between numerical and analytical results is depicted in Figure 72, examining both the
mean temperature and cyclic behavior. The temperature trends from the numerical model align closely

with those derived analytically for both constant and cyclic heat sources.

Regarding the stabilized temperature within the last second, the mean temperatures stand at 26.164 °C
and 26.125 °C for the numerical and analytical results, respectively. This yields a negligible error of
0.15%. Furthermore, concerning the temperature amplitude, the numerical simulation and analytical
solution exhibit amplitudes of 0.0191°C and 0.0195°C, respectively, resulting in an error of 2.09%.

Thus, with errors at this level, the accuracy of the numerical results is affirmed.

Moreover, an additional verification is also proposed in Appendix C for a constant heat source.

Employing both verifications enhances the accuracy of the model verification process.
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Figure 72 Validation with an analytical solution for the point at y=0: (a) constant heat source and (b) cyclic heat
source

5-2-2 Effect of the number of pixels and the distribution of the heat sources

As depicted in Figure 42, before proposing the initial model, some preliminary considerations were
planned to study the effect of the number of pixels and the distribution of the heat sources on the

numerical output.

For this purpose, a cyclic heat power in the form of ¢ (1 + sin(2nft)) was considered for all
randomly distributed unit volumes spreading only in 15% of the gauge volume; where g is equal to

W,,, for the last loading step in Table 12 (4.11e7(W/m?)) and f = 11 Hz.

The simulations were done on the same computer as before to select an appropriate grid of points

between 13*31 and 52*99 for extracting the numerical data and to study the impact of the distribution

of the heat units on TZEM,

102



Table 23 Effect of random distribution and grid of points on mean of T5EM (unit volume size: 1 mm3)

Mean of TfEM (TFEY,
Grid of points of surface of gauge volume 13*31 52*99
1 0.0131 0.0135
2 0.0124 0.0142
3 0.0132 0.0137
4 0.0111 0.0131
L 5 0.0122 0.014
Random distribution #
6 0.0131 0.0144
7 0.0122 0.0138
8 0.0125 0.0163
9 0.0137 0.0154
10 0.0143 0.0155
Mean 0.0128 0.0144
Standard deviation 0.0009 0.001

The results proposed in Table 23 indicate that the number of points in the numerical result can
markedly influence the mean of TS2" (T4 .qn), thereby suggesting the utilization of the same
number of pixels as in the experiment. Conversely, for 10 random distributions, the standard deviation
of T3 5N .qn from different distributions are negligible (around 0.001). Hence, it can be inferred that

the distribution of unit volumes has no discernible effect on T;.5% ...

5-2-3 Initial model for heat source quantification

As shown in Figure 42, after collecting the reference data and performing preliminary considerations,
the first model for heat source identification is established. For the initial model, a dog bone C45
sample with the cyclic heat defined as W,,, (1 + sin(2m (2f) t)) (W /m?3) for all heat units, each
having a size of 1 mm? were considered; where f = 11 Hz and WW,,, was taken from Table 12. The

simulations were conducted on the same computer without any additional computational resources.

Following the steps in Figure 42, firstly, the cyclic heat should be imposed to the entire gauge volume
to see if the heat power is enough to satisfy TSEM > T.2°P. From Table 24, the numerical output for
each loading level satisfies this condition, meaning that the SAH of mechanical energy seemed to be

calculated accurately and the whole of the gauge volume cannot dissipate (or be under damage).
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Table 24 TEEM for the heat amplitude of W,,, imposed in the whole of the gauge volume — with noise (unit volume

2w,mean

size: 1 mm3)

o, (MPa) 300 310 320 340
W, (W/m3) 1.70E+07 2.13E+07 2.93E+07 4.11E+07
Tyomean (°C) 0.0023 0.0025 0.0054 0.0132
T4 ean (°C) without noise 0.0191 0.0235 0.0352 0.0503
Ty mean (°C) With noise 0.0212 0.0257 0.0374 0.0525

In the next step, the model should be implemented with a total heat volume smaller than the entire
gauge volume, essentially utilizing only a fraction of it, since T42" > T,..*. In this way, the volume
fraction that provides TS oo = Tyt ean Can be found for each loading level, the heat volume can

2w,mean

be identified.

As shown in Table 25, the volume was identified both with and without considering the previously

mentioned noises in the previous section (the movement and thermal acquisition noises).

It can be seen that the total heat volume plays a significant role in the variation of the T3 5% ¢, FOr
example, changing the volume fraction from 5% to 10% resulted in an increase of almost 50-100%.
For better representation of this variation, the thermal maps and histograms of TXE™ are proposed in

Figure 73 and Figure 74 (they are shown only for o, = 340 MPa to avoid redundancy).

Table 25 TEEM .., in ROI for the heat amplitude of W,,, imposed in a fraction of the gauge volume — without noise (unit

volume size: 1 mm3)

Mean of TFEM without noise

o, (MPa) | Wy, (W/m?) Volume fraction (%) Ty?
5 10 15 20 25 30 60
Without any noise 0.0024 | 0.0050 | 0.0056 | 0.0081 | 0.0093 | 0.0104 | 0.0161
300 1.70E+07 With movement noise | 0.0025 | 0.0052 | 0.0056 | 0.0082 | 0.0094 | 0.0104 | 0.0162 | 0.0023

With thermal noise 0.0046 | 0.0072 | 0.0078 | 0.0103 | 0.0115 | 0.0126 | 0.0183
Without any noise 0.0029 | 0.0062 | 0.0070 | 0.0101 | 0.0115 | 0.0129 | 0.0201
310 2.12E+07 With movement noise | 0.0029 | 0.0063 | 0.0071 | 0.0103 | 0.0116 | 0.0131 | 0.0201 | 0.0025
With thermal noise 0.0051 | 0.0084 | 0.0092 | 0.0123 | 0.0137 | 0.0151 | 0.0223
Without any noise 0.0041 | 0.0086 | 0.0096 | 0.0139 | 0.0160 | 0.0179 | 0.0278
320 2.93E+07 With movement noise | 0.0043 | 0.0086 | 0.0098 | 0.0141 | 0.0162 | 0.0181 | 0.0280 | 0.0054
With thermal noise 0.0063 | 0.0108 | 0.0118 | 0.0161 | 0.0182 | 0.0201 | 0.0300
Without any noise 0.0057 | 0.0113 | 0.0135 | 0.0195 | 0.0224 | 0.0251 | 0.0389
340 4.11E+07 With movement noise | 0.0059 | 0.0114 | 0.0136 | 0.0195 | 0.0224 | 0.0251 | 0.0390 | 0.0132
With thermal noise 0.0079 | 0.0135 | 0.0157 | 0.0217 | 0.0246 | 0.0273 | 0.0411
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Figure 73 The scaled map of TFEM in ROI for different volume fraction, o, = 340 MPa — with noise (unit volume size:

1 mm3)

From Figure 74, it can be clearly seen that TS 2™ tends to spread more between 0 and 0.1 as the volume
fraction increases. Specifically, with a volume fraction of 5% of the gauge volume, it concentrates
more around 0, while for 60%, it distributes almost uniformly between maximum and minimum values.
In other words, increasing the volume fraction leads to a significant rise in the possibility of having

more heat sources on the surface of the gauge volume.
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Figure 74 The histograms of TSE™ in ROI for different volume fraction, s, = 340 MPa — with noise (unit volume size:

2w

1 mm3)

105



A better representation for this effect can be seen in Figure 75 where TS5, ..., rises exponentially by
increasing the volume fraction. In addition, for higher heat amplitudes, it is evident that T} mcqr i
located at a higher level, reflecting the imposition of grater heat power into the material (as a
representative of more plastic deformation). Furthermore, the observation suggests that as the
magnitude of heat amplitude increases, the rate of increase of T35 .., With the volume fraction also
intensifies, indicating a departure from simple linear behavior. It can be expected that, very close to
the failure of the material, T£EY .., has the maximum possible value. On the contrary, the minimum

2w,mean

value belongs to the first loading blocks in the fatigue test.
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Figure 75 The variation T£:% ..., in ROl with volume fraction (unit volume size: 1 mm?)

In Table 25 and Figure 75, the effect of the two types of studied noises, thermal acquisition and sample

movement noises, on TZEM ... is shown. Itis obvious that the noise levels up significantly all TS2%,. ..

2w,mean
trends showing the necessity of the noise consideration when working with a validated thermal model.
However, as can found from Table 25, this behavior is dominantly due to the thermal acquisition noise
effect. Although the movement noise influence is almost negligible, it would not be reasonable to draw
any conclusion about the movement noise effect as the accuracy of the elongation measurement is

compromised using the extensometer data.

In other words, according to the measurement process of the movement noise in this study, using the

extensometer data to obtain the maximum elongation in gauge length and defining a linear
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displacement function from one side of the gripper to other side provide only an approximation of the
real movement of the points in the material coordinate. However, in order to show undeniable effect
of this noise, further investigation is performed based on some hypothetical values for the

displacements in ROI in the following section, after proposing the modified numerical model.

Returning to the primary goal of this section, the identified heat volume fractions that satisfy the

THEM can = Taymean are found and listed in Table 25. Without considering the noise, the identified

2w,mean

volumes producing heat are 5%, 5%, 5-10%, and 15% of the gauge volume for loading amplitudes of
300, 310, 320, and 340 MPa, respectively. However, by considering the noise, the volumes for the first
three loading levels are below 5% (1%, 1% and 4%), whereas it is 10% of the gauge volume for the
last lading level. Table 26 summarizes the identified volume fractions.

Table 26 Identified volume fractions producing heat for unit volume size of 1 mm3- with noise

o, (MPa) 300 310 320 340
Wy, (W/m?) 1.70E+07 | 2.12E+07 | 2.93E+07 | 4.11E+07
Identified volume fractions producing TS5 ., = Truiean (%) 1 1 4 10

Additionally, the comparison between the numerical and experimental T,,, maps and histograms are
proposed in Figure 76 and Figure 78. The scaled maps are also provided in Figure 77 for better
comparison. From these figures, the resemblance between the numerical and experimental results is
quite minimal. Unlike the latter ones, some big clusters are present in the numerical maps (in Figure
76 and Figure 77) which influences the TFEM distribution, resulting in lower peaks and a more

confined spread in the histograms compared to the experimental results (see Figure 78).

Two possible reasons for the presence of such big clusters could be attributed to the size of the unit
heat volumes and the way they were distributed. Latter one is out of the control as it should be
distributed randomly in the gauge volume of the model (based on the Munier et al. [50]), nevertheless,

the model can be modified based on the unit size of the heat volumes, as explored in the next section.
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Figure 76 The experimental and numerical maps of T2 in ROI- with noise (unit volume size: 1 mm?3)
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Figure 77 The scaled experimental and numerical maps of T52" in ROI- with noise (unit volume size: 1 mm3)
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Figure 78 The experimental and numerical histograms of TFEM in ROI- with noise (unit volume size: 1 mm3)
5-2-4 Modified model — effect of the unit size of heat volumes

In this section, the size of the unit heat volumes is reduced to smaller values that are computationally
manageable. For this aim, three values were considered for the unit volume size, including 0.12500,
0.02700 and 0.015625 mm3, corresponding to the edge size (see Figure 41) of 0.5, 0.3, and 0.25 mm.
It should be noted that 0.25 mm was the minimum value that could be handled with available
computational resources, in this study. Unlike for other unit edge sizes that was studied in the same
computer as before, a more powerful computer was utilized for 0.25 mm, featuring an Intel processor
at 3GHz, 128 cores, 1024 GB of RAM and an NVIDIA Quadro 8000 graphic card.

Initially, it should be investigated whether the heat volumes identified in previous section are
influenced by the unit size or not. For this purpose, for a specific loading level of 6, = 340 MPa and
a fixed volume fraction of 10% found in previous section for the unit size of 1 mm?2, TFE™ maps and

histograms are compared for all considered unit sizes in Figure 79.

As can be seen, the big clusters related to edge size of 1mm become either smaller for the edge size of
0.5mm or almost disappeared for the edge size of 0.3mm and 0.25mm. Therefore, reducing the unit
size helps spreading the heat sources more uniformly throughout the gauge volume, leading to
improved qualitative results. Furthermore, as can be seen in Figure 79D, it clearly affects the

distribution of TJEM both in terms of peaks and ranges. Moreover, from Table 27, it is evident that
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Ty hean is also affected by the unit size, thereby impacting the identified volume fractions that

producing heat.
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Figure 79 The scaled numerical maps of TSE™ in ROI for different unit edge size — with noise

(o4, = 340 MPa, total heat volume=10% of gauge volume)

Table 27 T5EM ..., in ROI for different unit edge size — with noise (¢, = 340 MPa, Total heat volume=10% of gauge

volume)
Unit volume edge size (mm) 0.1 0.5 0.3 0.25 Ty mean
TFEM an 0.0135 0.0120 0.0102 0.0082 0.0132
Difference with the experimental value (%) 2.27 -9.09 -22.73 -37.88 '

The reason for changing T4 ..., With the unit size can be attributed to the possibility of positioning
of the heat sources on the surface of the gauge (or ROI) volume, where T£EMis measured. As shown
in Table 28, interestingly, when the unit size becomes smaller, the possibility of locating a unit volume
on the surface becomes lower. By reducing the number of heat sources on the surface, or in other
words, by shifting the unit volumes deeper into the gauge volume (along the thickness), their footprint
intensity on the surface of the gauge volume becomes lower. Subsequently, this leads to a reduction in

T3 EM oan. Therefore, due to the effect of the unit size on the T, 7,..,, the total heat volume should be
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FEM

identified again for other loading level, as the difference between TSEM .. and T,,"

2w,mean

was not

negligible for o, = 340 MPa.

Table 28 The probability of locating an unit heat volume on the surface of the gauge volume with different unit size

The edge size of each heat volume unit (in mm) 1 0.5 0.3 0.25
The size of each heat volume unit (in mm?3) 1 0.125000 | 0.027000 | 0.015625
Total possible number of the heat volume units in the gauge volume: Ng,, | 2160 | 17280 80000 138240
Total number of the heat volume units on surface: N,,,,;; 360 1440 4000 5760
Probability that a randomly selected cube is located

on the surface (%): % %X 100 16.67 8.33 >.00 4.17
Reduction of the probability with respect to the bigger unit size - 50.1 70.0 74.5

For the unit sizes of 0.3mm and 0.25mm that provide better qualitative thermal maps compared to
those for 0.5mm, the heat volumes are found, as shown in Table 29. Similar to the last loading level
which exhibits a significant increase in the volume fraction (around 25% increase compared to the
volume identified with the unit size of 1mm), the identified volumes for other loading levels are also
changed considerably. It should be noted that the percentage values in the 3™ and 4™ rows show the

and TFEM

20mean» While in the last row, it shows the difference between

difference between T.*P

2w,mean

Ty ean fOr the unit size of 1mm and two other sizes.

Table 29 Identified heat volumes with the edge size of 0.25 and 3 mm of the heat volume unit — considering the noise

o, (MPa) 300 310 320 340
Wy, (W/m?) 1.70E+07 | 2.12E+07 | 2.93E+07 | 4.11E+07
Tor 0.0023 0.0025 0.0054 0.0132
FEM o 0.0023 0.0024 0.0056 0.0135
Tawmean (Unit size =0.3 mm) (0.0%) (4.0%) (3.7%) (2.3%)
FEM o 0.0024 0.0026 0.0053 0.0125
Tawmean (Unit size =0.25 mm) (4.3%) (4.0%) (1.9%) (5.3%)
Volume fraction (%) with the unit size of 0.3 and 0.2mm 0.7(~ 1) 0.8(~1) 3.4(~4) 12.5
Difference with the volume identified with unit size of 1mm 30% 20% 15% 25%

For each loading level, T£EM maps and histograms found according to the identified heat volumes are

compared with experimental ones in Figure 80 to Figure 87.

In order to analyze effectively the similarity between experimental and numerical histograms (or
thermal maps), five distribution functions including Weibull, lognormal, exponential, normal and
extreme value were fitted to T,,, data. The similarity was checked by ranking the fitted distribution
functions based on their log likelihood level. Log likelihood shows how well a function is fitted to the

data, a higher value is preferable as it suggests a distribution function that is better suited to the data
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[191]. In other words, the log likelihood serves as a tool to compare different distribution functions
and determine which one best fits the data. It should be said that the other methods such as Kernel
Density Estimation (KDE), Kolmogorov-Smirnov test, Chi-squared test can also be employed for
comparing histograms [191]. In addition, besides comparing the numerical and experimental
T2wmean» the median and the standard deviation are also compared in these tables. The most

appropriate fitting function for each loading level and the unit size are ranked in Table 30 to Table 33.

Although the similarity between experimental and numerical maps shown in Figure 80 to Figure 87,
is not clear, analyzing the histograms can be very helpful to draw conclusions.

From Table 30 to Table 33, it is observed that the difference between T;5M .., and T, ., is
minimal, equal or less than 5 % which are negligible. The errors for the median are also relatively
acceptable, with the maximum difference being around 15% and 11% for unit sizes of 0.3 and 0.25mm,
respectively. Nevertheless, the differences become more pronounced for standard deviation values,
with the highest percentages reaching 32% and 65% for the above unit sizes, correspondingly. This
indicates that while the central values of the numerical and experimental results closely align, there is

a significant disparity in the spread or variability of the values.

In terms of the distribution function adhered to by each dataset, it was found that both numerical and
experimental data for 300 MPa and 310 MPa were aligned with either Weibull or lognormal functions.
At 320 MPa, it can be observed that the lognormal function is a suitable fit for both numerical and
experimental datasets. Although the Weibull function provides the best fit for the experimental data,
the log likelihoods of Weibull and lognormal is nearly identical. A similar observation can be made
for 340 MPa, where the Weibull is the appropriate function for fitting both types of data. Therefore,
some consistency was noted between numerical and experimental results, as both datasets exhibit

alignment with either Weibull or lognormal distribution.

One possible reason for the differences in maps and standard deviation could stem from the criterion

introduced for heat volume identification. As proposed before in Figure 42, the criterion for heat

exp
TZw,mean

volume identification was solely defined based on the mean values of T,,, ( and T35 o)
Thus, it might be beneficial to modify the strategy by incorporating additional statistical measures,
such as the standard deviation of T,,, within an optimization framework. This refinement could lead
to a more comprehensive criterion for predicting the heat volumes and improving the similarity

between both data.

Furthermore, several assumptions were made, which are pivotal factors contributing to the observed
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differences. These assumptions include: uniformity in size and heat amplitude for all randomly
distributed units, a non-interacting regime among heat sources each-others, computational limitations
impeding further reduction in the unit size of each heat source and unavailability of accurate
displacement for each point on the surface of the sample in ROI used for simulating the motion-induced
noise. Of particular significance is the last assumption, which will undergo further examination in the

subsequent section to elucidate its impact on TFEM.
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Figure 80 The numerical and experimental maps of T,,, in ROl — with noise

(04, = 340 MPa, total heat volume=12.5% of gauge volume)
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Figure 81 The numerical and experimental histograms of T, in ROl — with noise

(o, = 340 MPa, total heat volume=12.5% of gauge volume)

Table 30 Statistical comparison between numerical (with noise) and experimental T,,, - 6, = 340 MPa
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The edge Difference with respect the Log likelihood of the distribution function
size experimental value (%) (® Rank 1 ™ Rank 2 ™ Rank 3)
(mm) Mean Std Median | Weibull | Lognormal | Exponential | Normal | Extreme Value
ToF - - - - 17548.9 | 17434 16531.9 15247.4
TfEM 0.3 5.3 32 9.3 18996.3 | 18518.8 19060.8 17267.5
TfEM 0.25 2.3 64 111 22020.6 22073.7 | 21746.1 20883.5
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Figure 82 The numerical and experimental maps of T,,, in ROl — with noise

(o, = 320 MPa, total heat volume=4% of gauge volume)
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Figure 83 The numerical and experimental histograms of T, in ROl — with noise

(o, = 320 MPa, total heat volume=4% of gauge volume)

Table 31 Statistical comparison between numerical (with noise) and experimental T,,, - 6, = 320 MPa

The edge Difference with respect the Log likelihood of the distribution function
size experimental value (%) (® Rank 1 ™ Rank 2 ® Rank 3)
(mm) Mean Std Median | Weibull | Lognormal | Exponential | Normal | Extreme Value
Tye - - - - 22162.5 | 22125.1 20968.6 |  19374.5
Tis" | 0.3 19 | 209 27 232453 | 23187.6 | 221743 |  20660.4
Tyo" | 025 3.7 51.7 131 | 249202 | 25164.6 | 22458.9 23448.2
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Figure 84 The numerical and experimental maps of T,,, in ROl — with noise

(6, =310 MPa, total heat volume=1% of gauge volume)
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Figure 85 The numerical and experimental histograms of T, in ROl — with noise

(o, = 310 MPa, total heat volume=1% of gauge volume)
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Table 32 Statistical comparison between numerical (with noise) and experimental T,,, - 6, = 310 MPa

The edge Difference with respect the Log likelihood of the distribution function
size experimental value (%) (™ Rank 1 ™ Rank 2 ® Rank 3)
(mm) Mean Std Median | Weibull | Lognormal | Normal | Exponential | Extreme Value
Tye - - - - 268735 | 26569.2 25681.3 25190.5
Tis" | 0.3 4 14.5 11.2 26301 | 26319.6 25019.1 23984.4
Tis" | 025 4 4.4 1565 | 26928.9 | 26832.3 25066 25525.3
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(o, = 300 MPa, total heat volume=1% of gauge volume)

Table 33 Statistical comparison between numerical (with noise) and experimental T,,, - 6, = 300 MPa

The edge | Difference with respect the Log likelihood of the distribution function
size experimental value (%) (™ Rank 1 ™ Rank 2 ® Rank 3)
(mm) Mean Std Median | Weibull | Lognormal | Normal | Exponential | Extreme Value
ToF - - - - 272709 | 26930.4 26038.5 25703.8
TfEM 0.3 0 13.0 155 26695.3 | 26569.9 25295.6 24745.9
TFEM 0.25 4.3 7.5 4.9 27480.6 | 27279.6 26223.4 25521.7
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5-3 Further investigation on the motion-induced noise effect

In previous section, the results show that the movement noise effect on thermal data was negligible. In
this section the aim is further investigating this effect by considering a hypothetical case.

The motion-induced noise effect might be notable depending on two factors: (i) the maximum
elongation which are extracted from the extensometer and imposed on the numerical results, and (ii)
the present of high T£EM values where the displacement is maximum, because they can significantly

alter the neighbor values when employing interpolation/extrapolation techniques.

The latter one cannot be investigated as the location of the randomly distributed heat sources cannot
be manipulated. Therefore, it is worth considering the effect of the former one with hypothetical and
higher maximum elongations than those listed in Table 14.

For the last loading level and randomly distributed unit heat volumes in 12.5% of the gauge volume
with unit size of 0.3mm, the movement of the points on the surface of the numerical model is simulated
for maximum elongations of 0.1, 0.2 and 0.5 mm. These values are approximately1.7 times, 3.5 times
and 8.5 times higher than the measurement from the extensometer (0.0583, the last row in in Table
14).

As shown in Figure 88, by imposing the abovementioned hypothetical elongations on the numerical
output, undeniable effect of the displacement (or elongation) can be observed both qualitatively and

quantitively.

Qualitatively, the similarity between TFEM and T,.,” maps is improved by increasing the elongation to
0.1 mm. As can be seen, like the experimental map, there is a region on the top of the numerical map
where high values of T,,, are accumulated. Thus, studying the movement noise deeply and accurately
can guide to better explanation of the strange pixels in the experimental map, very close to the moving
gripper side (see Figure 53). It can be concluded that the movement of the sample is one potential

explanation for presenting them in experimental thermal maps.

It is important to note that opting for an excessively high maximum displacement is not recommended,
as it led to a deterioration in the similarity between numerical maps for 0.2 and 0.5 mm of maximum
displacement compared to the experimental ones. Such a discrepancy between the extensometer data

and these hypothetical values may not be reasonable.

Furthermore, it can also be found in Table 34 that TFEM . deviates more from T,

2w,mean

by these
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elongations; showing the effect of the movement noise on T 5%, .., and, consequently, emphasizing

the necessity of determining the heat volume by considering this type of noise in future works.

T3P, (0,=340 MPa) TieM, max or min elongation=0.0583 mm
0.06

- - 0
10 20 30 40 50 10 20 30 40 50

TEEM, max or min elongation=0.1 mm T;EM, max or min elongation=0.2 mm T:EM, max or min elongation=0.5 mm
0.06 0.06 0.06

10 20 30 40 50 10 20 30 40 50 10 20 30 40 50

Figure 88 Effect of the maximum elongation on TFEM,

(unit size=0.3 mm, volume fraction=12.5% of the gauge volume, o, = 340 MPa, with two considered noises)

Table 34 Effect of the maximum elongation on T55M .., (unitsize=0.3 mm, volume fraction=12.5% of the gauge volume,

0, = 340 MPa, with two considered noises)

Maximum elongation of the gauge length imposed in the movement noise (mm) Texp
0.0583 0.1 0.2 0.5 2w,mean
TFEN o 0.0135 0.0150 0.0187 0.0318 0.0132

Of course, this investigation relies on assumed values, and any conclusion should be withheld until the
accuracy of the measured displacement from the surface of the sample in the fatigue test is ensured.
According to this investigation, utilizing more precise strain measurements method, such as the digital

image correlation (DIC), can be a useful to delve into the effect of the movement noise.

5-4 Effect of frequency on the SAH of temperature

As previously discussed, high loading frequency may impact thermographic measurements by

preventing signal stabilization and inducing sample motion. Therefore, conducting experiments to
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analyze the effect of loading frequency on thermal components poses significant challenge.

Conversely, a numerical model can serve as a valuable tool for investigating this matter.

In this section, the experimental data from the cyclic loading test at a constant amplitude of 300 MPa
under various frequencies is employed to validate numerical results, in terms of T, trend with loading

frequency.

Verification is conducted within the frequency range of 1.5 to 5 Hz to mitigate the sample movement
effect and ensure the attainment of a stabilized temperature. In addition, considering the loading level

below the fatigue limit eliminates any considerable damage that could impact on T,,,.

From the experimental data, the SAH of the mechanical energy W,,, was measured and a cyclic heat
power as 7.86 x 107 (1 + sin(2m (2f) t)) (W /m3) was imposed to each unit heat volume randomly
distributed in the gauge volume.

Following the steps in Figure 42, the volume producing heat was found to be around 0.5% of gauge
volume. It was estimated with the unit size of 0.3 mm (it was shown to be one of the appropriate sizes

for the when comparing with the experimental data, in previous section).

As indicated in Figure 89, both experimental and numerical T, ;04 Show falling trends with the
loading frequency. The error bands positioned both above and below (blue lines in Figure 89) of the

experimental curve were calculated from the standard deviation of T, .., obtained from three

thermal acquisitions conducted at the stabilized temperature.

Redistributing unit volumes randomly within the same volume fraction of 0.5% or a little smaller can

reduce the gap between T, " .., and T2t ..,. As shown in Table 23, the distribution leads to a

standard deviation of approximately 0.001, which can be significant for very small values of Tf2% . ...

However, as the focus is only on the trend of T, with the loading frequency, finding the exact volume

can be skipped as the same trend can be expected even if the gap is removed.

Returning to the main goal of this section, higher loading frequencies should also be studied to verify
this trend, which done numerically in this work. From Figure 90, the same behavior can be seen
numerically as loading frequency increases. It can be observed that T,,, diminishes markedly, leveling
off to a plateau, beyond 40 Hz. This phenomenon serves as a constraint for utilizing this thermal index
in thermographic methods, posing challenges for its measurement in fatigue characterization,

particularly when employing conventional cooled IR-sensors. This discovery highlights another
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valuable application of the proposed model: investigating the heat diffusion phenomenon.
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Figure 89 Verification of numerical model on the effect of loading frequency on T,,, found (o, = 300 MPa)
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6 Conclusions

Infrared Thermography has been under review in the last thirty years due to its versatility and potential
in the detection of the thermal signature associated with intrinsic energy phenomena due to dissipative
processes, specifically those relying on mechanical fatigue.

In this work, firstly, all thermography-based approaches and procedures for rapid estimation of fatigue
limit were reviewed to choose an efficient thermal index for studying the heat dissipated during fatigue.
For this purpose, all proposed thermal indices were compared together in terms of their capabilities,
pros and cons, in fatigue assessment. It was discussed that the harmonic parameters of the temperature
signal provide a more robust method for damage assessment than the mean temperature. Thus, the

second amplitude harmonic (SAH) of the temperature (T,,,) was chosen for the main goal of this study.

This work aims to investigate the heat dissipations during the fatigue test using both experiments and
numerical models. Specifically, the intention is to identify the heat-generating volume during fatigue
testing using a FEM model, and to study experimentally and numerically how loading frequency
affects the fundamental temperature component associated with dissipation. The former assists in
assessing the accuracy of assumptions made by prior models, which regard the entire gauge volume as
the heat source. On the other hand, the latter explores the impact of the diffusion phenomena, like the
effect of the loading frequency in this study, on T,,,, thereby aiding in thermographic measurements.
Neither of these inquiries can be exclusively pursued through experimentation alone. Therefore,
proposing a hybrid approach that combines a numerical model with experimental data to tackle the

aforementioned challenges can be very helpful which is also the primary novelty of this study.

In experimental part of the study, a comprehensive campaign was successfully conducted to acquire

the response of SS 316 and C45 samples under both static and cyclic loadings.

The results for SS 316 from stepwise tests were primarily employed for comparing five thermal
indices. The strong feature of this comparison is utilizing the same and unique dataset. This comparison
involved assessing the difference between the predicted fatigue limit and the value obtained from S-N
curve. The comparisons were done based on two methods: the threshold method and the Loung’s
method. It was demonstrated that the former is highly dependent on its parameters, however, the latter
one can be reliably used. From the results, T,,, claimed the top rank, underscoring its effectiveness in
achieving the main goal of the study. In addition, one of the thermal indices, the slope of the

temperature rise at the beginning of the temperature trend, was examined deeply. The analysis carried
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out in this study highlights, for the first time, the critical importance of meticulous attention to detail
when determining the initial slope of the temperature trend. Consequently, it is recommended to
incorporate a greater number of data points and employ a cooled camera for temperature slope
measurements. In cases where only an uncooled camera is available, it is advised to perform curve

fitting for time durations exceeding 2 seconds, regardless of the fitting order.

On the other hand, the results for C45 were specifically employed for establishing and improving the
numerical model, providing reference data (T,,,”) for comparison with numerical results in terms of

T, maps, histograms and the average value of T,,, in the ROI, Ty, 1neqn-

In the second part of the study, the numerical models are established in COMSOL Multiphysics 5.6 to
simulate the temperature distribution on the surface of the specimen.

After selecting the element type and mesh convergency, the verification of the model was mainly done
by solving one dimensional heat equation with both constant and cyclic heat sources. It should be
emphasized that this solution was obtained for the first time in this work. The mean and the cyclic
trend of the temperature from simulation were compared with the analytical solution, showed
negligible errors. In addition, another verification was done based on the experimental data and only
the mean temperature value. Next, the model was prepared for heat source identification. For this aim,
the model modified by introducing randomly distributed heat volumes in the gauge volume of the
sample where the dissipation is highly possible to be occurred. Note that this type of heat source was
inspired by the work by Munier and his co-workers. It should be noted that the numerical model is
created under the assumptions of uniform size and heat amplitude for all randomly distributed unit
volumes, a non-interacting behavior between units and a criterion based on the mean value of T,,,

from the surface of sample.

The numerical results indicated that for higher loading level, the total volume producing heat is
increased in size. Moreover, based on the identified total heat volumes, it was found that the dissipation
occurs only in a fraction of the gauge volume, not the entire volume. This discovery addresses one of
the main controversial issues in fatigue characterization. It challenges the conventional use of
hysteresis loops for studying heat dissipation in fatigue because these loops are typically determined

from the entire gauge length, while, according to this work, the entire gauge volume does not dissipate.

In addition, the effect of various factors such as the number of points for extracting data in the model,
the distribution of heat source, the noise including thermal acquisition noise and the sample movement

noise, and the unit size of each heat source was studied on the numerical T, (T5EM). The results are
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summarized as follows:

e Unlike the distribution, the number of points for extracting the numerical data influences T5EM,
it was suggested that they should be at least equal to the number of pixels in the experimental
acquisition. It should be noted that the distribution can influence the results if T;,,%,cq, is very
small;

e The thermal acquisition noise was shown to elevate THEY .. level;

e Any conclusion about the undeniable effect of the sample movement noise needs more
investigations as more accurate experimental measurements needed,;

e The unit size of randomly distributed heat volumes affected TLEM, significantly. Albeit with
differences, by decreasing the unit size, the similarity between T5EM and T, P improved, in

terms of both thermal maps and histograms.

It is worth noting that for better comparison, the fitted distribution function on numerical and
experimental values of T,,, was compared together. Quantitively, their differences in mean and median
were acceptable, while in standard deviation was not. Actually, the differences in thermal maps and

statistical values may be attributed to various reasons:

e First, the criterion employed for identifying heat volumes was primarily relying on mean

values, Tjmean and Tyt oo . TO eliminate the dissimilarity, it is suggested to integrate

additional criteria, such as both mean and standard deviation, within an optimization
framework.

e The second reason could stem from the assumptions made for creating the numerical model, in
terms of the unit size and heat amplitude.

e The third reason is the minimum unit size considered in this work; computational resource
limitations hindered further reduction in unit size.

e Additionally, the absence of precise input data for simulating movement noise can be another

contributing reason.

Therefore, addressing these issues is crucial for refining the predictive capabilities of the proposed

model.

Finally, after verifying the TFEM trend with the T,P _trend for a limited number of loading

2w,mean 2w,mean

frequencies, the THEM _  trend was further studied over a wide range of frequencies. It was shown that

2w,mean

T3 oan diminishes notably and reaches a plateau for higher loading frequencies. This phenomenon
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acts as a limitation for utilizing T,, in thermographic methods, presenting challenges in its

measurement for fatigue characterization, especially when using traditional cooled IR-sensors.

To sum up, this work can be considered as a preliminary study to predict the heat volumes during the
fatigue test and determine the differences existed in the assessment of the heat dissipations from the
surface measurements and the FEM model. In future endeavors, enhancing the accuracy of data used
for movement noise, such as employing Digital Image Correlation (DIC) instead of extensometers,
could provide more reliable results. Consideration should also be given to remove simplifications made
in the model, reducing the unit size of the heat volume to the order of grain size, enabling a closer
correlation between thermal footprint and actual heat sources. Exploring variations in the magnitude
and size of heat sources could offer valuable insights. Additionally, investigating other potential noise
sources, including the movement of the loading frame and differences in cyclic load forms, can
contribute to a more comprehensive understanding. Lastly, the establishment of a thermomechanical
model is suggested as it may prove to be more beneficial for fatigue characterization in future research.
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Appendix A — Discrete Fourier Transform MATLAB Code [187]

function [freq,Am,Ph]=ft spect (dataln,dt,varargin)

% varargin
values

o° o° o o° oo e

o°

POSSIBLE

o°

o©

'plot!

e

o0 00 A0 A A A T O° d° A o° Jd° A A° o -

absolute

'resolution'

'threshold'

The 1D input signal, it can be a row or column vector.
value must be a real number.

Time interval or time sampling of the dataIn. It should
a number with the second unit.

Combination of OPTIONAL keywords (KeyName) and their

(value keyName) :
e.g. []=ft spect(dataln,dt, 'keyName#l',6 value keyName#l,

The first argument is the keyword (it must be a string),
and the next argument is its value (could be a string, a
number, a vector, or a cell). Each keyword has a default
value.

KEYWORDS ARE:

For defining with spectrum should be display; its value

a string and it has three options:

1) 'a' means only display Amplitude spectrum

2) 'p' means only display Phase spectrum

3) 'ap' means display both amplitude and phase spectra
e.g. [freqg,Am,Ph]=ft spect(dataln,dt, 'plot', 'ap"')
Default: 'ap'

For defining frequency resolution (?f). its value must
a number and its unit is Hz.

e.g. [freqg,Am,Ph]=ft spect(dataln,dt, 'resolution',0.001)
Default: 0.1 Hz

For defining the threshold value for suppressing floating
rounding-off error noise. All amplitudes that their

value are less than this value become zero. Its wvalue
be a number.

e.g. [freg,Am,Ph]=ft spect(dataln,dt, 'threshold',0.1)
Default: 0 (means no thresholding)

Display the Amplitude spectrum in decibels. Its value

be a string and it has two options:
1) 'y' means convert magnitude to decibels (dB)
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o°

2) 'n' means don't convert magnitude to decibels
e.g. [freq,Am,Ph]=ft spect(dataln,dt,'db','y"')
Default: 'n'

o o

o°

% 'deg' Display the Phase spectrum in degree. Its value must be a
% string and it has two options:

% 1) 'y' means convert radian to degree

% 2) 'n' means show phase based on radian

% e.g. [freg,Am,Ph]=ft spect(dataln,dt,'deg', 'n'")

% Default: 'y'

% 'figure' Display the spectrum in a new window. Its value must be a
% string and it has two options:

% 1)'y' means create a new window

% 2)'n' means don't create a new window

% e.g. [freqg,Am,Ph]=ft spect(dataln,dt, 'figure','n'")

% Default: 'y'

% 'color' Definig the line color in amplitude and phase spectra.
Its

% value must be a string between the following options:

% 'b' for blue; 'r' for red; 'g' for green; 'k' for black

% 'y' for yellow; 'm' for magenta; 'c' for cyan

% e.g. [freqg,Am,Ph]=ft spect(dataln,dt,'color','r")

% Default: 'b'

% 'title' Defining a title for amplitude and phase spectra. Its
value

% must be a string.

% e.g. [freqg,Am,Ph]=ft spect(dataln,dt,'title', 'this is a
test! ")

% Default: for the amplitude spectrum->'Amplitude spectrum'’
% for the phase spectrum->'Phase spectrum’

 —m———— OUTPUTS- - — === ———————————— ————
% freqg Frequency vector

% Amp Amplitude vector

% Ph Phase vector

¥ ——mm DEMO-—-=-=-=-==—==—————————— - ————————————
if nargin<l, ft spect demo; return; end

o©
o©

varName.plot="ap';
varName.resolution=0.1;
varName.threshold=0;
varName.db="'n";
varName.deg="y"';
varName.figure='y';
varName.color='b';
varName.title=0;
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for i=1:2:1length(varargin)
if isfield(varName,varargin{i}) %the first argument must be a
keyword
varName. (varargin{i})=varargin{i+l}; % *

else
error ([' Non-existent keyword: ' varargin{i} ])
end
end
% * the second argument is variable value
%% —mm Main Code--—-—————-—-————————————————————

% Make sure dataln alwaye be a 1D vector and convert row to column vector
if size(dataln,1l)>=2 && size (dataln,2)>=2
error ('Input signal should be a 1D signal!')
elseif size(dataln,1l)<2
dataIn=datalIn';

end
[m, ~]=size (dataln);
Fs =1/dt; % Sampling frequency

[o)

% calculating bin number based on the desire resolution
binNumber=Fs/varName.resolution;

% extending dataln for reaching to the desired resolution
super signal=repmat (dataln,ceil (binNumber/m),1);

TE mmmmm e Fourier Transform---—-—-—-—----—-—————-—-—————————

NFFT=length (super signal);

ft =(1/NFFT)*fft (super signal);
freq = Fs*(0: (NFFT/2)) /NFFT;
Am=abs (ft) ;

Q.

% —mmm Applying threshold-----—------"--"-"""-""-"--"--——
if varName.threshold==0
Ph=angle (ft) ;
else
ft (Am<varName.threshold)=0;
Ph=angle (ft) ;
Am (Am<varName.threshold)=0;
end
if strcmp (varName.deg, 'y"'")
Ph=radtodeg (Ph) ;

end
%% —TTTTTT oo oo Display---—--—-—-=——-=—-———————\————\————\———
;_ ————————————————————————— Amplitude spectrum-------—--——--———————————-———-
;; strcmp (varName.plot, 'ap') || strcmp(varName.plot, 'a')

if strcmp(varName.figure,'y'); figure; end

if strcmp(varName.db, 'n')
plot (freq, 2*Am (1 :NFFT/2+1) ,varName.color) ;
ylabel ("Amplitude')

else
plot (freq,mag2db (2*Am(1:NFFT/2+1)),color)
ylabel ("Amplitude (dB)"'")

end
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e

o

x1lim([-inf max (freq)])
xlabel ('Frequency (Hz)")

if varName.title~=0
title(varName.title)

else
title ("Amplitude spectrum')
end
nd
—————————————————————————— Phase Spectrum--------------—-—--—————————————
f (strcmp (varName.plot, 'ap') || strcmp(varName.plot, 'p'))
if (strcmp (varName.plot, 'ap') || strcmp (varName.figure,'y')); figure;
nd
plot (freq, Ph (1:NFFT/2+1),varName.color)
if varName.title~=0
title (varName.title)
else
title ('Phase spectrum')
end
xlabel ('Frequency (Hz)'")
if strcmp (varName.deg, 'y')
ylabel ("Angle (deg)');ylim([-180 18017)
else
ylabel ("Angle (rad)');ylim([-pi pi])
end
nd
R DEMO— === = —m m o

function ft spect demo

clear
clc

Q.

F e test signal-----—————--—————————————-

dts=0.032;

L = 125;

frequency=[2 4.25 8 12.5 13.25];
amplitude=[5.6 0.8 0.3 0.75 2.1];
phase=[-57 30 74 50 -121];

Fsample = 1/dts; % Sampling frequency
t = (0:L-1)*dts;
s=@ (1) amplitude (i) *cos(2*pi*frequency (i) *t+ (phase (i) *pi/180));
signal=0;
for j=l:length (frequency)
signal=signal+s (J);
end

% T Regular FFT--——-—-—-——-————————————-——-

% NOTICE: Applied as the same as in the "MATLAB 2019b help"
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f = Fsample* (0:(L/2))/L;

Y = fft(signal);

P2 = abs(Y/L);

Pl = P2(1l:floor(L/2)+1);

Pl (2:end-1) = 2*P1l(2:end-1);

§ mmmm o Amplitude spectrum-----—--—————-————-———————

subplot(2,1,1)

plot (frequency,amplitude, '*")

hold on,plot (f,P1l,'g") ;xlim([-inf max(f)])
hold

on, ft spect(signal,dts,'plot','a', 'resolution’',0.001, "figure', 'n', 'color’

')

Hz"')

legend ('Real value', 'Regular FFT','ft spect; resolution=0.001

T mmmm T m oo Phase spectrum--------—-----—-—--———-——————
subplot (2,1, 2)

plot (frequency,phase, '*")

hold on; plot(f,radtodeg(angle(Y(l:floor(L/2)+1))),'g"); xlim([-

inf max(f)1])

hold

on, ft spect(signal,dts, 'plot','p', 'resolution’',0.001, "figure', 'n', 'color’
,'r',"threshold',0.01);

legend ('Real value', 'Regular FFT','ft spect; threshold

value=0.1")

end

end
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Appendix B — Meshing

In this section, two prevalent elements tetrahedral and brick elements were compared for meshing of
the model, and then the mesh convergency is provided. For the comparison, 1/8 of a dog bone sample
as shown in Figure 38, with the characteristics and geometry in Table Al and Figure Al(a), were
considered. For an arbitrary case, the heat source in the form of Eq. (20) was assumed to be imposed
on the 2/3 of the gauge volume with the amplitude of 4.5 x 107(W/m3) and f = 11 Hz; the ambient
temperate was 20°C, as shown in Figure Al. For all investigations, the model was run for 5 seconds
and the data related to the red point in Figure Al was studied.

Table Al Material parameters for High carbon chromium bearing steel [114]

()| () | ) | « () | )|

7850 475 44.5 12.3e-6 5 0.98

S
o)
S
-
&
S
10£0.01

| 3()1|).01 |
|
I
I
I
1

40£0.01 | 20=0.01
1

150.487:001 41001
T

Q = 4.5e7 (1 + sin (2n2f[Hz] t)W /m3

(a) (b)
Figure Al (a) Geometry of the sample [114] (b) model for meshing
Tetrahedral elements are the default choice in COMSOL for most physics because they work well for
all kinds of 3D shapes. These elements seamlessly mesh any 3D volume, irrespective of shape or
topology, making them a reliable choice. On the other hand, brick elements offer an intriguing
advantage by notably reducing the mesh's element count. The same degrees of freedom for one

hexahedron corresponds to six Tetrahedral elements.
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(a) (b)
Figure A1 Meshing with (a) hexahedral and (b) tetrahedral elements (mesh size=1mm)
Using a consistent mesh size of 1 mm resulted in 1242 elements for linear hexahedral elements and
32020 elements for linear tetrahedral elements. Figure A2 demonstrates a full convergence between
the temperature trends of both element types. Yet, the computation time differed significantly, with
148 seconds for hexahedral and 405 seconds for tetrahedral elements. Therefore, opting for hexahedral

elements is more favorable in terms of computational efficiency.

342.4 O Hexahedra elements

Tetrahedral elements

342.3

3422

3421

T(K)

3).

sts=liiiisoeg %;
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341.9

3418 |

e
341.7 | F a
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4.9 4.91 4.92 4.93 4.94 4.95 4.96 4.97 4.98 4.99 5
time (sec)

Figure A2 Results with hexahedral and tetrahedral elements

Once the element type is chosen, it is important to evaluate the mesh size. Comparing the temperature
at 5 seconds across various mesh sizes using linear hexahedral elements, Table A2 and Figure A3
indicate that the temperature's responsiveness to mesh sizes below approximately 1 mm is minimal.
Consequently, this mesh size range is deemed suitable for other simulations in this study. The

percentage values in the table shows Difference with respect to the smaller mesh size.
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Table A2 Mesh size effect (Linear hexahedral elements)

Mesh size (mm) 0.005 0.004 0.003 0.002 0.001 0.0005 0.00025
T (K 342.8512 | 342.5858 | 342.465 | 342.4211 | 342.3533 | 342.3467 | 342.3338
(0.151%) | (0.074%) | (0.038%) | (0.025%) | (0.006%) | (0.004%)
. 55 58 63 80 148 544 3647
Run time (sec)
(-98.49%) | (-98.41%) | (-98.27%) | (-97.81%) | (-95.94%) | (-85.08%)
Number of elements 30 38 50 216 1242 9864 78336
342.9
342.8
342.7
v
3426 —
[_|
342.5
342.4
3423
0.006 0.005 0.004 0.003 0.002 0.001

In addition, another key factor to be chose for an element is the order of the element. It should be noted
that the linearity and higher orders, are tied to how their edges are represented, impacting the volume
they cover. Linear elements interpolate edges between two points. Quadratic elements, however,
employ quadratic functions for edges, requiring an extra midpoint for the function. Higher-order
elements split into "Lagrangian” and "Serendipity" categories. Lagrangian ones feature interior nodes,
while Serendipity elements only rely on exterior nodes for their definition. The percentage values in
the table shows difference with respect to the Cubic Lagrangian element order. From Table A3, orders
bigger than 2 are time consuming without providing better accuracy. Both Quadratic Lagrangian and

Quadratic Serendipity elements can be good options, although the second one is more efficient in terms

of run time.

Mesh size (mm)

Figure A3 Mesh size effect (Linear hexahedral elements)

Table A3 Element order effect

Element order Linear Quadratic Lagrangian Quadratic Serendipity Cubic Lagrangian
T (k) 342.3533 342.3327 342.3316 342.3355
(0.005%) (-0.001%) (-0.001%) -
Run time (sec) 148 662 506 3480
(-0.96%) (-0.81%) (-0.85%) -
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Appendix C — Additional verification of the numerical model

In this section, the model is verified further by comparing with the results proposed in the work by
Zhao et al. [114], where the constant heat power d, in Eq. (3) was found experimentally from the

surface temperature.

The numerical simulations were performed for three constant d, including 2.13 x 10%, 3.95 x 10°
and 9.65 x 10° (W /m?) [114], related to different stress amplitudes and the stress ratio of R = —1.
For a sample of high carbon chromium bearing steel, the material properties and geometry are shown
in Table B1 and Figure Bla, respectively. In Figure B1b, mesh and boundary conditions are proposed.
The model is meshed with 750 hexahedral elements (with quadratic Lagrange discretization including
27 nodes for each element) after mesh convergence check (as shown in Figure B1b).

Table B1 Material parameters for High carbon chromium bearing steel [114]
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Figure B1 (a) sample geometry (in mm) [114] and (b) meshing of 1/8 of the model for high carbon chromium steel [114]

As shown in Figure B2, comparisons are performed in terms of the mean temperature of a point located
on the top surface of the gauge volume (the red point in Figure B1b) from the beginning to the
stabilization phase of the temperature; and in terms of the temperature variation as shown in Figure B3

along the longitudinal direction “y” in Figure 38.
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Temperture rise

Figure B2 The temperature trend comparison from the beginning to the stabilization phase, for a point located on the top

In Figure B2, for all heat dissipation values of d; and after around 300 seconds, the temperature
reaches a steady state of heat exchange with the surroundings, as indicated by a plateau in the
temperature curve, which is provided by considering radiation and convection in the model.
Furthermore, it can be seen from Table B2 that the numerical results are almost overlapped with the

experimental ones in terms of stabilized temperature, in which the errors with respect to the
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experimental value are below 3% for all considered d, .

Table B2 Comparison of mean temperature for constant and cyclic heat sources

Heat source d Mean temperature (°C) Error with respect to the experimental
W /m?) L Experimental Numerical (present work) value (%)
[114]
2.13 x 10° 1.441 1.418 1.60
3.59 x 10° 2.449 2.393 2.29
9.65 x 10° 6.593 6.414 2.71

Moreover, similar to the experimental curve for d; = 9.65 x 10> (W /m?), the results demonstrate
the highest temperature at the center of the gauge volume (y=0), as shown in Figure B3. Note that the

temperature gradient is most noticeable in the gauge length direction, particularly in the middle of the

gauge section.
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Figure B3 The temperature comparison along the longitudinal direction “y

From the results, it can be said that the numerical model shows an accurate performance in terms of

mean temperature for a constant heat source found experimentally.
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Appendix D — Movement noise due to the deformation of the sample

Due to the deformation of the sample during the cyclic load, the points on the material coordinates
begins movement, however, they are fixed in the numerical model because the focus was solely on
thermal analysis. In this appendix, a method is proposed to include this movement in the numerical

output.

A schematic representation is shown in Figure C1. Each pixel of an image acquired from a thermal
camera shows the mean temperature of some sub-pixels (the red circle in the figure) surrounded by the
pixel. For example, in Figure C1, a single pixel which is shown with a black rectangular, surrounds
four sub-pixels. In the numerical simulation, these sub-pixels are defined by points on the surface of

the sample, in the same ROI as in experiment.

Like pixels, ROI or the red border in the figure, is fixed in the space both in the experiment and the
simulation. In the simulation, ROI includes a grid of points with a fixed distance to each other. While,
in the experiment, ROI contains many sub-pixels. Under enough loading level in the experiment, the
gauge length which is presented with the black border, undergoes either expansion or contraction, and
its size changes frame by frame. Consequently, the distance between sub-pixels changes due to the
deformation.

The location of the points
(moving with the gauge length only in

Gauge length ' a . -
o . . experiment not in the simulation)
(under expansion/contraction only in
experiment not in the simulation) /

2]

Each pixel is fixed in the space
(both in experiment and simulation)

O 000 O0(
O 000 0(

ROI is fixed in the space
(both in experiment and simulation)

Figure C1 A schematic representation of an image acquired from a thermal camera

During the deformation, the sub-pixels move and locate new positions (yellow circles in the Figure
C2). When the displacement of sub-pixels reaches a significant magnitude, they may exit the pixel
they previously enclosed, and enter to another one. Sometimes, sub-pixels of a certain pixel might be
replaced by new ones from another adjacent pixel. Additionally, it is highly possible that they leave
the ROI (in tension when the elongation of the sample is notable) or occupy only a fraction of the ROI

(in compression when the sample is contracted). In such a situation, the average temperature of a pixel
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can is influenced by these movements. Therefore, the aim is to add the movement to the fixed points

in the numerical model.

w0 b
C O L
O i o o B
o o o B
© O g o) D
L O O D
G—S—6 0™ D1
I contraction
expansionI
(initial stage) o (under tension) (under compression)

(O The position of points in the simulation for all time steps.
The new position of point due to the movement.

Figure C2 A schematic representation of ROI in tension and compression of the gauge length (in experiment)

Neglecting the deformation in the lateral direction of the gauge length as it is very small, there are two
possible methods to quantify the movement of points frame by frame, and impose it on the numerical

model:

1- The first one is utilizing thermal images and measuring the expansion and contraction with
edge detection function either by IRTA® or MATLAB. In the context of an image, an edge
refers to a curve that traces the route of abrupt changes in image intensity, commonly
corresponding to object boundaries within a scene. The process of edge detection aims to
pinpoint these edges within an image. In order to detect edges of an image, the edge function
can be employed. This function seeks locations in the image where intensity undergoes rapid
changes, employing one of the following criteria:

a. points where the magnitude of the first derivative of intensity surpasses a specified
threshold,
b. locations where the second derivative of intensity exhibits a zero crossing [191].
2- The second solution can be reading the strains from the extensometer and finding the

contraction or expansion of the gauge length by multiplying the gauge length by the strains.

The big issue with the first one is its dependency on the size of the pixel (pixel ratio = length/number
of pixel) in the thermal acquisition. This method does not work if the size of pixel is not small enough,

which is the case in this study that led to use the second method. From extensometer, the maximum
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and minimum elongations of the gauge length can be found for each cycle when the hysteresis loops
are stabilized.

After finding the elongation, it is mandatory to define a relationship between the displacement of points
and their distance from the relatively fixed side of the gauge length. From the theory of elasticity [192]
and Figure C3, by ignoring the displacement in y direction and the displacement between the fixed
gripper and A, the stress filed in the gauge length can be estimated with a two-dimensional plane stress
case of a rectangular beam.

Moving

gripper = ! gripper

%
Z
Zs
%:

LT

Figure C3 Boundary condition of gauge length
Thus, the boundary condition on this case can be written as follows:
o,(L,y) =T,0,(x,2c) =0

Tyy(x,£c) =0

where T is the traction force imposed on the sample through moving gripper at B, g, is the stress due

to the T, 7, is the shear stress. From the Hook’s law and strain-displacement relations [192]:

Ju 1 T
gzsx:E(O'x—UO'y):E

where e, is strain, v is possion’s ratio and E is the module of elasticity of the material. By integration

and neglecting the rigid body terms, the displacement in x direction is as follow:

It is obvious that the displacement is a linear function of x between the left and right side of the gauge
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length. It should be mention that it is not needed to calculate T and E in this study, instead u can be

identified directly from extensometer, frame by frame in each cycle of the load.

To make the displacement behavior of the gauge length more realistic, instead of setting the zero
displacement exactly at A (the side of gauge length close to fixed gripper) in Figure C3, it is advisable
to position it slightly farther, for example at A" in Figure C3. In this way, the movement of both sides
of the gauge length (A and B) is considered, making the assumption of zero displacement more

realistic, as A' is closer to the fixed gripper than the A.

After simulating the displacement of the points frame by frame for a load cycle, the new positions of
the points in the numerical model are estimated. By utilizing the new positions (corresponding to the
yellow circles in Figure C2) as well as the old position (the red circles in Figure C2) and the
corresponding temperatures of points in the old position, the temperatures of points in the new
positions can be found through the extrapolation and interpolation functions. This can be done in
MATLAB, specifically, with “interp2” function. This function benefits from different strategies for
interpolating/extrapolating, however, the “spline” was used in this study as it provides both
interpolation and extrapolation, simultaneously [191]. About the selected strategy, it needs four points
in every dimension. The value at a given query point is determined through cubic interpolation,
utilizing the values at adjacent grid points in each dimension. This interpolation relies on a cubic spline

with "not-a-knot end conditions”. More information and specifics can be found in reference [191].
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Appendix E — Thermal maps for SS 316 (sample 2 & 3, stepwise test)
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Figure E1 Thermal footprint on the surface of the SS 316 sample for each loading step during stepwise test — sample 1

141



(°C)

(°C)

0.8
10.6
°C)
10.4
0.2
0
20 60 100 20 60 100 20 60 100
Step 9 Step 10 Step 11

Figure E2 T4,, on the surface of the SS 316 sample for each loading step during stepwise test — sample 1
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