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Preface

Fracture, Fatigue, Failure, Damage Evolution and Thermomechanics & Infrared Imaging represents one of five volumes
of technical papers presented at the SEM 2025 SEM Annual Conference & Exposition on Experimental and Applied Me-
chanics organized by the Society for Experimental Mechanics and held in Milwaukee, WI, June 2-5, 2025. The complete
Proceedings also includes volumes on: Dynamic Behavior of Materials; Challenges in Mechanics of Time-Dependent Mate-
rials; Advancement of Optical Methods & Digital Image Correlation in Experimental Mechanics; Mechanics of Biological
Systems and Materials and the Mechanics of Composite, Hybrid & Multifunctional Materials; and Mechanics of Additive &
Advanced Manufacturing, Inverse Methods and Machine Learning.

Each collection presents early findings from experimental and computational investigations on an important area within
Experimental Mechanics, Fracture and Fatigue being one of these areas.

Fatigue and fracture are two of the most critical considerations in engineering design. Understanding and characterizing
fatigue and fracture has remained as one of the primary focus areas of experimental mechanics for several decades. Advances
in experimental techniques, such as digital image correlation, acoustic emissions, and electron microscopy, have allowed for
deeper study of phenomena related to fatigue and fracture. This volume contains the results of investigations of several
aspects of fatigue and fracture such as microstructural effects, the behavior of interfaces, the behavior of different and/or
complex materials such as composites, and environmental and loading effects. The collection of experimental mechanics
research included here represents another step toward solving the long-term challenges associated with fatigue and fracture.

In recent years the applications of infrared imaging techniques to the mechanics of materials and structures has grown
considerably. The expansion is marked by the increased spatial and temporal resolution of the infrared detectors, faster
processing times, much greater temperature resolution and specific image processing. The improved sensitivity and more
reliable temperature calibrations of the devices have meant that more accurate data can be obtained than were previously
available.

Editors:

Garrett Pataky-Clemson University, USA; John Kolinski-EPFL, Switzerland; Thomas Berfield, University of Louisville, KY,
USA; Nicholas Bachus, University of California Davis, CA, USA; Rosa De Finis, University of Salento, Italy; Suhasini
Gururaja, Auburn University, AL, USA
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Chapter 1
Rapid Fatigue Characterisation of AlSi10Mg-AM using
Energy-based approaches

Rosa De Finis, Davide Palumbo, and Umberto Galietti

Abstract The advent of additive manufacturing has transformed the manner in which structural and non-structural materials
and components are designed and manufactured. This technology offers the flexibility of manufacturing but also presents a
number of challenges concerning the performance of the material itself.

One such challenge is the lack of data regarding the structural aspects of the material, including fatigue resistance. This
information is crucial for understanding the behaviour of a component under operating loads.

A valuable support in such activities aimed at shedding light on dynamic behaviour is provided by the techniques pro-
vided by the experimental mechanics. In particular, Infrared thermography is a valuable tool for detecting anomalies in the
thermal map of a material or component subjected to cyclic loading. This is achieved using certain indices linked to reversible
and irreversible physical processes that characterise the nature of heat sources. Furthermore, conducting rapid fatigue tests
allows for the study of material behaviour through the examination of material self-heating.

The aim of this study is to present the challenging aspects of studying the fatigue behaviour of aluminium alloys produced
by Additive Manufacturing. This is regarding both the behaviour of aluminium from a thermal point of view (it is a highly
diffusive material, so temperature variations are very low) and the behaviour from a mechanical point of view (the fatigue
limit of some alloys does not present the characteristic “knee” point). The goal is to demonstrate how thermography can
support structural evaluations on this material.

Introduction

Additive manufacturing is a new material production technique that combines several technological advantages such as the
ability to build complex-shaped components in a relatively short time using a relatively circular process and, in some cases,
no material rework is required [1]. However, there are still many challenges to face like induced anisotropy, residual stresses,
surface finish that affect structural integrity and mechanical material properties. Indeed, the characterization of heterogeneous
or anisotropic microstructures, along with the presence of residual stresses and induced defects, and the dependence of
material properties on building direction and orientation, requires the development of ad-hoc testing and analysis procedures.
Specifically, the whole comprehension of the fatigue behavior in these materials remain not fully achieved. This push the
research toward new methodologies for studying the fatigue behavior [1-2].

The experimental mechanics provides invaluable support for both structural integrity inspections and material charac-
terization [3-9]. In particular, in the past different thermography-based techniques were developed to carry out the rapid
characterization of materials and the early damage detection. These techniques present the advantage of assessing the dam-
age information in relatively short time. Such techniques are mainly adopted during rapid fatigue tests that exploit the
self-heating effect of the material. In these tests by fatigue loading the material first at very low and then at very high load
levels until failure, the transition between damage regimes can be studied [3-5]. In fact, if a thermal imaging camera moni-
tors the test, it is possible to derive a range of information related to the energy involved in dissipative processes that serve
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as a sentinel for early and local detection of damage. This has enabled the development of energy-based approaches and
methodologies [10-18].

Energy-based methodologies [6—9], founded upon the evaluation of quantifiable variables such as temperature and strain,
have exhibited their efficacy in the identification of damage, even in the presence of small surface defects, and in the sep-
aration of inelastic from anelastic material behavior [10, 12, 17]. More in detail, in recent years, the estimation of energy
dissipated during fatigue processes through the assessment of temperature fluctuations (second amplitude harmonics, or
SAH [7-9]) has demonstrated considerable potential for the precise analysis of material behavior through the assessment of
a parameter that is resistant to the influence of numerous disturbing noise factors.

This paper presents preliminary results of fatigue characterization of the AlSil0Mg-AM alloy produced by selective
laser melting, using rapid methods. The SAH and the area under hysteresis loop are used as damage indices and to study the
material behavior.

The results will also be analyzed in terms of material specificity: SAH will represent not only dissipative but also
thermoelastic effects [11, 18]. This significantly complicates the assessment of material behavior.

Moreover, an ad-hoc procedure for the evaluation of material fatigue strength taking into account the specific thermal
behavior of the material is also provided.

Materials and Methods

The present study dealt with AISi10Mg alloy produced by selective laser melting additive manufacturing process [2]. The
samples were built in vertically direction and heat-treated (age-hardening for 6 hours-T6). Moreover, the surface of the
samples was matt black coated to enhance and uniform the surface emissivity.

All fatigue tests were performed on a servo-hydraulic MTS 647 loading machine with a 100kN load cell. The samples
were addressed to a stepwise loading procedure in order to study the self-heating material behaviour [3—-10]. It consists of
a sequence of load blocks, each with the same duration of load cycles and fixed values for load frequency and stress ratio.
The sequence of blocks is defined by incrementally increasing the applied stress level. Three acquisitions were carried out at
each load step at 1000 and 15000 cycles respectively at a loading frequency of 15hz which is sufficiently high to avoid loss
of adiabatic conditions. To acquire thermal data the Flir X6540SC Infrared camera was adopted. In particular, this camera
has a cooled detector with 640x512 pixels matrix and a NETD lower than 25 mK. The adopted frame rate to obtain IR
sequences was 200Hz. An extensometer MTS 634 (clip-on type with 25 mm gage length) acquired the strain data at 500
frame per second.

The setup and equipment are reported in Fig. 1.

Fig. 1 Experimental setup (1:sample, 2:clamps, 3:dummy specimen;4: extensometer, 5:mirror, 6: cover sheet; 7:mi-
crobolometer camera; 8:cooled camera FLIR X6540SC).
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Referring to the signal processing a signal reconstruction algorithm based on the least squares method [7] is adopted.
The algorithms are implemented in the software IRTA®. The mathematical model describing the temeprature evolution and

fluctuation is:
T#)=To+axt+Tixsin[2rfL t + @1] + To xsin [47fL t + @2] (1)

where T is the mean value, a is the mean rate, 77 and 75 the two amplitudes, and ¢ and @5 the two phases and f7, is the
loading frequency.

The processing was performed pixel by pixel but the identified indicator for the damage was the 95° percentile value in
a region of interest (ROI) coinciding with the gage volume of the sample, was considered to represent the 75 field.

The T> maps were addressed to a double-dimension filter using a gaussian kernel in order to filter out the noise.

The strain data from extensometer were used to study the hysteresis loop behaviour and in general the energy involved
in fatigue processes.

Results

Fig. 2 shows the maps of assessed second amplitude harmonics (SAH) referring to the gage volume. The analysis of the
SAH maps reveals an increase in signal from the first load levels to the last for all specimens. The damage appears to be
widespread, affecting the entire useful section. However, it is only in the final loading steps that circumscribed areas with a
markedly higher signal can be identified, which are indicative of the damage sites.
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Fig.2 Maps of SAH for samples as provided (right) and heat-treated (left).

Fig. 3 shows two exemplary charts with the hysteresis loops related to a sample in ‘as provided’ condition and a sample
after heat treatment. The curves show that in both conditions the material behaviour is characterized by limited plastic
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Fig. 3 Hysteresis loops curves for sample 3, as provided (right) and heat treated (left).
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deformation and general brittle behaviour. The dissipation increases markedly only in the last loading levels where the
hysteresis loops are wider than those at the beginning of the test.

Fig. 4 shows the curves of SAH (Fig. 4a) and the area under the hysteresis loop-Wp (Fig. 4b) for the specimens built in
the vertical direction.
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Fig. 4 Curves for samples realized in z-direction with and without heat treatment (ht=heat treatment), (a) SAH , (b) area
under hysteresis loop (Wp).

As can be seen from Fig. 4a, there is no real cut-off point in the thermal behaviour of the material as would be expected
from the reference parameter (Fig. 4b). This may be due to the superposition of reversible and irreversible effects in the
thermal behaviour of the material. It should also be noted that aluminum does not have a knee point [16], but rather it is
necessary to refer to fatigue strength at a given number of cycles. This will require future testing to better understand how to
separate the two reversible and irreversible thermal contributions, as well as ad hoc processing procedures.

To estimate the material fatigue strength, a new procedure was identified to be applied to each specimen to select the
stress level at which the series trend deviates significantly from the initial trend representing undamaged material.

The procedure is summarized as follows:

- Starting from the SAH values of the last 3 stress levels, consider the (stress amplitudes, SAH) pairs and calculate the
R? coefficient;
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- Adding another pair of data (stress amplitudes, SAH) and calculate the R? coefficient;
- Continuing until the value of R? differs by more than 5% from the previous values.

The methodology has been applied to SAH data and produced an estimation of the fatigue limit of 97410 MPa without
much difference between heat treated specimens and ’as provided’ specimens.

Conclusions

In this paper, a comparison between SAH and hysteresis loop area has been presented to study the fatigue behaviour of
AlSil0Mg -AM alloy subjected to stepwise testing.

The thermal method proves to be a comprehensive technique, allowing not only the detection of damage from its onset,
but also the study of its evolution. All this has the advantage of consistently reducing the duration of the experimental
campaign.

An additional advantage is the ability to better understand any differences between heat-treated and ‘as provided’ mate-
rial, which is relevant for the purpose of providing guidelines for the technological process.

From the obtained results, there is in fact no difference between the fatigue strength of the material in the two configura-
tions, but the data are certainly less noisy after heat treatment.
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Chapter 2

Effect of Induced Porosity on Fatigue Performance of
Additively Manufactured Short-Fiber Thermoplastics Using
Infrared Thermography

Harsh Gandhi, Pharindra Pathak, and Suhasini Gururaja

Abstract This study explores the influence of induced porosity on the fatigue behavior of additively manufactured short-
fiber thermoplastics (AM-SFTs), employing infrared thermography (IRT) as an accelerated characterization method. IRT
has emerged as a validated technique for drastically reducing the time required to estimate fatigue limits, offering a more
efficient alternative to the conventional stress-life (S-N) method. In a previous study, acquiring the S-N curve for 20% short
carbon fiber-reinforced Acrylonitrile Butadiene Styrene (CF/ABS) panels required two weeks of testing with 18 specimens.
IRT testing achieved comparable fatigue limit estimates using only three specimens over five hours. This underscores the
effectiveness of IRT in providing rapid fatigue assessments [1]. In this research, specimens composed of 80% ABS and
20% chopped carbon fibers were produced via fused deposition modeling (FDM) and subjected to fatigue loading. The
study considered 16-layer AM-SFT specimens with artificially induced discrete porosity - 6 mm diameter defects located
on the middle layer of the specimen. Additionally, control specimens with no pores have also been tested. A test matrix
of 15 specimens consistent with ASTM D638 Type I specifications, with five replicates per configuration, has been tested.
Each specimen was tested under both static and cyclic loading conditions. IRT facilitated real-time monitoring of surface
temperature changes during fatigue testing, a precursor to fatigue damage initiation. This investigation aims to establish
a quantitative relationship between defect size, location, and fatigue performance in AM-SFTs. The findings will provide
deeper insights into the role of porosity in fatigue behavior and offer more efficient methodologies for fatigue characteriza-
tion in AM composites.

Keywords Fatigue limit - Engineered defects - AM-SFTs - IRT - Damage

Introduction

Additive manufacturing has revolutionized material design and production, particularly with its ability to fabricate lightweight,
high-performance components with tailored properties [2]. Among the most promising materials in this field are additively
manufactured short-fiber thermoplastics, which combine polymer matrices with reinforcing short fibers to achieve improved
mechanical properties [2]. These materials are commonly produced using fused deposition modeling, a process that offers
manufacturing flexibility but can introduce defects, such as porosity, which significantly impact structural integrity under
cyclic loading [1, 3].

Porosity in AM components is a critical concern as it acts as a stress concentrator, promoting damage initiation and
propagation, thereby accelerating fatigue failure [4]. Fatigue damage, which progressively accumulates in materials under
cyclic loading, can substantially affect the residual stiffness and strength of SFTs. Gaining insight into this damage and its
influence on material properties is crucial for accurately predicting the lifespan and structural integrity of SFT-based com-
ponents [1]. Traditional fatigue characterization using stress-life testing is time-consuming and resource-intensive, requiring
numerous specimens and long test durations [5]. To address these challenges, infrared thermography has emerged as an
effective alternative, offering rapid, real-time monitoring of damage accumulation by detecting thermal responses during
cyclic loading [6, 7].
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This study investigates the effect of engineered defects on the fatigue behavior of AM-SFTs. The specimens, composed
of CF/ABS, were fabricated using FDM with +45° fiber orientations following the ASTM D638 Type I standard. Engineered
defects of 6 mm diameter were introduced in the 8th layer (middle layer) of select specimens to study the influence of porosity
on fatigue performance. A total of 15 specimens were tested under static and fatigue loading conditions and monitored using
IRT to capture temperature variations corresponding to fatigue damage initiation.

Background

Materials

To investigate the fatigue performance of AM-SFTs with varying defect configurations, a detailed test matrix was developed,
as shown in Table. 1. The specimens, fabricated according to ASTM D638 Type I standards, were composed of 20% chopped
carbon fibers and 80% ABS. The samples were printed using a fused deposition modeling (FDM) process with a 0.4 mm
nozzle diameter and a printing temperature of 240°C. A rectilinear infill pattern with 100% sparse infill density was utilized
to ensure consistent material properties throughout the specimens. The fine print setting was selected to improve dimensional
accuracy and surface quality. The total printing duration for each specimen was approximately 20 min per specimen. The
+45° fiber orientation was chosen to mitigate shear failure observed in previous tests with 0° laminates, which exhibited
premature failure due to shear-dominated loading. This orientation helps distribute the load more effectively across the
matrix, improving structural integrity during cyclic loading.

Table 1 Test Matrix for 3D Printed Specimens

Specimen Material Fiber aspect ratio (L /D) 3D Printer % Infill Ratio (fy"n ) Frequency (Hz) Nozzle Dia (mm)
ASTM D638 Type 1 80 wi.% ABS 5-8 Bambu Lab X1 Carbon 100 0.1 15 0.4
20 wt.% Carbon Fiber
Configuration Specimen ID Orientation (deg) Defect Layer No. of Replicates | Specimen Printed Testing Testing Completed

Pristine PRIS-STC-ALT45-# +45 N/A 5 5 Static 5

Pristine PRIS-FTG-ALT45-# +45 N/A 5 5 Fatigue 5

6 mm Dia on Middle/8th Layer | 6D-8L-FTG-ALT45-# +45 8th 5 5 Fatigue 5
Total Specimens 15 15 15

The ASTM D638 Type 1 geometry was chosen due to its widespread use in tensile and fatigue testing of polymeric
materials, providing reproducible and reliable mechanical property assessments [7]. The specimen geometry, depicted in
Fig. 1, included a gauge section measuring 57 mm in length and 13 mm in width, with a thickness of 3.2 mm. Each

19 mm 3.2 mm
S E 6 mm 0.2 mm
VA diameter I defect
et thickness
13 mm
«—>

1 b

X z

Pristine 6 mm Defect on Middle Layer

Fig.1 ASTM D638 Type I Standard Specimen containing 20% CF and 80% ABS materials: pristine specimen (left), defect
specimen (right)
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specimen consists of 16 layers (0.2 mm thick) additively manufactured on top of each other. As shown in Table. 1, two
sets of specimens were printed: Pristine specimens and specimens with ‘engineered’ defects. Engineered defect specimens
comprised a 6 mm diameter pore region that was not printed, strategically placed on the 8t (middle) layer.

IRT Testing Procedure

All tests, static tensile and fatigue tests were conducted using an MTS Landmark servohydraulic universal test frame with a
100 kN capacity, as shown in Fig. 2. Quasi-static tensile tests were performed at a 2 mm/min displacement-controlled rate
to determine the mechanical properties—stiffness and ultimate tensile strength of the CF/ABS composite specimen. Gage
pressure was kept around 325 psi to prevent specimen slippage. The strain was measured using an extensometer with a 5 cm
gauge length. Five specimens were tested, yielding an average ultimate tensile strength (oy) of 27.00 &= 1.49 MPa, failure
strain (e ) of 4.66% = 0.46%, and an elastic modulus (Ej) of 2.02 & 0.16 GPa, which served as the baseline for subsequent
fatigue testing.

L | I
MTS Machine ‘ ‘ | i

Cooling
Fan

Laptop connected
to IR Camera

wwr g9

Fig. 2 Experimental Setup for Fatigue Testing

Tension-tension fatigue tests were conducted under sinusoidal load-controlled conditions with a stress ratio R = 0.1.
The maximum and minimum loads were set as percentages of the average oys. The loading frequency was maintained
at 15 Hz, following the approach in [8, 9, 10]. Fig. 3 illustrates the staircase cyclic loading with R = 0.1. Temperature

0.8
@2 7500 Cycles
=
o 067
~
e |
< |
£04f :
© 3
0.2 j
. g *—Rest Period

0 1000 2000 3000 4000 5000
Time [sec]

Fig. 3 Staircase loading applied to a specimen to determine fatigue limit rapidly with an early increment of 10% o
followed by 5% 0,5 increments to 0,,4,. The stress ratio R = 0.1 was maintained throughout the test. The rest period
between load steps ensured the specimen cooled down to room temperature after every step load
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measurements were obtained in real-time using a Telops Spark M150 MWIR cooled camera (640 x 512 pixels, 20 mK
NETD, 3-5.4 um spectral range) at a data acquisition frequency of 100 Hz. Data acquisition was done via Reveal IR software,
and surface temperature evolution was analyzed to identify fatigue limits and correlate them with defect location and fatigue
performance. The fatigue limit was determined by plotting the stabilization temperature change (A7) for each step (T max)-
The intersection of bi-linear curves fitting the AT, versus o, data marked the fatigue onset point, identified by the most
significant change in slope. The step size (Nyep) was fixed at 7500 cycles, based on trial tests, to establish the Phase II
stabilized steady-state zone. A minimum of five replicates were tested for reliability. Fatigue testing was paused after each
load step to allow cooling to room temperature before the next step. The cooling phase called the ‘rest period’ in Fig. 3,
ensured specimens started each load step at ambient temperature. Following each rest period, a static test was performed to
assess stiffness degradation as a function of load cycles.

Results and Discussion

The fatigue behavior of both pristine and defected specimens was examined through IRT during cyclic loading at increasing
stress levels, as shown in Fig. 4a - 4b. The pristine specimen displayed minimal temperature variations across all stress
levels, with only slight increases at 60% and 65% of the ultimate tensile strength (UTS), indicating a more uniform stress
distribution and a delayed onset of internal damage (see Fig. 4a). In contrast, the specimen with a 6 mm diameter defect in
the middle layer showed notable localized heating at higher stress levels (55%, 60%, and 65% of UTS) (see Fig. 4b). The
localized heating observed in the engineered defect specimen suggests stress concentrations around the engineered defect,
highlighting the role of porosity in accelerating fatigue damage. However, the overall temperature for both pristine and
engineered defect specimens remained almost constant, with the defect specimen showing more localized heating due to
stress concentration at higher loading levels.

Despite the observed thermal variations, the fatigue limit of the defected specimen, determined through a bilinear plot,
was 49.52% + 0.99% UTS (see Fig. 5a - 5b), which was only marginally higher than the pristine specimen’s fatigue limit
0of 49.04% + 1.28% UTS (see Fig. 6a - 6b). This suggests that the defect did not drastically reduce the fatigue resistance as
initially expected.

Several factors contributed to this unexpected outcome. Firstly, the MTS machine used in the testing had a load ca-
pacity of 100 kN. Since the failure load of the tested specimens was around 1.08 kN, the applied loads were lower than

20% cuts 30 % cuts 40 % cuts 45 % o uts 301 20%ocuts 30%ocuts  40%cuts 459% o uts 301
300.5 I 300.5
= 300 = 300
- 2995 2995 g
o =
2 2
. - 299 F - 299§
50%cuts 55%cuts 60 % cuts 65 % o uts g« 50 % o uts 55%cuts 60%ocuts 65 %o uts =1
R g
3 (5}
=] =

e - 2985 - 2985
298 : 298
- -~r
297.5 g 297.5
- 297 297
(a)

(b)

Fig. 4 Temperature displayed within the region of interest for each step loading for both (a) Pristine and (b) Engineered
Defect Specimens



Effect of Induced Porosity on Fatigue Performance of Additively Manufactured Short-Fiber Thermoplastics 11

2r 2
o, o, o, g ' ;
—20% 0ypg —A0% Oy —35% oy ---Specimen 1 Lod
30% Turs 45% Tsivs —60% O urs Specimen 2 LT
---Specimen 3 i 9
15} —35% Turs —50% Tuts 65% TuTs 154 Specimen 4 £ /
) ---Specimen 5 B A
Z 7] ;&
— Q r’ l' /,
81 Wl
= - i
4 = /%' Fatigue Limit:
< os [/ (49.04% 1.28) % o,
0.5} . 4 i

0 100 200 300 400 500
Time [sec] uts
(@) ()
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Fig. 6 For 6mm diameter defect on the middle layer, (a) Temperature vs. Time plot showing the temperature rise for
Specimen 2 and (b) Fatigue Limit calculated from the Bilinear Plot for all the specimen

the resolution of the MTS machine, potentially affecting the accuracy of the applied load. Secondly, although the engi-
neered defect was intended to be placed in the middle layer (the 8th layer out of 16), micro-CT imaging revealed dis-
crepancies in the actual defect size and shape. The analysis showed that the CF/ABS deposited filament over the defect
location, effectively eliminating the void. This indicated that material consolidation during printing contributed to partially
filling the defect (see Fig. 7), altering its intended geometry, and reducing its influence on fatigue performance. Addi-
tionally, due to the defect’s depth within the specimen, the thermal signals detected by the infrared camera might have
been lower, limiting the ability to capture conclusive temperature data at lower stress levels. This, combined with the
resolution constraints of the MTS machine, may have contributed to the inconclusive temperature readings observed at
lower load levels. Although localized heating was observed at 55-65% UTS, corresponding to the onset of fatigue damage
around the defect, further investigation is needed to determine the defect’s true impact on damage initiation at lower stress
levels.

In summary, while the presence of the defect was expected to reduce the specimen’s fatigue performance due to stress
concentration, the results indicate that the fatigue resistance of the defected specimen was comparable to the pristine
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Fig. 7 Microstructure of engineered defect specimen at 0.6 microns voxel size

specimen. This finding emphasizes the influence of testing machine limitations, defect location, and stress redistribution
mechanisms in determining the fatigue behavior of specimens with induced defects.

Conclusions and Future Work

This study demonstrated the impact of engineered defects on the fatigue behavior of AM-SFTs through IRT and fatigue limit
estimation. Both pristine and engineered defect configurations were considered, with cyclic step-loading applied during the
fatigue tests on each specimen. The results showed that while defects were expected to act as stress concentrators and reduce
fatigue limits, the observed fatigue threshold for the defected specimen did not decrease as anticipated. This suggests that
the chosen defect did not drastically affect the overall fatigue performance under the tested conditions.

Future work will focus on increasing the thickness of the specimen from 16 layers (3.2 mm) to potentially 32 layers (6.4
mm), which will increase the UTS value and ensure that the input loads during step loading remain within the resolution of
the testing machine. Additionally, the effects of defect placement will be further explored by assessing the fatigue response
of specimens with a 6 mm diameter defect positioned in the third layer. This will provide insights into how defect location
influences fatigue life.

By exploring these different configurations, future work will enable a better understanding of the mechanisms behind
defect-induced fatigue and help refine the design and manufacturing processes for more reliable AM-SFT components.
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Chapter 3
Fracture Properties Identification using Full-field
Measurements: Some Important Concepts and Validation

Joao Carlos A. D. Filho, Lukas Wittevrongel, Amar Peshave, Pascal Lava, and Fabrice Pierron

Abstract This article studies the effect of Digital Image Correlation uncertainties on fracture parameters obtained from a
CT test specimen. It uses synthetic image deformation from finite element simulations to identify such errors. The paper
looks at systematic errors from the DIC process as well as the effect of image noise.

Keywords Fracture mechanics - Synthetic image deformation - Uncertainty quantification - Digital image correlation

Introduction

Fracture mechanics is a widely used tool in academia and industry to predict the failure of materials. An important parameter
to such models is the fracture toughness in the different modes of fracture, I, IT and III. Many techniques have been developed
over the years to obtain such parameters, and it is beyond the scope of the present paper to review them. They mostly use
the load recorded by the load cell of the test machine together with some (semi-) analytical solutions to derive the fracture
properties.

In the last twenty years, full-field optical measurements have gradually spread in the experimental mechanics community,
providing very dense sets of kinematic data (typically tens of thousands or more), hence the term ‘full-field’. Digital Image
Correlation (DIC) is the most widespread [1], with many commercial systems providing turnkey solutions. It is therefore
not surprising that many studies have used DIC data to extract fracture parameters, as reviewed in [2]. There are generally
two main families of approaches: either fitting the crack-tip displacement field with a Williams series [3] to obtain the stress
concentration factor; or using the J-integral [4].

DIC is a complex measurement chain, highly nonlinear and subject to many potential sources of error. As a consequence,
while it is easy to process DIC data for stress concentration factors or toughness, it is hard to establish realistic error bars on
these quantities. This is the objective of the present contribution. It relies on the technology of synthetic image deformation
developed initially in [5, 6] to perform uncertainty quantification in material constitutive model identification with the Virtual
Fields Method. It is extended here to the determination of stress concentration factors and J-integrals.

Simulation of DIC measurements on CT specimen

A finite element (FE) model of a Compact Tension (CT) specimen was developed using Abaqus v.6.6, based on the ASTM
standard E399 [7]. Plane stress CPS4R linear elements were used. The dimensions and the mesh are reported in Fig. 1. The
bottom and top holes were constrained in all translational degrees of freedom, except the top hole vertical displacement
which was left free while a vertical load of 35 N was applied. Large transformations were enabled. The material selected for
this study is PMMA with a Young’s modulus of 3260 MPa and Poisson’s ratio of 0.36. The material thickness is 1 mm.
Based on the FE model displacements, a numerically-generated speckle pattern was deformed according to the procedure
described in [6]. The pattern was generated with the internal speckle pattern generator in the MatchID software. It consists of
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Fig. 1 Dimensions (in mm) and finite element (FE) model of the CT specimen

a regular grid of dots of size about 6 pixels, which centres are slightly moved in a random manner, creating a consistent-size
pattern with enough randomness and an isotropic contrast pattern, as seen in Fig. 2. A virtual 8-bit camera of 2448 x 2048
pixels was used to sample the pattern, and deformed images were created for ten load steps from 3.5 to 35 N. The deformed
images were then passed through the DIC engine with the parameters recorded in Table 1, according to the recommendations
of the DIC guide of good practice [8].

Camera0 X

Fig. 2 Image deformation based on the CT FE model

Table 1 DIC parameters

Method 2D DIC
Subset size (pixel) 21
Step size (pixel) 3
Matching criterion ZNSSD
Shape function Quadratic
Interpolation Local bicubic splines
Prefiltering Gaussian, 5x5 pixels
Strain calculation Local bilinear polynomial fit
Strain window 3,5,7
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In the present case, the crack does not grow, the objective was to compare the crack results extracted directly from
Abaqus with that from the MatchID crack module and then investigate the impact of the DIC parameters on the results.

The calculation of the stress concentration factor is performed by fitting a 10" order Williams series around the crack
tip over the domain visualized in Fig. 3. This is performed in the least-square sense and both K; and Ky are determined.
Consistently in this work, because of the test case, Ki; was found close to zero. For the J-integral, it was calculated over a
square path represented in Fig. 3, while the surface J-integral domain is also visible on the same figure, together with the
weighing function q which is O at the external boundary of the surface and 1 at the internal boundary. It is worth noting that
the Williams series fitting is not affected by the choice of the strain window, as it only considers displacements, contrary
to the J-integrals. Definition of the contour J-integral and the surface one (also called Equivalent Domain Integral) can be
found in [2].

g-function

Specimen

Fig. 3 Williams series domain (left), contour J-integral domain (centre) and surface J-integral domain with the weighing
function

Results

The vertical displacements and strains between the pure FE model and the DIC data through image deformation are shown
in Figs. 4 and 5 for the last load step at 35 N. The match between the two is clear, though one can see small differences in
the strain maps caused by residual interpolation errors in the image deformation process.
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Fig. 4 Vertical displacement maps for the FE model (left) and the synthetically deformed images (right)

The first step consists in a verification of the implementation of the calculations of K and J in MatchID. For this purpose,
displacements were directly imported into MatchID and strains calculated as reported in Table 1, with a minimal strain
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Fig. 5 Vertical strain maps for the FE model (left) and the synthetically deformed images (right)

window of 3. The three fracture metrics (K, Jpa¢n and Jgrac) were then compared between the Abaqus and MatchID outputs.
The results are provided in Fig. 6.
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Fig. 6 Verification of the calculation of K from the Williams series (left) and for the J-integrals, for different strain windows.
No image deformation, pure FE results loaded into MatchID and strains calculated from displacements in MatchID.

For both K and J-integrals, the differences between Abaqus and MatchID are lower than 1%. There is a limited impact
of the strain window too. This result verifies that the MatchID implementation is correct.

The second step is to process the deformed images and compare to the Abaqus results. The data are reported in Fig. 7.
For the Williams series, the errors are very similar to that obtained from the pure FE data but there are some larger errors at
small loads (small strains) on the path J-integrals. These are caused by edge outliers over the faces of the crack. It is worth
noting that the surface integrals do not suffer from these effects as the spurious edge data average out. It is also worth noting
that for higher loads, this effect becomes negligible.

Finally, the effect of camera noise was simulated by polluting each image by a Gaussian distribution of noise of zero
mean and 1.5 grey level standard deviation for the 8-bit images, a realistic noise level for modern CMOS sensors. The results
are summarized in Fig. 8. K is not affected by the camera noise as it bears only on displacements and a large number of
points are used for the fit. This is a clear advantage of it. The contour J-integral is the most sensitive to noise as it does not
use a lot of (noisy) strain data points, while the surface J-integral is more robust to strain noise. One also sees a reduction

of noise with the strain window, as expected. From these results, the advantage of the surface J-integral formulation vs the
contour one is clear.
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Fig. 7 Error on K (left) and J-integrals (right) for different regularizations (strain windows)
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Fig. 8 Error on K (left) and J (right) obtained from noisy images

Conclusion and Future Work

This paper presented a preliminary study on the use of synthetically deformed images to investigate the errors generated by
the use of Digital Image Correlation in extracting fracture parameters from fracture tests. The first results are consistent with
expectations:

* the formulations in the MatchID software have been verified with the finite element model;

* the Williams series fit to obtain K is much less sensitive to noise in the data as it only uses displacements. However, K
only provides an estimate of the fracture toughness;

* the surface J-integral (or Equivalent Domain Integral) is much more robust to strain outliers and noise;

Synthetic image deformation is an ideal tool to investigate systematic and random errors in fracture mechanics parameters
obtained from DIC. In the future, effects of imperfect boundary conditions, presence of plasticity at the notch root, crack
propagation and other fracture test configurations will be investigated. More realistic DIC errors will also be considered [9].

References

1. Sutton, M.A., J.J. Orteu, and H.W. Schreier, Image correlation for shape, motion and deformation measurements: basic concepts, theory and
applications. 2009, New-York: Springer. 1-321.

2. Becker, T.H., Extracting fracture properties from digital image and volume correlation displacement data: A review. Strain, 2024. 60(4):
p- 12469



20 J.C. A. D. Filho et al.

3. Williams, M.L., On the stress distribution at the base of a stationary crack. Journal of theoretical and applied mechanics, 1957. 24(1): p.
109-114.

4. Rice, J., A path-independent integral and the approximate analysis of strain. Journal of applied mechanics, 1968. 35: p. 379-386.

5. Rossi, M. and F. Pierron, On the use of simulated experiments in designing tests for material characterization from full-field measurements.
International Journal of Solids and Structures, 2012. 49(3-4): p. 420-435.

6. Rossi, M., et al., Effect of DIC spatial resolution, noise and interpolation error on identification results with the VFM. Strain, 2015. 51(3): p.
206-222.

7. ASTM, E399 - Standard test method for plane-strain fracture toughness if metallic materials. 1990, Amercian Society for Testing and Materials.

8. Jones, EXM.C. and M. A. Iadicola, A Good Practices Guide for Digital Image Correlation. 2018, International Digital Image Correlation Society.

9. Peshave, A., et al., Practical Uncertainty Quantification Guidelines for DIC-Based Numerical Model Validation. Experimental Techniques,
2025. 49: p. 437-457.



®

Check for
updates

Chapter 4
Energy Dissipation Measurement Under Cyclic Torsional
Loading Using Infrared Thermography

Daiki Shiozawa, Motoki Yoshiike, and Takahide Sakagami

Abstract In fatigue design, it is necessary to obtain the fatigue strength of the materials used; the conventional method of
obtaining the fatigue strength by preparing an S-N curve requires the repeated application of stress to a large number of
specimens in the order of 10A7 cycles, which is enormously time-consuming and costly. A rapid fatigue limit estimation
method based on dissipated energy measurements has attracted attention. This method can estimate fatigue limits in a shorter
time and at a lower cost than conventional methods. Its applicability to fatigue limit estimation of materials under axial load-
ing has been investigated. In this study, fatigue limit estimation based on dissipated energy measurements was carried out
for SCM435 subjected to cyclic torsional loading to investigate whether the method can be applied to torsional loading as
well. A compact torsional fatigue testing machine and a microscopic measurement system were constructed. Visible-infrared
synchronous measurement was applied to correct the position of torsional deformation. Fatigue limit estimation based on
the dissipated energy under torsional loading obtained by the developed fatigue testing machine and measurement system
was found to be in good agreement with the fatigue limit obtained from the S-N curve.

Keywords Infrared thermography - Energy dissipation - Torsional fatigue

Introduction

The dissipated energy is measured by infrared thermography, and the fatigue limit of the material can be estimated from the
stress amplitude at which the dissipated energy increases rapidly [1-4]. Compared to conventional methods, this method can
estimate the fatigue limit using a smaller number of test pieces and on the order of 10* cyclic loadings, which is expected
to reduce time and costs. Although this method has been widely applied to axial loads, there have been few cases of its
application to torsional loads. In order to prevent fatigue failure of engines, turbines, motors, crankshafts, and other items
that are subjected to torsional loads, it is necessary to design them taking into account the fatigue limit against torsion.
Therefore, if this method could also be applied to torsional loads, it would be extremely beneficial for the industrial field. In
this study, the dissipated energy of SCM435 under torsional fatigue loads was measured by infrared thermography camera
and the fatigue limit was estimated based on the dissipated energy.

Experimental Setup and Specimen

The geometry of the specimen used in this experiment is shown in Figure 1. The material is chromium molybdenum steel
SCM435. Since infrared thermography camera cannot capture images of curved surfaces, a flat section with a width of 1
mm and a length of 4 mm was provided in the center of the specimen. A stir case like stress level test was performed on this
specimen. In the stir-case like stress level test, a sinusoidal waveform with a stress ratio of R = -1 and a frequency of f = 5
Hz was applied to the specimen, and the shear stress amplitude was increased in a stepwise manner by 20 MPa each time the
number of load cycles reached 1000 cycles. At each stress amplitude, the flat part of the specimen was measured using an
infrared thermograph camera and a visible camera, respectively, at the time when the number of load cycles reached 300 and
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Fig.1 Geometry of specimen

600 cycles. A microscope lens was attached to the infrared thermography camera to perform magnified measurements of the
flat part. The spatial resolution at this time was approximately 20 pm/pixel. The flame rate was 300Hz, and the shooting time
was 10s, and the dissipated energy, which is 2nd frequency components of the load frequency, was measured. A position
correction process was performed to infrared thermography images using visible images to remove apparent temperature
fluctuations that occur when the observation point moves due to deformation or displacement of the specimen [5]. In the
position correction process, digital image correlation is performed on the visible images to measure the displacement of the
specimen.

Spot markers were painted on the test specimen. The displacement information obtained here was reflected in the infrared
image and position correction process was performed. In the constant stress amplitude test, a fatigue test was performed under
loading conditions of R=-1 and f=5Hz using a specimen without a flat surface, and an S-N curve was obtained. The runout
number of cycles at which no fracture occurred was set to 107 cycles.

Results

Figure 2 shows the S-N curve obtained from the constant stress amplitude test. It was found from Fig. 2 that the fatigue limit
of this specimen 7,, was between 300 MPa and 320 MPa, since no fracture occurred at 7,= 300 MPa.

420

Sharning stress amphitude, 1, [MPa]

10 10° 104 10’ 10
Number of cycles to failure, Ny [cycles]

Fig.2 S-N curves
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The change in dissipated energy in the stepwise stress increase test is shown in Fig. 3. In Fig. 3, the evaluation area is
the flat area in the center of the parallel part of the specimen, and the average value of the data measured twice at each stress
amplitude is used as the representative value. It was found from Fig. 3 that the dissipated energy remains constant at stress
amplitudes smaller than 320 MPa, and it increases from 7, =340MPa. For these measurement results, the data for each
stress amplitude was divided into two groups, a low-temperature group and a high-temperature group, so that the residual
in the linear approximation was minimized, and the boundary value of the grouping was used as the estimated fatigue limit.
The estimated fatigue limit 7, in this experimental results was 330 MPa. The estimated fatigue limit 7’,, was close to the
fatigue limit obtained from the S-N curve.
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Fig. 3 change in dissipated energy during the stir-case like stress level test.

Conclusion

In this study, the fatigue limit of SCM435 was estimated based on dissipated energy measurements in torsional fatigue. It
was found that the fatigue limit was between 300 and 320 MPa from the S-N curve obtained from a constant stress amplitude
test. From a stir-case like stress level test, it was found that the dissipated energy showed a constant value below a certain
stress amplitude, and then it rapidly increased. This estimated fatigue limit at which the dissipated energy rapidly increased
was close to the actual fatigue limit.
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Chapter 5
On the Calculation of the Initial Temperature Slope:
Key Considerations for the Fatigue Limit Estimation

Mohammad Zaeimi, Ali Mahmoudi, Rosa De Finis, Davide Palumbo, Michael M. Khonsari, and Umberto Galietti

Abstract Over the past four decades, infrared thermography has become a popular non-destructive technique for identify-
ing thermal signature associated with fatigue of material. In this work, by conducting experimental stepwise tests on SS316
samples and employing a unique dataset, a comparison is performed in terms of fatigue limit estimation between different
thermal indices, including the mean temperature rise, slope of the mean temperature, first and second harmonic amplitudes
of temperature and slope of the mean temperature in cooling stage. However, the main contribution of the work is proposing
key considerations in calculating the initial slope of temperature to the purpose of better accuracy and reliability in estimat-
ing the thermal fatigue limit from temperature data. It is shown that the time interval and thermal acquisition can affect its
measurements.

Keywords Thermographic method - Rapid fatigue estimation - Fatigue assessments - Thermal index - Initial slope of the
temperature

Introduction

Investigating the fatigue phenomena offers crucial information for choosing effective materials because the majority of
structures experience cyclic loadings throughout their life [1]. The cyclic nature of the fatigue loading creates dislocations,
which in turn leads to plastic deformation. Depending on the loading level, it causes microscopic flaws [2—4] to grow and
build into macroscopic cracks, and by propagation of macroscopic crack, fatigue failure happens [5].

Over the years, infrared thermography has shown to be a useful and adaptable instrument in the field of experimental
mechanics. It enables thorough investigations of structural integrity [6], the defect detection in different materials (steel
plates [7], composite structures [8], additively manufactured [9]) and welded joints [10], the study of fatigue cracks [11]),
the stress analysis [12] and fatigue assessment [13—15].

In fatigue assessments using infrared thermography, rapid tests were initially designed in the work of La Rosa and
Risitano [16] to cut down on testing time and costs. This methodology involves the application of a sequence of incremental
loading blocks with constant amplitude leading the material to be subjected to various damage regimes within the loading
levels [16].

Following this work, several researchers proposed distinct rapid methods for fatigue limit prediction under cyclic loading
which can be categorized in three different groups [13]: (i) direct temperature assessment, (ii) thermoelastic stress analysis
and (iii) energy-based approaches. The first one focuses on measuring the mean temperature increase [16] and analyzing
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the initial slope of the temperature [17]. The second one includes the loss of adiabatic conditions through thermoelastic
phase analysis [18] and the deviation from linearity in the first amplitude harmonic [19, 20]. Furthermore, the last one
explores fatigue behavior through second amplitude harmonics [21], specific heat loss [22], and entropy-based methods
[23]. However, the fatigue assessment using the thermographic technique was proposed to be assessed during a static test,
by studying the end of the thermoelastic effect [24].

Interested readers are referred to the work by Zaeimi et al. [13] for a more comprehensive review of all thermography-
based approaches for fatigue limit estimation, and the work by Colombo and Vergani [25] and Ricotta et al. [26] for com-
paring different thermal indices in fatigue limit estimation.

In this work, as the main contribution, the challenges associated with measuring one of the thermal indices, the initial
slope of temperature, are discussed. Moreover, five thermal indices including the mean temperature rise, slope of the mean
temperature, first and second harmonic amplitudes of temperature and slope of the mean temperature in cooling stage are
compared using the same dataset.

Next sections are organized as follows: First, the details about the procedure and experimental setup for rapid evaluation
of fatigue limit are provided. Next, the data are prepared and the results are proposed. Finally, the last section concludes the
study.

Experiments

Three Stainless Steel 316 (SS 316) samples were used in stepwise tests to prepare essential data for comparing the effec-
tiveness of various thermal indices in fatigue limit prediction. Table 1 and Figure 1 show the material characteristics and
geometry of a cylindrical dog bone sample, respectively. In Table 1, p is the density, C}, o and k are respectively the spe-
cific heat at constant pressure, thermal expansion and conductivity coefficients; € is the emissivity factor. E, o and o, are
Young’s modulus, yield strength and ultimate strength, correspondingly.

Table 1 Material properties of SS 316 [27]

p (kg/m3)| C, (J/kg C)[ k (W/m <) |  (1/%C) | € E (GPa) oy (MPa) | o, (MPa)
7900 490 16.3 17.2e-6 | 098 | 171 335 640

41.466
25 ‘ 25

- - -— -
|

126 |

12.5_[ = »

\RSO
(a)

Fig. 1 (a) cylindrical dog bone geometry (in mm) and (b) fabricated sample

As shown in Table 2, a sequence of 12 incremental loading stages was used in the stepwise experiments. Every step is
completed with the stress ratio R = —1 and a fixed loading frequency of 11 Hz. According to Table 2, the stress amplitude
(0,) is raised until the material fails after around 20,000 cycles for each stage.

As shown in Figure 2, two thermal cameras and a servo hydraulic fatigue machine (MTS model 370) with a 100 kN
loading capability were used for the experiments. In order to observe temperature stability, thermographic data was collected
in a single sequence until the end of the test using a micro bolometric infrared camera FLIR A20 (160x140 pixels with a
thermal sensitivity NETD < 50 mK). Moreover, using the second camera, a cooled infrared camera X6540 with 640x512
pixels and a thermal sensitivity of NETD < 20 mK, three thermographic sequences were obtained at a higher frame rate.

To remove the impact of ambient temperature on the mean surface temperature, a dummy-unloaded specimen composed
of the same material was utilized as a temperature reference. To improve the surface roughness, the gage section was polished
using sandpaper and moved through 480, 800, 1200, and 1500 grit sizes. Additionally, to increase the precision of the thermal
signal, a matte black coating was added.
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Table 2 Loading blocks for stepwise test

Loading block | 1 2 3 4 5 6 7 8 9 10 11 12
% o, (MPa) 398 | 414 | 43 445 | 46.1 | 469 | 477 | 484 | 492 | 50 523 | 54.7
o, (MPa) 255 265 275 285 295 300 305 310 315 320 335 350

Fig. 2 Stepwise test setup

Thermographic acquisitions are carried out during the test utilizing an IR camera X6540 at 213 Hz for 10 seconds
(2130 frames obtained) and a micro bolometric IR camera, FLIR A20, at 5 Hz for the same duration (50 frames acquired).
Following a predetermined cycle count, the thermal sequence during each loading phase is recorded. Four sub-steps of
thermal measurements were carried out for every loading phase, including 20,000 cycles. The data collected between 1000
and 1110 cycles, 5000 and 5110, 10000 -10110 cycles, and 15000-15110 cycles, respectively. The gauge length are between
the extensometer’s clips is considered as the region of interest (ROI).

The mean and harmonic components of a thermal signal can be obtained by processing acquired thermal data using a
technique known as lock-in thermography [28]. The Fast Fourier Transform (FFT), which allows the temperature signal to
be converted into its frequency-domain representation, requires a reference signal (load or strain) in order to process the
temperature field. By modeling the temperature as follows, it is possible to obtain all of the temperature components [19]:

T(t) =Ty + AT ft + Tisin (wt + 1) + Tosin (wt + ¢2) )

Where the temperature signal 7'(¢), f is the frequency of loading, T is the temperature at the beginning, AT is the mean
rise, T4, @1, T, o are the amplitudes and phases of the 1st and 2nd Fourier components, respectively. Figure 3 (b) shows
a schematic representation of thermal signal processing. As shown in Figure 3 (b), the chosen thermal indices in this work
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Fig. 3 (a) temperature components acquisition (b) a schematic representation of thermal indices
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are: stabilized mean temperature (A7), initial slope of the mean temperature (R;), first amplitude harmonic of temperature
(T1), second amplitude harmonic of temperature (75,,) and slope of the mean temperature in cooling stage (R.).

A number of sequential procedures were engaged in the thermal data processing. First, T'(t) was obtained using an
infrared thermal camera with a mm/pixel ratio of 0.116 mm. After that, IRTA® software was used to define a particular
ROI, and temperature data over time was retrieved for further analysis. For every frame in the time sequence, the average
temperature value (T (¢))) for this ROI was calculated. Next, Discrete Fourier Transform (DFT) was used to obtain harmonic
components [29].

Results

The overall thermal behavior of samples at various loading levels is explained below. The average surface temperature
change during the stepwise test obtained by the micro bolometric camera is shown in Figure 4. After each loading block, a
cooling period of about a minute start after temperature stabilization and a specific number of cycles. After that, this process
is repeated again until sample fails. Very high temperature, between 160 and 200 °C, was recorded at failure which can be
due to the ductility of the material and work hardening.

The thermal footprint is shown for the 3"¢ sample in Figure 5. Steps 1, 3, and 5 show a slight increase in temperature
below the fatigue limit of 306 MPa [27], while steps 9 and 11 show a large increase, suggesting that damage accumulates
until the specimen fails (step 11 is the step before the failure of the sample).
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Fig.4 Temperature trend obtained by a cooled camera for all samples

Figure 6 shows the trend of AT and R, with stress level which was extracted using thermal data from the uncooled
camera. AT was calculated by subtracting the mean surface temperature of the sample from that of the dummy sample.
In the meantime, the gradient of the mean surface temperature during the cooling stage was calculated to determine R..
Furthermore, the data obtained from the cooled camera was used for 71, and T5,, since a higher sampling rate is required to
reconstruct the temperature signal. Figure 7 provides these measured values.

Unlike the other indices, only for R;, an analysis was conducted to check how the measurement of R; can be influenced
by sampling rate of thermal camera (cooled or uncooled camera) and the time period over which the fitting is applied to
thermal data. Within time durations ranging from 1 to 10 seconds, linear fitting was used for the thermal points. It should be
noted that the slope was determined using the data points where the temperature begins to climb and shows cyclic trend.

Figure 8 and Figure 9 propose the results only for sample 3 as an example. It is evident that curves from an uncooled
camera show more obvious fluctuations, specifically for time duration of 1 to 3 seconds, that prevent the fatigue limit from
being estimated from the datapoints, in contrast to curves found through fitting on the data from a cooled camera.

The trends from the cooled camera shows instability at 1 second but stabilizes for longer time duration, whereas for the
uncooled camera, notable variations are clear for 1 to 2 seconds.

This analysis highlights the significance of taking precise measurements of the initial slope of the mean temperature.
Therefore, it is recommended to use a cooled camera (or a large number of data points) instead of the uncooled one to have
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smoother trends. On the other hand, if an uncooled camera is the only choice, it is recommended that curve fitting be done
for time durations longer than 2 seconds.

Furthermore, the accuracy of cooled and uncooled camera in fatigue limit prediction is presented below.

Not only for R; but also for other indices studied here, Loung’s method [30] was applied to estimate the fatigue limit.

It involves fitting two regression lines to data points in each thermal index trend that are clearly below and above the
knee point [30]. The fatigue limit can be reliably approximated by finding the point where these two lines connect.

Unlike other indices which depends only on the stress level, R; is also dependent on sampling rate as well as the time
duration used for fitting. Thus, the fatigue limit predicted by R; needs through investigation, as shown in Figure 10. The
reference fatigue limit (derived from the S-N curve, 306 MPa [27]) is shown by the dashed red line. It is evident from
the figure that, the predicted values from the cooled camera (yellow bars) are consistently closer to the reference value for
durations of three seconds or more. Conversely, the estimated values for uncooled camera typically display lower predicted
fatigue limits, which are farther away from the dashed line.

320

315 W Uncooled Camera Linear fitting Cooled Camera Linear fitting
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Estimated fatigue limit (MPa)

Time period of fitting (sec)

Fig. 10 Fatigue limit predicted by R; (sample 3)

In light of this finding, the average of the predicted fatigue limits derived from all time periods was used to compare R;
with other thermal indices.

Table 3 shows the fatigue limit estimated using all considered thermal indices in this work. For each index, the discrep-
ancy between the mean of the estimated values from 3 samples and the reference one is also included in the last column of
Table 3.

According to the first column, T5,, and R; measured from the data acquired by a cooled camera show better performance
and accuracy than the others, both showing only a 0.1% difference.

Estimation by AT ranks second with a difference of 1.6%. Other methods, such as 73, R., and R; from uncooled
camera, exhibit errors ranging from 2.1%, 2.9% and 4.4%, respectively.

Table 3 Predicted fatigue limit using Loung’s method

Rank | Method Predicted fatigue limit (MPa) Difference* (%)
Sample 1 Sample 2 Sample 3 Average

1 T5,(°C) 305.69 304.33 307.21 305.75 | 0.1

1 R; (°C/s) from linear fitting and | - 308.05 303.53 305.79 | 0.1
cooled camera

2 AT (C) 303.35 300.00 300.00 301.12 | 1.6

3 T1,(°C) 300.77 297.16 300.62 299.52 | 2.1

4 R. (C/s) 294.24 296.98 299.89 297.04 | 29

5 R; (°C/s) from linear fitting and | 296.02 296.34 285.52 292.62 | 44
uncooled camera

*Difference with respect to the fatigue limit from S-N curve (306 MPa) [27]
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Conclusions

A thorough experimental campaign was carried out to examine the effectiveness of five thermal indices in fatigue limit
prediction and determine the thermal response of SS 316 samples under cyclic loadings. The use of the same dataset is the
strongest point of the comparison. For comparison, the difference between the reference fatigue limit value from the S-N
curve and the estimated fatigue limit based on Loung’s technique was evaluated.

From the results, T5,, and R; from cooled camera performed better than the other thermal indices studied, yielding the
closest forecasts to the reference value, with 0.1% difference. AT, T3, and R, show greater errors ranging from 1.6% to
2.9%. However, R; from uncooled camera showed the worst performance, error of 4.4%.

As the main contribution of the work, the results emphasize how time duration for curve fitting and thermal acquisition
techniques affect the precision of R; fatigue limit prediction. The data obtained with a cooled camera yields the most accurate
fatigue limit predictions, particularly when the fitting time is more than three seconds. On the other hand, estimations from
an uncooled camera exhibit notable oscillation, which makes it difficult to make a reliable fatigue limit estimate. However, if
an uncooled camera is the only option, it is recommended a fitting duration of at least 3 seconds for linear fitting to minimize
error in fatigue limit estimation.
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Chapter 6
Investigation of Failure in Unidirectional Adhesively-Bonded
Composite Joints via Infrared Thermography

Nithinkumar Manoharan and Suhasini Gururaja

Abstract Adhesive bonding is one of the most effective methods for joining composite materials, preferred over mechanical
bonding due to its significant advantages such as reduced weight and uniform stress distribution. Adhesively bonded com-
posite joints are widely used in high cycle fatigue (HCF) applications, including aircraft and wind turbines. While extensive
research has been focused on the fatigue performance and failure modes of lap joints due to their ease of manufacturing, it
is critical to investigate the fatigue behavior of fully bonded adhesive joints. In lap joints, under cyclic loads, shear and peel
stresses are well-studied for their role in damage initiation due to the load path. However, in fully bonded adhesive joints,
uniaxial stress across the multi-material system presents various challenges, such as the adhesive-adherend interaction along
the longer bondlines. Therefore, understanding the location of damage initiation, the evolution of damage mechanisms, the
factors influencing failure, and the failure mode are essential.

This study aims to use infrared thermography (IRT) to evaluate the behavior of fully bonded unidirectional glass fiber-
reinforced polymer (UD-GFRP) composite adhesive joints under quasi-static tensile and fatigue loading. The in situ full-field
surface temperature variations during cyclic and static loading are recorded using a cooled infrared camera and examined
in addition to the displacement field data obtained by two-dimensional digital image correlation (2D-DIC) data to assess
damage incipience and progression. Additionally, the recorded surface temperature data is analyzed in the frequency do-
main to detect second harmonic signals, which are associated with dissipative heat sources and serve as indicators of dam-
age onset and propagation. Pixel-wise analysis of second harmonic signal data provides a visual representation of damage
evolution.

Keywords Adhesive bonding - Infrared thermography - Unidirectional glass fiber-reinforced polymer - Digital image cor-
relation - Quasi-static tensile loading

Introduction

In recent decades, composites have become integral to various industries due to their lightweight properties and superior me-
chanical performance compared to metals. While this adoption continues to grow, the manufacturing of composite materials
presents challenges such as high cost, maintenance difficulties, and complex repair processes. Additionally, joining compos-
ite structures for assembly and functionality remains a critical manufacturing step. Mechanical joining remains predominant
in several industries due to several advantages such as ease of accessibility and repair. However, composite materials face
unique challenges with mechanical fastening, such as machining damage, and high stress concentrations at the location of
holes drilled for fasteners which could significantly compromise the mechanical performance. Adhesive bonding, on the
other hand, requires relatively minimal surface preparation and provides uniform stress distribution while enabling joining
of dissimilar materials [1]. As a result of this, huge structures such as wind turbine blades use adhesively bonded interfaces.
Despite these advantages, adhesively bonded composite joints are sensitive to manufacturing defects such as trapped voids in
the adhesive layer and non-uniform bonding of the adherend-adhesive interface. Such bondline defects could cause localized
vulnerable areas that are prone to failure. Delamination and debonding due to the presence of defects have been the leading
cause of premature failure in wind turbines after installation [2].
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Thus, it is vital to understand the damage initiation and progression in such multi-material systems to improve the relia-
bility of adhesive joints. This study aims to understand the behavior of UD-GFRP adhesive joints under quasistatic loading.
The full field temperature behavior at the adhesive-adherend interface was observed until the final failure. This was then
coupled with full-field strain data using 2D-DIC data to assess the failure mode. To further examine the influence of bond-
line defects, process defects were introduced during manufacturing for a comparative analysis of variations in temperature
and strain in the presence of defects.

Background

IRT is a non-destructive and non-contact technique that has gained a lot of attention in recent decades for inspection and
analyzing the damage state of the material [3]. This technique is based on the full field surface temperature measurements
to observe its variation with applied excitation, either mechanical or thermal. In isotropic materials, the relationship be-
tween stress state and temperature variation in adiabatic and elastic conditions is given by the experimental equation for
thermoelasticity,
AT = _—)\Aa 1)
TO pCp
where

Ty — absolute temperature of the material,

AT — change in temperature,

A — linear thermal expansion coefficient,

p — material density,

C), — specific heat at constant pressure,

Ao — change in the sum of principal stresses.

The equation 1 was extended to orthotropic materials, such as polymer composites, by introducing thermoelastic con-
stants in each direction [4]. Under tensile loads, composites show an initial decrease in surface temperature due to the increase
in volume in the elastic stage, followed by a gradual increase in temperature with damage onset and propagation. IRT has
been used as a technique to visualize damage in composite materials by detecting subtle surface temperature changes, which
result from internal damage mechanisms such as matrix cracking, fiber breakage, and delamination. The technique has also
been pursued by several authors due to its rapid nature of evaluating the fatigue limit with fewer specimens compared to
traditional approaches such as stress life (S-N curve) approach [5]. Passive IRT has been used in this study to detect localized
damage progression at the adhesive-adherend interface under static loading.

The DIC technique, developed in the 1980s, has been predominantly used across several industries to measure displace-
ment and strains in a broad range of materials including composites [6]. DIC has also been used to characterize multi-material
systems, such as hybrid composite-metal joints [7], demonstrating its applicability to sophisticated engineering problems.
To understand the tensile behavior of UD-GFRP joints and to analyze the localized deformation in the adhesive-adherend
interface 2D-DIC has been used in this study along with passive IRT.

Material and Methods

Unidirectional glass fiber (UD-GFRP ET 1200-7P) from Vectorply Corporation was used as the adherend system in this
study, reinforced with 635 Thin Epoxy and Hardener (3:1) from US Composites. A hot press was used to fabricate the
laminates at 80 °C with a pressure of 0.5 tonnes for 30 minutes. The adhesive system consisted of MGS PR 135G3/BPH
1355G resin/hardener adhesive bond paste with a weight ratio of 45:100, mixed using a FlackTek SpeedMixer. This adhesive
system is similar to those used in wind turbine blade manufacturing [8]. The laminates were cut to the standard (ASTM
D3039) using a WAZER desktop waterjet cutting machine, and an aluminum mold was used for the fabrication of the
adhesive joint to ensure precise alignment. The adherends were placed at the bottom mold followed by prepared adhesive
bond paste uniformly spread over the adherend using a plastic syringe. Finally, another set of adherends was placed at the
top and the mold was tightly closed. The protrusions at the top part of the mold ensured uniform adhesive thickness (2 mm)
throughout. The mold was placed in an oven at 75°C for four hours for curing. After curing, the specimens were removed,
excess adhesive was polished off, and finally, end tabs were placed. In the case of specimens with process defects, a 20 mm
long PTFE Kapton film (25.4 um thick) was fixed to the adherend surface, centered along its length, before applying the
adhesive to simulate a bondline defect.

Static tests at 1.3 mm/min loading rate (ASTM D897) were carried out using a Landmark MTS servo-hydraulic system
(Model 370.10). A cooled MWIR infrared camera (Telops) with a 50 mm lens, 640x512 pixels resolution and 20 mK NETD
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was used to record the full-field surface temperature at the adhesive-adherend interfaces. The specimen face from which the
specimen temperature was recorded was painted black to ensure homogenous emissivity [9]. In order to perform 2D-DIC
analysis, the opposing face was painted white with a random black speckle pattern. Images were captured using a Canon
EOS Rebel T7i (18-135 mm lens) and later analyzed using Vic-2D (Correlated Solutions) software.

Results and Discussion

The failure load was 29.76 kN in pristine specimens, while the presence of a bondline defect showed an ~8% reduction
in failure load with varying failure mode, not much difference was observed in the failure strain values for both cases. The
full field strain field (as microstrains), in addition to the thermograms showing damage initiation and final failure, can be
seen in Figure 1. It should be noted that image subtraction was performed using the initial undamaged image as a reference
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to improve the visibility of subtle temperature variations. Pristine specimens and specimens with bondline defect exhibited
similar surface temperature behavior throughout the test, where the initial stages of loading showed a decrease in the surface
temperature due to the thermoelastic effect, followed by a gradual increase as an indication of damage initiation, and a
sudden spike (approximately 20°C in both configurations) during final failure.

The speckle pattern shown clearly distinguishes the adhesive layer from the adherend on either side. The transverse
strain (¢, ) field showed a uniform distribution across each layer in pristine specimens, whereas a high strain concentration
around the location of defect was seen in the other configuration indicating stress localization. Similar trends were seen when
comparing the longitudinal strain (e, ) contours, where a uniform strain distribution with high values of strain at the location
of crack initiation could be seen in pristine specimens, suggesting a more progressive failure, while early stress redistribution
around the location of the defect was observed in the defective specimen, leading to a sudden failure [10]. Shear strains (e,)
showed high values at the interface region where the defect was placed, aligning with a complete interface debond with
catastrophic failure at the same location (as seen in the thermograms).

A relatively uniform strain field, with uniform gradual damage accumulation leading to final failure with crack pro-
gression from the interface through the adhesive layer causing final failure via crack propagation was observed in pristine
specimens. In contrast, specimens with bondline defects showed a non-uniform strain field with localized damage, resulting
in sudden, catastrophic failure, highlighting the detrimental effects of even a small defect in the bondline.

Conclusions and Future Work

2D-DIC and surface temperature behavior of adhesively bonded UD-GFRP specimens under quasi-static tensile loads were
analyzed. A clear distinction in the full-field strain and temperature behavior was observed, and the combined data provided
insight into failure mode in the presence and absence of process defects. The severity of bondline defects was evident,
leading to sudden failure and a reduction in final failure load.

Efforts are ongoing to perform cyclic loading on adhesively bonded UD-GFRP specimens. Damage accumulation under
fatigue is being studied and the fatigue behavior is evaluated with IRT. The temperature signals throughout the tests are
recorded and analyzed in the frequency domain to observe the behavior of the first and the second harmonic components,
which have been shown to provide information regarding the damage state of the material [3].
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Chapter 7

Effect of Loading Frequency on Fatigue Behavior of Addi-
tively Manufactured Short Fiber Thermoplastics via Infrared
Thermography

Pharindra Pathak, Kaniz Fatema Bristy, Vipin Kumar, and Suhasini Gururaja

Abstract This study investigates the fatigue behavior of additively manufactured compression-molded short fiber thermo-
plastics (AM-SFTs), focusing on the effects of loading frequency. Utilizing passive infrared thermography (IRT), the mean
temperature changes due to ‘self-heating’” under cyclic loading applied at varying frequencies were monitored. Previous
research demonstrated that IRT could efficiently assess fatigue limits, significantly reducing fatigue characterization time.
While traditional methods required up to two weeks and 18 specimens to establish the S-N curve for 20% short carbon fiber-
reinforced Acrylonitrile Butadiene Styrene (C/ABS) AM panels, IRT achieved comparable results with just three specimens
in a five-hour time frame using a staircase cyclic loading profile [1]. This study builds upon that foundation, investigat-
ing the effect of loading frequency on the fatigue behavior of AM-SFTs. In spite of higher loading frequencies generating
increased heat due to viscoelastic dissipation and internal friction, which can soften the matrix, the fatigue life of the spec-
imens increased. This heat accumulation, particularly originating at the fiber ends, accelerates inherent progressive damage
mechanisms only after crossing the fatigue limit in AM-SFTs. Additionally, microstructure - fiber length distribution, fiber
orientation distribution, and porosity distributions - play a significant role in determining the structural performance of AM-
SFTs. Micro-computed tomography characterization of AM-SFTs provided information about the composite microstructure.
Fatigue testing of AM-SFTs and baseline ABS were performed at varying loading frequencies of 5 Hz and 20 Hz using a
servo-hydraulic machine to delineate the role of fibers on the self-heating phenomenon. Additionally, dynamic mechanical
analysis (DMA) testing was conducted on AM-SFTs and baseline ABS to assess the effect of fibers on viscoelastic behavior.

Keywords AM-SFTs - IRT - Fatigue - Frequency - Damage

Introduction

Short fiber-reinforced thermoplastic composites (SFTs) have garnered significant attention for structural applications due
to their lightweight nature, cost-effectiveness, and ease of manufacturing. Their superior fatigue resistance makes them
particularly valuable in the automotive and aerospace industries. Despite its advantages, the fatigue behavior of SFTs is
complex and significantly affected by factors such as fiber orientation, porosity, stress ratio, and loading frequency [2].
Under cyclic loading, SFTs typically exhibit continuous softening, characterized by a gradual reduction in stiffness and
load-bearing capacity. This behavior is primarily attributed to the initiation and progression of damage within the matrix, as
well as at fiber ends and the fiber-matrix interface [3]. Due to the viscoelastic nature of thermoplastics and their relatively
low melting temperatures, loading frequency significantly influences fatigue performance, primarily through heat buildup
and time-dependent deformation [4]. The fatigue resistance of SFTs is also governed by factors such as fiber reinforcement,
orientation, and distribution, which are inherently linked to the effective material response of the SFT [5]. Due to the com-
plexity and the numerous parameters affecting the mechanical behavior of SFTs, fatigue behavior has primarily been studied
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through experimental methods. Traditional fatigue assessment methods, such as the stress-life (S-N) approach, require ex-
tensive experimental testing, rendering them both time- and resource-intensive. This highlights the necessity for dependable,
efficient methods to predict fatigue life and comprehend damage mechanisms in SFTs.

Infrared thermography (IRT) has emerged as a promising non-destructive evaluation (NDE) tool for real-time monitoring
of damage evolution, leveraging heat dissipation during cyclic loading [1, 6, 7, 8]. By correlating dissipated hysteretic energy
with surface temperature changes, IRT enables rapid fatigue characterization. Under constant amplitude fatigue (CAF), the
surface temperature evolution typically exhibits three distinct phases: an initial rapid temperature rise (Phase I), followed
by a stabilized mean temperature indicating steady-state damage (Phase II), and finally, an unsustainable rapid temperature
increase (Phase III) that precedes failure. Notably, the stabilized Phase II temperature (ATyy,p) increases with the applied
cyclic stress amplitude, and plotting AT, against the stress amplitude yields a bilinear curve that defines the fatigue
limit. Furthermore, by employing a staircase-loading protocol where blocks of increasing CAF amplitudes are applied to a
single specimen, the fatigue limit of a material system can be determined with minimal specimen usage. Previous studies
have demonstrated that the IRT method can accurately capture the fatigue limit for 20 wt.%C/ABS SFTs manufactured via
an additive manufacturing compression molding (AM-CM) process, achieving a 100-fold increase in testing speed while
requiring only one-sixth the number of specimens compared to traditional approaches [1]. This efficiency of the IRT method
instills confidence in its potential for the study of SFTs, particularly those processed via advanced techniques like AM-CM.

In this study, the fatigue behavior of 20 wt.% C/ABS AM-SFTs was investigated. By leveraging IRT, a rapid and efficient
method for predicting fatigue limit is established. The influence of loading frequency and fiber orientation on the fatigue limit
of 20 wt.% C/ABS AM-SFTs have been investigated in the current study.

Materials and Methods

Materials and Characterization

This study investigated two material systems: pure ABS and ABS reinforced with 20 wt.% chopped C-fibers. These materials
were manufactured at Oakridge National Laboratory using a two-step process. For the composite material, chopped carbon
fibers were first mixed with ABS pellets and then extruded using a KUKA robotic arm operating at 1200 rpm, with a nozzle
speed of 280 mm/s, and a 9.88 mm gap between the substrate and the nozzle outlet [9]. This process created an AM preform,
which underwent compression molding at a pressure of 500 kN for 5 minutes. The final product results from the combination
of the AM process promoting high fiber alignment and the CM process, which reduces porosity, ultimately enhancing the
composite’s mechanical performance [9].

The AM-CM process, a key aspect of this study, creates a unique microstructure. The chopped fibers tend to align along
the bead (deposition) direction, resulting in directionally dependent properties. This unique microstructure provides a novel
platform to assess the effect of material orientation on mechanical properties and fatigue behavior and to compare these
results with the pure ABS matrix. Specimens were machined at different angles relative to the bead direction (0°, 30°, 45°,
60°, and 90°) using abrasive waterjet machining following ASTM D638 Type I specimen dimensions as seen in Fig. 1(a).

To further investigate the microstructure, a specimen along bead direction (0°) was subjected to high-resolution 3D X-ray
imaging using a Zeiss Xradia 620 Versa system at Auburn University. For optimal image resolution during p-CT acquisition,
each specimen was mounted on a rotary stage perpendicular to the X-ray source. u-CT data were collected at a power
setting of 140kV and 21 W using a 4x scintillator objective lens with 2x2 binning, resulting in a voxel size of approximately
0.6 um x 0.6 um x 0.6 um. An air filter was used to enhance image clarity. After acquiring X-ray projection images, a 3D
reconstruction was performed using the system’s image processing unit, generating 997 images stacked in the out-of-plane
direction. Noise reduction and intensity-based thresholding were applied to determine the fiber, which is seen as red in color
(Fig. 1(b)), pores, and matrix constituents. Optimized AM-CM processing yield up to 80% fiber alignment in the deposition
direction, within the 0°-30° range, with a typical fiber aspect ratio of 5-7 and an average fiber diameter of 8 um as shown in
Fig. 1(c).

Quasi-Static Tensile Testing

Quasi-static tensile tests were conducted on pure ABS and composite specimens with varying fiber orientations using a
100 kN servo-hydraulic MTS machine at a displacement rate of 2 mm/s. For each specimen type, three replicates were tested
to ensure statistical reliability. The measured mechanical properties of ultimate tensile strength (oyyrs) and failure strain
(e ) are summarized in Table 1.
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Fig. 1 (a) Schematic of AM-CM composite panel with fiber bead direction and different oriented specimens; (b) Visual-
ization of fibers from p-CT, and semi-axes and orientation conventions for a geometric representation of fiber. The aspect
ratio is given by 1/d, and (c) Distribution of fiber parameters obtained from pu-CT scan of orientation ¢.

Table 1 Ultimate tensile strength and failure strain for various specimens.

Specimen Ultimate Tensile Strength, oyy7s [MPa]  Failure Strain, € ¢ [%]
Pure ABS 54.000 £ 1.810 1.320 4 0.050
0° fiber orientation 87.320 + 1.240 0.730 £ 0.003
30° fiber orientation 61.720 + 0.770 0.910 £ 0.001
45° fiber orientation 44.600 £ 0.190 0.935 4+ 0.005
60° fiber orientation 43.320 £+ 1.490 0.877 £ 0.002
90° fiber orientation 42.420 £ 1.180 1.055 £ 0.004

The results indicate a strong dependence of oyrs and € on fiber orientation. Specimens with fibers aligned at 0°
exhibited the highest o5 and the lowest € ¢, as expected. At 0°, the fibers carry most of the applied load efficiently making
the material stiffer but brittle, resulting in restriction in matrix deformation. As the fiber orientation deviates from 0°, oyrg
decreases while € increases, indicating that transverse fiber orientations (e.g., 90°) provide minimal load-bearing capacity
and are more matrix-dominated. Interestingly, for fiber orientations 45° to 90°, oys was found to be lower than pure ABS
matrix. These changes in behavior for different orientations are primarily due to the load transfer efficiency between the
fibers and the polymer matrix, which depends on fiber alignment relative to the loading direction.

Fatigue Testing

To evaluate the fatigue behavior under cyclic loading, interrupted fatigue tests were performed using the same 100 kN MTS
machine Fig. 2(a). The tests were carried out at two frequencies: 5 Hz and 20 Hz under a constant stress ratio (R = 0.1).
Each specimen was initially loaded at a stress level corresponding to 30% of its oyrg, and the stress was incrementally
increased by 5% until failure. Between each stress increment, the specimen was cycled for 7500 cycles, with a rest period
provided to allow the specimen to return to ambient temperature Fig. 2(b). This protocol enabled the specimen to experience
a range of stress levels and capture various damage modes.

Surface temperature evolution due to cyclic loading-induced self-heating was monitored using a Telops infrared camera
Fig. 2(a). The camera recorded the surface temperature increment (Fig.3(a))and generated temperature profiles at every
7500-cycle interval Fig. 3(c). The 7500-cycle step size was based on constant amplitude fatigue tests, demonstrating that
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Fig. 2 (a) Experimental setup for in situ surface temperature measurements, featuring a cooled IR camera connected to
a laptop with Reveal IR software, integrated with a UTM system and a 5 cm gage length extensometer, and (b) Staircase
loading applied to a specimen to determine fatigue limit rapidly: early increments of 10% oyrs followed by 5% oyrs
increments to op,,x Were used to determine fatigue limit. The stress ratio R = 0.1 was maintained throughout the test. The
rest period between load steps ensured the specimen cooled to room temperature.

the specimen’s temperature stabilized after approximately 6000 cycles, even at higher stress levels. Initially, as the specimen
experienced cyclic loading, the temperature increased rapidly (Phase I) due to the viscoelastic response of the ABS matrix
and friction at the fiber-matrix interface, particularly at the fiber ends where stress concentrations occur. This rapid increase
was followed by a plateau (Phase II), representing a saturation of damage accumulation. At higher stress levels, the energy
input exceeded the bonding strength at the fiber-matrix interface, leading to matrix cracking, increased displacement, and
fiber-matrix debonding. These phenomena culminated in a final rapid temperature spike (Phase III) immediately preceding
failure.

Fast Fourier transform (FFT) analysis of the temperature data as explained in [6] for composite specimens tested at 20 Hz
revealed that inelastic or irreversible damage initiates at stress levels above 60% of oyrg, with failure occurring near 75%
of oyrs Fig. 3(b). The temperature profiles clearly indicate that higher stress levels result in more significant temperature
increments beyond the fatigue onset point.
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Fig. 3 (a) Stabilized full-field surface temperature profile of a 20 wt.% C/ABS specimen at 20 Hz load frequency with
increasing load steps indicated in each sub-figure, (b) Evolution of irreversible damage within gage section using second
harmonics approach, and (c) Evolution of maximum surface temperature of the specimen under staircase loading. The
specimen was allowed to cool to room temperature after each load step.
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Results and Discussion

Comparison of Pure ABS with C/ABS

In this study, the temperature rise observed in pure ABS and C/ABS composites under cyclic loading was compared to
understand the contributions of fiber-matrix interactions versus the behavior of the pure matrix. For pure ABS, a significant
temperature increase was observed under cyclic loading at both 5 Hz and 20 Hz. Since ABS is a viscoelastic polymer, DMA
and differential scanning calorimetry (DSC) were performed to confirm a glass transition temperature of approximately
105 °C. At room temperature (25 °C), the primary source of energy dissipation in pure ABS during fatigue loading arises
from internal molecular friction, mechanical damage, and creep effects rather than thermal degradation. At higher frequen-
cies (20 Hz), the molecular chains are forced to respond to the applied load more rapidly, leading to higher levels of internal
friction. As a result, energy dissipation increases at 20 Hz, which manifests as a higher temperature rise in pure ABS (see
Fig. 4(a)-(b)).
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Fig. 4 Comparison of pure ABS and C/ABS composite for two different frequencies of 5 Hz and 20 Hz: (a) hysteresis
energy loss per cycle, and (b) typical surface temperature evolution with cycle.

For the C/ABS composite, the fiber-matrix interaction played a significant role in temperature rise, especially at higher
frequencies. At 5 Hz, the loading time was long enough for the polymer matrix to deform more significantly, with the
carbon fibers restricting the mobility of the polymer chains. This resulted in increased internal friction and greater energy
dissipation within the matrix, which contributed to a higher temperature rise. Furthermore, frictional interactions at the fiber-
matrix interface added to the energy dissipation, especially at the fiber ends and the unsized fiber caps, which acted as stress
concentrators. These micro-slip effects at the interface contributed to localized heating in the composite, resulting in a more
pronounced temperature increase than pure ABS once the fatigue onset happened. This suggests that, at low frequencies, the
composite’s matrix behavior is still crucial in determining energy dissipation, with the fibers acting to restrict the matrix’s
deformation and enhance internal friction.

At higher frequencies (20 Hz), the fibers in the composite carried a greater portion of the load, reducing the strain
on the polymer matrix. As a result, the energy dissipation from polymer chain movement was lower (see Fig. 4(a)), and
the temperature rise was less influenced by the polymer matrix’s viscoelastic behavior. However, the friction at the fiber-
matrix interface became more pronounced due to localized micro-slip and fiber-matrix interactions, leading to additional
heat generation. The thermal conductivity of the composite also helped in distributing heat more efficiently at lower stress
levels, allowing for better overall heat distribution. Yet, at higher stress levels, fiber-matrix interfaces became active sites for
micro-damage, which contributed to localized heating that exceeded the temperature rise observed in pure ABS.
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On comparing both pure ABS and C/ABS, in pure ABS, the dominant mechanism of energy dissipation is molecular
friction within the polymer matrix. At higher frequencies, the chains cannot fully rearrange and respond, causing more
friction and, consequently, more heat. For composites, at lower stress levels, carbon fibers enhance the thermal conductivity
of the composite, meaning heat generated from friction and energy dissipation can spread more quickly within the material,
allowing for better heat distribution. However, at higher stress levels, fiber ends and fiber-matrix interfaces become active
sites for micro-damage and frictional interactions, contributing to localized heating. This results in a temperature increase
that can exceed that of pure ABS, as fatigue damage accumulates over cycles (see Fig. 4(b)).

Effect of Loading Frequency on the Fatigue Limit

The influence of loading frequency on the fatigue behavior of the C/ABS composite was investigated by subjecting specimens
to interrupted fatigue tests at 5 Hz and 20Hz. In pure ABS, displacement remained almost constant at both frequencies;
however, the hysteresis loss was more significant at 20 Hz, leading to a higher temperature increase (see Fig. 4(a)). In
contrast, the C/ABS composite exhibited markedly different displacement behavior. At lower stress levels, the composite
experienced higher displacement at 5 Hz due to the longer cycle duration, which allowed the ABS matrix more time to relax.
At 20 Hz, the shorter cycle time restricted matrix relaxation, reducing displacement (see Fig. 5(a)).
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Fig.5 Comparison of C/ABS composite for two different frequencies of 5 Hz and 20 Hz: (a) displacement for given stress
level for given cycles, (b) damage progression, and (c) fatigue limit estimation of given specimens.
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As stress levels increased, the displacement at 5 Hz became significantly higher than at 20 Hz. The slower loading cycles
at 5 Hz promoted more extensive creep and energy dissipation, leading to higher hysteresis loss and more pronounced damage
progression as seen in Fig. 5(b). In contrast, at 20 Hz, the reduced time for thermal buildup resulted in lower displacement
and delayed onset of damage. Using a bilinear approach based on the stabilized temperature data, the fatigue limit of the
composite was determined to be 52% of its ultimate tensile strength (oyrs) at SHz and 61% opyrs at 20Hz (Fig. 5(c)).
These results indicate that the C/ABS composite can withstand more of its oyrg at increased loading frequencies, likely due
to reduced damage accumulation.

Effect of Fiber Orientation on the Fatigue Limit

Fiber orientation relative to the loading direction significantly influences the fatigue performance of the C/ABS composite.
All these different fiber-oriented specimens undergo interrupted fatigue loading at 20 Hz frequency with a stress ratio of
0.1. In fatigue tests, 0° specimens experienced longer fatigue lives despite exhibiting higher temperature spikes (see Fig.
6(a)-(b)). The increased temperatures result from concentrated self-heating at the fiber ends, which are stress concentrators.
As the orientation of the fiber deviated from 0° with specimens oriented at 30°, 45°, 60°, and 90°, the mechanical response
became more dominated by the matrix. Specimens with orientations of 45°, 60°, and 90° not only demonstrated lower oy
(comparable to or lower than pure ABS) but also showed earlier failure in fatigue testing (see Table 2).
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Fig. 6 Comparison of different fiber-oriented C/ABS composite at 20 Hz: (a) damage progression, and (b) typical surface
temperature evolution with cycle.

Table 2 Fatigue limit for different configurations.

Specimen

Pure ABS

0° fiber orientation
30° fiber orientation
45° fiber orientation
60° fiber orientation
90° fiber orientation

Fatigue limit, [% of oyrs]
51.850 £ 0.740
61.950 £ 0.850
56.040 £ 1.080
50.820 £ 0.710
36.180 £ 0.250
38.810 £ 0.780

The damage evolution during cyclic loading was strongly dependent on fiber orientation. The 0° specimens, with fibers
oriented along the load direction, exhibited the slowest damage accumulation due to efficient load transfer and effective crack
bridging. In contrast, off-axis specimens (e.g., 90°) experienced rapid damage progression, as fibers could not efficiently
share the load, leading to increased matrix cracking and fiber-matrix debonding. Temperature profiles further supported
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these findings: while 0° specimens displayed the highest temperature rise due to more extensive energy dissipation, this did
not compromise their superior fatigue performance. As expected, the lower temperature rise observed in the 90 © specimens
was linked to a decreased fatigue limit.

Conclusions and Future Work

The study demonstrates that loading frequency significantly influences the fatigue behavior of the C/ABS composite. In-
creasing the loading frequency enhances the fatigue limit, primarily due to reduced creep effects and diminished hysteresis
energy loss per cycle. While the composite exhibits a lower temperature rise than pure ABS at low-stress levels, at higher
stress levels, the composite shows a pronounced temperature increase up to an additional 5K attributed to fiber—matrix
interactions and localized heating.

Furthermore, fiber orientation relative to the bead direction strongly affects the mechanical properties. Specimens with
off-axis orientations (45°, 60°, and 90°) behave more like the pure ABS matrix, exhibiting lower ultimate tensile strength
and higher failure strain, whereas 0° oriented specimens benefit from efficient load transfer and superior fatigue resistance.

Future work will investigate the effect of stress ratio on fatigue behavior and develop an empirical model for fatigue
damage accumulation based on the experimental data.
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Chapter 8
Analytical Generalization of the T and A-theta Integrals for
the Study of Cracking in Three-dimensional Orthotropic Medium

Loic Chrislin Nguedjio, Rostand Moutou Pitti, Benoit Blaysat, Pierre Kisito Talla, Fréderic Dubois,
and Naman Recho

Abstract An analysis of the fracture phenomenon in wood shows that it is significantly influenced not only by mechanical
loads and the heterogeneous nature of this material but also by multiple parameters related to thermal and moisture varia-
tions. It becomes important to propose predictive models that account for these climatic parameters in order to better assess
the risks of failure and ensure the safety of wooden structures. In this paper, a new mathematical formulation of the invariant
integral, T and A-theta is proposed to evaluate the energy release rate during the determining od fracture toughness. The
formulation is extended to the three-dimensional case and is based on a generalization of Noether’s theorem as a free energy
that includes both real and virtual fields for mechanical and moisture loads. The resulting model allows for a decoupling of
mixed fracture modes and the analysis of the impact of orthotropy and wood shrinkage-swelling on cracking parameters. The
independence of the integration contour is then verified, and a finite element procedure is implemented using the Cast3M
software to validate the proposed model.

Keywords Fracture - Path-independent integral - Moisture fields - Orthotropic materials - Three-dimensional modelling

Introduction

In the diagnosis and maintenance of civil engineering structures, crack detection is a crucial aspect to ensure the safety of
both the structures and their users. This scientific field presents several challenges, particularly for wooden structures, due
to the heterogeneous and anisotropic nature of wood, whose overall behavior is significantly influenced by variations in
humidity and temperature [1]. Fracture mechanics provides a framework for analyzing the behavior of materials containing
cracks and for determining the conditions necessary for crack initiation, propagation, and arrest. It is generally based on two
approaches: the local approach and the global approach. The local approach relies on the formulation of continuous stress
and displacement fields, which are disturbed by singularities at the crack tip [2]. The global or energetic approach is based
on the energy balance of the structure, enabling the isolation of the energy release rate required for the creation of new crack
surfaces. To quantify this energy while overcoming singularity issues, invariant integrals appear to be a promising alternative
under certain assumptions, as demonstrated by numerous studies in the literature [3, 4].
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Among the most commonly used invariant integrals, Rice’s J integral [5] allows for the calculation of the energy release
rate in an elastic cracked medium under pure opening or shear fracture modes. However, in the case of wood, which is
often subject to mixed-mode cracking, this integral presents limitations, necessitating the use of another integral, namely the
M integral [6]. Moreover, these classical integrals are restricted to two-dimensional problems and do not take into account
the three-dimensional effects, which are essential when dealing with an orthotropic material such as wood [7]. Beyond the
consideration of three-dimensional effects, it is also necessary to extend the modeling approach to variable environments [1].
The first studies on crack modeling in wood using invariant integrals in variable climatic conditions date back to the work of
Moutou Pitti et al. [8], further developed by Hassen et al. [1] and Seif et al. [9] in their study of temperature effects through
the A integral.

This paper focuses on modeling the effect of humidity and incorporating a moisture gradient into the analytical formu-
lation of the A integral. The mathematical analyses are revisited, leading to a new expression of the A integral, first in 2D
and then extended to 3D. A numerical implementation scheme is proposed, along with results illustrating the influence of
humidity on the energy release rate.

Background

The formulation of the T integral is derived from Noether’s theorem [10] and a combination of real and virtual mechanical
fields, extended to kinematically admissible moisture content variations. The system’s free energy F* is then expressed in a
form that incorporates real and virtual displacement fields, respectively (u, v), real stress fields o;;* and virtual stress fields
04;", as well as the moisture content field 4, considered only in a real configuration, all of which remain kinematically
admissible. By applying Noether’s theorem and imposing the total Lagrangian null condition (5L = v ft OF*dVdt = O) ,
successive integrations lead to the following expression for the A integral, established to the same steps as Moutou Pitti
et al. [8]:

S 1 v u u u 1 v u u
A0°P = —5/ [0 i = 0 vin — B v+ HO ] 005 - av — 7/ (o i+ (o) = HO ) vie)] 00 - ds
\% Sor,
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M
0 is a field with specific properties designed to circumvent boundary issues in finite element calculations. It is equal to
one within the integration contour V and zero in the external domain while remaining continuously differentiable within
V (Figure 1). The integral is divided into three main terms, with an extension to steady-state behavior represented by the
highlighted quantity. The first term corresponds to the energy required for stationary crack growth while accounting for
hygroscopic effects and is used for mixed-mode decoupling. The second term introduces a pressure effect on the crack lips,
while the third term facilitates the separation of mixed modes during crack propagation.

i

Fig. 1 0 field in 3D (left), Integration domain (right).

The particularity of this work lies in the implementation of the coupling between mechanical and moisture fields. The
first term of the previous invariant integral, associated with stationary crack behavior, can be reformulated as follows:

1
AP = ~5 /v [Oij,k(”)-uz' — 03k — 75 (5“1 (vij —0,5) — (6w) ; (vij — @))] bi,j-dV )
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In this new formulation, ;; is the tensor responsible for coupling the material’s mechanical behavior with its hygroscopic
effects. The components of this tensor are derived from the Navier equation in continuum mechanics and are presented in
this paper in the form of Equation 3.

Vij = Zcijkl-akl 3)
kl

The compliance tensor Cj;;, which characterizes the material state at a given time under a specific mechanical load, is
reorganized to retain only the components relevant to the principal orthotropic directions (L, R, and T). The indices k and
1 are projected onto the directions of the diagonal matrix «yg;, which represents the tensor whose components correspond
to the coefficients of the hygroscopic shrinkage-swelling model of wood, taken as the principal orthotropic reference. The
quantity dw = w — w,..s denotes the moisture content variation within the material relative to a reference state w,.. s, while
(5w)’ ; Tepresents its gradient in the considered direction.

The virtual mechanical fields along the crack front, as well as the components of the matrix (), are derived from the
formulations of Sih [11]. For a two-dimensional problem involving an elastic anisotropic material, the virtual displacement
components v; and v, have been redefined to incorporate the behavioral changes of wood induced by the presence of an
external moisture load. Their revised expressions are presented as follows:
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where (r, ) denotes the polar coordinates of a point P, near the crack tip, 91(.) the real part of the complex quantity in
parentheses. K; and K;; are the stress intensity factor in mode I (opening crack) and mode II (shear crack), respectively. 111
and p9 are the roots of the characteristic equation, which depends on the coefficients of the modified compliance matrix. In
the case of an elastic anisotropic material, this matrix takes the following general form:

2
+ Ky Tfn{
Vi
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Gipt — 28160° + (2615 + Eo6) 17 — 266 + E20 = 0 (6)

The components ;; at a given humidity state w are expressed in terms of the components C;; of the compliance matrix,
taken as a reference state at humidity w,.. . The parameters p; and g; are defined as follows:

pi = E11p; + 12 — Eropts and q; = Erapts — Eop + % @

(2

Analysis

The computation of the stress intensity factor and the energy release rate implies a numerical implementation of the integral in
Equation (2). In this study, finite element analyses are carried out using the Cast3M software. The mesh geometry (Figure 2a)
corresponds to a MMCG (Mixed Mode Crack Growth) specimen, selected for its ability to separate mixed fracture modes
while maintaining a significant stability zone [12]. An initial crack length of 25 mm is considered, and the calculations
are performed under a plane stress configuration in pure opening mode. Figure 2b illustrates the deformed mesh after the
application of both mechanical and moisture loading.

The material studied is Scots pine (Pinus sylvestris), with its mechanical properties at a reference humidity of 12% listed
in Table 1. These properties are subsequently adjusted at each step of the finite element analysis using the Guitard formulas
[13], allowing for the consideration of mechanical behavior variations due to humidity changes.

The finite element analysis must account for the stress induced by the external moisture loading, which need to be
subtracted from the initial mechanical loading. This process is outlined in the algorithmic diagram shown in Figure 3.

In the absence of experimental data, the reliability of the invariant integral implementation is typically validated by
ensuring its independence from the integration domain. This validation involves computing the invariant integral across
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(a) (b)
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Fig. 2 (a) MMCG mesh, (b) Opening mode, (c) Radiating mesh at the crack tip.

Table 1 Properties of Pinus sylvestris at 12% of moisture content.

Properties Ej (Mpa) Egr (Mpa) Ggrp (Mpa) vRr af, aRr
Value 15000 600 700 0.5 0.0012 0.037

multiple rings within the integration domain. Here, the domain remains continuous through the field 8, provided that all
calculations stay within its bounds neither too close to the crack tip nor too far toward the outer edge. In this study, the
integration domain around the crack tip is divided into 10 rings, as illustrated in Figure 2c. Figures 4a and 4b present the
calculation of the energy release rate for rings 2 to 8 under different moisture content levels.

First, a singularity is observed in the second ring of the integration domain. This is a well-known issue, as the calculations
rely on stress fields that are too close to the singular region, where interpolations using asymptotic field approximations are
performed with a limited number of finite elements, reducing interpolation accuracy. Beyond this, the independence of the
integral is verified for rings 3 to 7. However, a disturbance reappears from ring 8 onward, as it is near the boundary of the
integration domain, making the integration sensitive to boundary conditions. The fluctuation in independence ranges from

Start
i
_| Geometry mesh |
* .
: : | Update properties:
Matenallpropemes Guitard predictions
6 Field |
I Hydric load, Fjm
Mechanic model, F,, ..
1
Fiot = Fpec+Fhum + Boundary conditions
|
Analytical virtual Finite element real solution,
solution, ¢ ™), v o™ =0, — Opums U

l l

AG°P Integral Procedure

l

Cracking parameters, GI, GII, GIII, KI, KII, KIIT
1
End

Fig. 3 Finite element numerical scheme implementation.
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2% to 5%, compared to only 1% for the invariant integral M 6 (equivalent to A6 in the absence of moisture loading). This

suggests that the invariant integral is slightly affected when an external load is applied. Similar findings have been reported
in previous studies on the independence of this integral under thermal loading [1, 9].
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Fig. 4a Path independence verification of energy release rate for 8% to 18% moisture content.
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Fig. 4b Path independence verification of energy release rate for 20% to 30% moisture content.

Conclusion

This work presents a new analytical formulation of the invariant integral T to investigate crack propagation in wood under
external hydric loading. The approach is based on Noether’s theorem, with mechanical fields reformulated to incorporate
hydric parameters and extended to a three-dimensional framework. As an initial validation, the first term of the integral is
numerically implemented in mode I fracture for a two-dimensional MMCG wood specimen. The crack tip mesh is divided
into ten concentric surface rings within the integration domain, enabling an assessment of the integration contour’s inde-
pendence. The computed energy release rate for each ring confirms this independence for rings 3 to 7, within a humidity
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range of 8% to 30%. However, numerical disturbances arise near the crack tip (rings 1 and 2) and at the outer boundary of
the integration domain. Since these results assume a uniform humidity distribution within the material, future studies will
examine the effects of moisture transport, mixed-mode fracture, and crack lips submitted to pressure.

Acknowledgments The authors would like to express their appreciation to the National Research Agency (ANR) for its financial support of this
work through DIAMWOOD Project ANR PRCE N° 23-CE22-0006-03.

References

1.

10.
11.
12.

H. Riahi, R. Moutou Pitti, F. Dubois, A. Chateauneuf, « Mixed-mode fracture analysis combining mechanical, thermal and hydrological
effects in an isotropic and orthotropic material by means of invariant integrals », Theoretical and Applied Fracture Mechanics, pp 424-434,
Vol 85, 2016.

. R. Moutou Pitti, « Découplage des modes mixtes de rupture dans les matériaux viscoélastiques orthotropes : modélisation et expérimentation

» PhD thesis, University of Limoges, pp 162, 2008.

. R. Moutou Pitti, F. Dubois, N. Sauvat, C. Petit, « Mixed mode fracture separation in viscoelastic orthotropic media: numerical and analytical

approach by the mv-integral », International Journal of Fracture, pp 181-193, Vol 125, 2007.

. R. Moutou Pitti, F. Dubois, C. Petit, N. Sauvat, O. Pop, « A new integral parameter for mixed-mode crack growth in viscoelastic orthotropic

media », Engineering Fracture Mechanics, pp 4450-4465, Vol 75, 2008.

. J. R. Rice, « A path independent integral and the approximate analysis of strain concentrations by notches and cracks », Journal of Applied

Mechanics, pp 379-385, Vol 35, 1968.

. J. Hou, C. Zhang, Q. Li, « The concept and numerical evaluation of M-integral based on domain integral method in cracked viscoelastic

materials », Mechanics of Materials, pp 103-363, Vol 145, 2020.

. J. S. Afoutou, F. Dubois, « Three-dimensional fracture modes decoupling by means of invariant integrals in wood under mixed mode loading

», Theoretical and Applied Fracture Mechanics, pp104-708, Vol 134, 2024.

. R. Moutou Pitti, F. Dubois, C. Petit, « Generalization of the T and A integrals to viscoelasticity », Comptes Rendus Mecanique, pp 545-551,

Vol 336, 2008.

. S. E. Hamdi, R. Moutou Pitti, F. Dubois, « Temperature variation effect on crack growth in orthotropic medium: Finite element formulation

for the viscoelastic behavior in thermal cracked wood-based materials », International Journal of Solids and Structures, ppl-13, Vol 115,
2017.

E. Noether, « Invariant Variation Problems », Transport Theory and Statistical Physics, pp 186-207, Vol 1, 1971.

G. C. Sih, E. P. Chen, « Crack in Composite Materials », Vol. 6, Springer, 1981.

R. Moutou Pitti, F. Dubois, O. Pop, « A proposed mixed-mode fracture specimen for wood under creep loadings », International Journal of
Fracture, pp 195-209, Vol 167, 2011.

. D. Guitard, F. El Amri, « Modeles prévisionnels de comportement élastique tridimensionnel pour les bois feuillus et les bois résineux »,

Annales Des Sciences Forestiéres, pp 335-358, Vol 44, 1987.



River Rapids

Fracture, Fatigue, Failure, Damage
Evolution and Thermomechanics &
Infrared Imaging, Volume 4

Garrett Pataky B John Kolinski B Thomas Berfield
Nicholas Bachus B Rosa De Finis B Suhasini Gururaja

Fracture, Fatigue, Failure, Damage Evolution and Thermomechanics & Infrared Imaging, Volume 4 of the
Proceedings of the 2025 SEM Annual Conference & Exposition on Experimental and Applied Mechanics, the
fourth volume of five from the Conference, brings together contributions to this important area of research and
engineering.

The collection presents early findings and case studies on a wide range of areas, including:

3D Deformation and Failure

In-situ Techniques and Microscale Effects on Mechanical Behavior
Vibration and Cyclic Fatigue

Integration of Models and Experiments

Interface-Mediated Damage and Failure

Fracture and Fatigue in Brittle Materials

Material Characterizations Using Thermography

Fatigue, Damage & Fracture Evaluation Using Infrared Thermography

ISBN 978-87-438-0830-5

R

9 1788743808305 River Publishers



	Front Cover

	Conference Proceedings of the Society for Experimental Mechanics Series 

	Fracture, Fatigue, Failure, Damage Evolution and Thermomechanics & Infrared Imaging, Vol. 4

	Preface

	Contents

	Chapter 1 Rapid Fatigue Characterisation of AlSi10Mg-AM using Energy-based approaches
	Introduction
	Materials and Methods
	Results 
	Conclusions

	Chapter 2 Effect of Induced Porosity on Fatigue Performance of Additively Manufactured Short-Fiber Thermoplastics Using Infrared Thermography
	Introduction
	Background
	Materials
	IRT Testing Procedure

	Results and Discussion
	Conclusions and Future Work

	Chapter 3 Fracture Properties Identification using Full-field Measurements: Some Important Concepts and Validation
	Introduction
	Simulation of DIC measurements on CT specimen
	Results
	Conclusion and Future Work

	Chapter 4 Energy Dissipation Measurement Under Cyclic Torsional Loading Using Infrared Thermography
	Introduction
	Experimental Setup and Specimen
	Results
	Conclusion

	Chapter 5 On the Calculation of the Initial Temperature Slope: Key Considerations for the Fatigue Limit Estimation
	Introduction
	Experiments
	Results
	Conclusions

	Chapter 6 Investigation of Failure in Unidirectional Adhesively-Bonded Composite Joints via Infrared Thermography
	Introduction
	Background
	Material and Methods
	Results and Discussion
	Conclusions and Future Work

	Chapter 7 Effect of Loading Frequency on Fatigue Behavior of Additively Manufactured Short Fiber Thermoplastics via Infrared Thermography
	Introduction
	Materials and Methods
	Materials and Characterization
	Quasi‑Static Tensile Testing
	Fatigue Testing

	Results and Discussion
	Comparison of Pure ABS with C/ABS
	Effect of Loading Frequency on the Fatigue Limit
	Effect of Fiber Orientation on the Fatigue Limit

	Conclusions and Future Work

	Chapter 8 Analytical Generalization of the T and A-theta Integrals for the Study of Cracking in Three-dimensional Orthotropic Medium
	Introduction
	Background
	Analysis
	Conclusion

	Back Cover


