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A B S T R A C T

A novel additive manufacturing (AM) methodology combined with a compression molding (CM) process has
been previously developed to optimize the microstructure of short fiber thermoplastic (SFTs) composites with
higher fiber alignment and lower porosity, yielding superior stiffness, strength, and structural integrity. The
current work examines the efficacy of the ‘passive’ infrared thermography (IRT) techniques for rapid fatigue
characterization of SFTs that use the surface temperature evolution during cyclic loading due to self-heating
as a fatigue indicator. A comparison of fatigue limits obtained from traditional stress-life (SN) (≈ 53.1%𝜎𝑢𝑡𝑠)
and IRT (≈ 54.1%𝜎𝑢𝑡𝑠) shows a close match. However, the SN curve required 18 specimens and two weeks
of continuous cyclic testing, while IRT used three specimens with 5 h of testing. Thus, the IRT approach
provides an accelerated testing framework for rapidly estimating the fatigue limit. Additionally, existing
phenomenological approaches to IRT fatigue characterization have been examined.
1. Introduction

The usage of fiber-reinforced polymer (FRP) structural composite
is expected to increase steadily for the coming decade, spurred by
aerospace, marine, and automotive applications for improved
lightweight and structural performance [1–4]. Within this domain,
short fiber reinforced thermoplastic composites (SFTs) with carbon
fibers are increasingly favored in the industry due to their mechanical
advantages, including enhanced fatigue resistance, improved strength,
and ease of production [5]. However, due to material flow dynamics,
chopped fibers in SFTs have variable fiber orientations, affecting these
materials’ mechanical and thermal performance [6,7]. In response to
this challenge, Oakridge National Lab (ORNL) has recently developed
additively manufactured compression molding (AM-CM) technique that
integrates the AM process ensuring excellent fiber orientational control
and lower porosity due to the CM process [1,8–11]. Multiple efforts
are underway to incorporate AM-CM components into various applica-
tions, particularly in automotive components that are fatigue critical.
Investigating the high cycle fatigue (HCF) behavior of these novel
AM-CM SFTs is a priority for institutions like ORNL and OSHKOSH.
For instance, they are collaborating on the development of a concrete
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truck chute using SFTs via the AM-CM process. This component will be
tested for fatigue performance to estimate the service life. Assessing the
fatigue performance of SFTs, especially accounting for their microstruc-
tural variability (fiber alignment and porosity), remains a challenge due
to a multitude of printing parameters that influence the microstructure,
such as nozzle diameter, extrusion rate, and printing speed. Therefore,
a rapid method to understand the fatigue behavior of AM-CM structures
is highly desirable.

Ensuring safety and reliability requires an accurate mechanistic
understanding of the material degradation under HCF loading and
in-service conditions [12]. Unlike metals, fatigue in composites is
multi-modal and multiscale due to inherent material heterogeneity,
anisotropy, and hierarchy [13]. SFTs are particularly valued for their
mechanical properties, which can be tailored by controlling fiber size,
orientation, and the composite’s microstructure. The anisotropic nature
of these materials significantly influences their tensile strength and
elastic modulus due to the directional properties imparted by the fibers.
Recent studies [5,14–19] have focused on modeling the elastic and
thermoelastic properties of SFTs to predict their behavior under fatigue
loading. These models are essential for understanding how SFTs will
https://doi.org/10.1016/j.compstruct.2024.118610
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data mining, AI training, and similar technologies. 
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perform in real-world applications subjected to various environmental
and operational stresses [20,21]. Fatigue damage, which accumulates
in materials subjected to cyclic loading, can significantly impact the
residual stiffness and strength of SFTs. Understanding this damage
and its effects on material properties is essential for predicting the
life and safety of structures made from SFTs [5,22]. Researchers have
developed various experimental methods and empirical models to
determine fatigue damage and conducted both static and dynamic tests
to ascertain the elastic moduli and strengths of virgin SFTs with various
fiber orientations. These studies have also included destructive and
non-destructive cyclic tests to identify damage progression and create
conventional stress life (SN) curves representing fatigue behavior.

Characterizing the fatigue damage accumulation using traditional
techniques is challenging due to the variable properties of SFTs. Fur-
thermore, SN fatigue testing can be resource-intensive and time-
consuming [23–25]. Recently, new techniques such as the thermo-
graphic and ultrasonic methods have been developed that allow for
rapid assessment of fatigue life [26]. IR thermography monitors surface
self-heating to determine the critical stress for initiating irreversible
fatigue damage. Ultrasonic fatigue testing can rapidly assess fatigue
behavior from high-cycle to very high-cycle regimes, also relying
on self-heating phenomenon. This use of self-heating to assess the
state of damage in the material has received particular attention as
a means of rapid fatigue characterization [13,21,27–31]. Under cyclic
loading, the dissipated hysteretic energy due to plastic deformation (in
metals) or other irreversible thermodynamic dissipative processes is
transformed into heat [32–34]. Infrared thermography (IRT) has shown
promising results across various stress ratios in prior studies, affirming
its effectiveness and suitability for diverse testing conditions [24,25,
30,35].Thanks to advancements in IRT, cooled IR cameras are now
widely available and affordable, enabling the measurement of these
small fluctuations in surface temperatures during fatigue.

The fundamental basis of the IRT approach lies in the correlation
between surface temperatures and the inherent damage state of a
specimen under cyclic loading [36]. Under constant amplitude fatigue
(CAF), three distinct phases can be identified from a specimen’s surface
temperature plots: a region of rapid temperature rise (Phase I), followed
by a cyclic stabilized mean temperature (𝛥𝑇stab) corresponding to a
steady-state damage progression (Phase II), and a final third region
(Phase III) accompanied by unsustainable rapid temperature rise cor-
responding to final failure (cf. Fig. 1(a)). The Phase II 𝛥𝑇stab of the
specimen increases with increasing stress levels (Fig. 1(b)). When 𝛥𝑇stab
temperatures are plotted to applied stress (𝜎max), a bi-linear curve that
defines the HCF strength (HCFS) is obtained (Fig. 1(c)). A step-loading
method, where the 𝜎max is increased in steps of constant stress ratio (R)
while ensuring that the specimen is in Phase II region, allows for the
estimation of HCFS using a single specimen [13,36–38]. Thus, fatigue
limits can be rapidly estimated from fewer samples. This approach
has been validated with the endurance limit of various FRP systems
generated from SN curves [24,37,39–42].

Cyclic loading-induced self-heating is, in effect, a measure of accu-
mulated entropy or material degradation in a material. This fundamen-
tal concept has been formalized using the concept of fatigue fracture
entropy (FFE) as a material property [16,27,34,35,43–46]. Recently,
by plotting initial temperature rise ( 𝑑𝑇𝑑𝑡 |𝑡=0 = 𝑅𝜃) (see Fig. 1(a)) at
arious 𝜎𝑚𝑎𝑥 for CAF, a novel method of determining HCFS limit has
een demonstrated for metals [44]. Meneghetti [13] observed that the
ooling rate (𝑅𝑐) associated with interrupting a cyclic fatigue test once
he material’s surface temperature has reached a stable value, 𝛥𝑇𝑠𝑡𝑎𝑏, is
ndicative of thermal power loss per unit volume of the material, which
s a more fundamental parameter indicative of the material’s fatigue
amage state (cf. Fig. 1(a)). Using 𝑅𝑐 or 𝑅𝜃 would potentially enable
he determination of HCFS without needing a pristine specimen at
ach load level under CAF. Thus, these methods qualify as accelerated
atigue life methods. However, both 𝑅𝑐 and 𝑅𝜃 techniques have been

erived for homogeneous materials (metals); the applicability of these

2 
pproaches to heterogeneous composite systems, such as SFTs, has not
een extensively examined.
Full-field temporal surface temperature data reveal fatigue damage

nset and progression and relate to energy dissipation [25]. The pro-
ess employs an algorithm to extract pixel-by-pixel specimen’s surface
emperature data to evaluate the temperature signal amplitude, phase
f the thermoelastic signal, and the amplitude of the second Fourier
armonic component associated with intrinsic dissipation [29,36,38]
s shown in Eq. (1).

𝑚(𝑡) = (𝑆0 + 𝑎𝑡) + 𝑆1 sin(𝜔𝑡 + 𝜙) + 𝑆2 sin(2𝜔𝑡) (1)

𝑆𝑚 is the thermal signal (not radiometrically calibrated) in the time
𝑡) domain. In this equation, (𝑆0 + 𝑎𝑡) represents the increase in mean
emperature, inclusive of ambient temperature effects, during cyclic
echanical loading in terms of radiometric signal, 𝜔 is the angular
requency of the mechanically imposed cyclic load, 𝜙 is the phase shift
f the first harmonic component, 𝑆1 and 𝑆2 are related to the amplitude
f the first harmonic component and the second Fourier harmonic com-
onent, respectively. Here, 𝑆1 corresponds to signal variation related
o the thermoelastic effect, while 𝑆2 is proportional to the amplitude
f intrinsic dissipation [47].
IRT is often used in conjunction with tools such as extensome-

ers [48], laminography [49], acoustic emission [50], laser vibrome-
ry [51], and digital image correlation (DIC) [52] to identify static and
atigue damage in composite materials [37,53]. These tools provide
olumetric damage information that complements the surface damage
nformation provided by an IR camera. Stiffness degradation during
yclic loading quantifies damage evolution in composite specimens that
re given by Eq. (2) [12,18,21,32,54–58]:

(𝑁) = 1 −
𝐸𝑁
𝐸0

(2)

Here, 𝐷(𝑁) symbolizes damage accumulation after the 𝑁th loading
cycle, 𝐸𝑁 represents the specimen’s stiffness after the 𝑁th cycle, and 𝐸0
is the initial stiffness. As the stress level or number of cycles increases,
the damage (𝐷(𝑁)) and the temperature difference (𝛥𝑇 ) also increase.
Thus, measuring the temperature (𝑇 ) provides valuable insight into the
extent of damage (𝐷) [37,39,42,48].

Although the application of IRT for rapid fatigue limit estimation for
continuous FRPs or randomly distributed SFTs has been explored [17,
29,30,32,35,37,39,59], its adaptability to novel AM-CM SFTs has not
been assessed. In the current work, the applicability of IRT to rapidly
estimate the fatigue limit of AM-CM SFTs has been investigated. The
interrelationships between thermal dissipation measured via surface
temperatures and volumetric stiffness degradation under tensile cyclic
loading for 20 wt% chopped carbon fiber (CF)/acrylonitrile butadiene
styrene (ABS) SFTs manufactured via AM-CM have been assessed. The
applicability of the established phenomenological rapid fatigue limit
assessment, namely, 𝛥𝑇𝑠𝑡𝑎𝑏 vs. 𝜎𝑚𝑎𝑥, 𝑅𝜃 , 𝑅𝑐 , and 𝑆2, has been examined.
In addition, the present study compares the temperature-based IRT
methods used to assess rapid fatigue limits with data obtained from
the traditional SN approach.

2. Materials and methods

2.1. Materials

Fig. 2(a) presents an overview of AM-CM process at ORNL. Starting
with 20 wt% CF/ABS pellets melted in an extruder, the material is de-
posited through a robotic arm at a 1200 rpm motor speed, nozzle speed
of 280 mm/s, and a 9.88 mm gap between the substrate and the nozzle
outlet (see Fig. 2(a)). The nozzle, with a diameter of 7.62 mm, operates
at a temperature of 423 K during the extrusion process. Upon comple-
tion of the AM process, the substrate was compressed and molded by
applying a pressure of 500 kN for 5 min to minimize process-induced

porosity. The entire additive manufacturing followed by compression
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Fig. 1. (a) Typical surface temperature evolution with time under constant amplitude fatigue loading, (b) 𝛥𝑇stab for increasing applied CAF stress(𝜎) values, and (c) Estimation of
HCFS from the bilinear fitting of the 𝛥𝑇stab versus 𝜎𝑚𝑎𝑥 curve [16,37,42].
Fig. 2. (a) Robotic arm and fast acting press used in the AM-CM process at ORNL, (b) A CF/ABS composite panel produced via AM-CM process highlighting the bead directions
due to additive manufacturing distinguishable bead patterns, and (c) ASTM D638 Type I specimen dimensions used for waterjet cutting and subsequent quasi-static and fatigue
testing. All specimens have been machined along the bead direction.
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molding takes 15 min, resulting in flat composite panels measuring
approximately 450 mm × 300 mm × 3.5 mm in thickness (see Fig. 2(b)).

The AM-CM process induces a distinctive microstructure, where
chopped fibers align along the bead direction, leading to direction-
ally dependent properties. In this study, all specimens are machined
along this preferentially fiber-aligned direction using abrasive waterjet
machining, adhering to ASTM D638 Type I recommended specimen
dimensions (see Fig. 2(c)) [60]. The choice of ASTM D638 Type I was
based on existing literature [60] for reinforced composites and the
hickness of the laminates, which ranged from 4 to 6 mm [61,62].
rior to mechanical testing (static and fatigue), it was ensured that the
pecimen surfaces were within the required tolerance limits per ASTM
638 Type I specifications [60].

.2. Microstructural characterization

To determine the fiber orientation distributions (FODs) and the
iber length distributions (FLDs), X-ray micro-computed tomography
 i

3 
xCT) was performed on the SFT specimens using the Zeiss Versa 620
RM, following the detailed steps as explained in these referenced
apers [63–65]. Samples, measuring 10 × 10 × 3.2 mm, were extracted
rom the central region of the fabricated plates, and xCT data were col-
ected at 80 kV and 125 μA source setting with 4x scintillator objective
ens and 2x2 binning, resulting in a pixel size of about 1 μm. Sub-
equently, three-dimensional (3D) tomographic reconstructions were
erformed with appropriate noise reduction and thresholding to de-
ermine FOD/FLDs using Avizo 9.3.0 with the XFiber module from
rayscale intensity values. Porosity analysis using DragonflyPRO (Ver-
ion 3.5) revealed a void content of ≈2% with porosity sizes lower than
he fiber diameter (8 μm). Although AM-CM can provide up to 80%
iber alignment in the deposition direction by optimizing the printing
arameters, the print parameter used in this work resulted in 60% fiber
lignment within the range of 0–30◦ with a typical length of 50–75 μm

n the bead direction (cf. Fig. 3(b) and (c)).
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Fig. 3. (a) Microstructure of CF/ABS (xCT) indicating a high degree of fiber alignment, (b) statistical distribution of fiber orientations, and (c) statistical distribution of fiber
lengths measured from xCT.
Fig. 4. Experimental set-up of in-situ surface temperature measurements using a cooled IR camera connected to a laptop with Reveal IR software using a UTM system with 5 cm
gage length extensometer.
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2.3. Quasi-static testing

All tests, static and fatigue, were performed using an MTS Landmark
servohydraulic universal test frame (Model 370.25) with a capacity of
100 kN, as depicted in Fig. 4. Quasi-static tensile tests were conducted
at a 2 mm/min displacement controlled loading to determine the
mechanical properties – stiffness and ultimate tensile strength – of
the CF/ABS composite plates. Specimen strains were monitored using
an extensometer with a 5 cm gage length. A total of 5 specimens
were tested to determine an average tensile strength (𝜎𝑢𝑡𝑠) of 64.52 ±
.17 MPa, failure strains (𝜖𝑓 ) of 0.82% ± 0.01%, and elastic modulus
(𝐸0) 8.32± 0.02 GPa. This dataset served as the baseline for conducting
fatigue testing. Furthermore, the tensile data indicated the uniformity
of FOD/FLD along the bead direction of the CF/ABS laminates.

2.4. Fatigue testing using IRT

Tension–tension fatigue was conducted with a stress ratio 𝑅 = 0.1
under sinusoidal load-controlled mode with values of maximum and
minimum loads determined as percentages of the average 𝜎𝑢𝑡𝑠 obtained
from quasi-static tensile testing. Loading frequency for cyclic tests was
maintained at 15 Hz. Gage pressure was consistently maintained at
approximately 200 psi to avoid specimen slippage during the tests. A
Telops Spark M150 medium wave infrared (MWIR) camera equipped
with an InSb cooled detector, a 640 × 512-pixel resolution sensor, a
50 mm lens with a noise equivalent temperature difference (NETD) of
20 mK, and a spectral range spanning 3–5.4 μm was used for all the
in-situ temperature measurements during fatigue testing. The thermal
images were captured at an acquisition frequency of 100 Hz to enable

the capture of multiple temperature signals during each load cycle. t

4 
These temporal full-field temperature plots were used for harmonic
analysis that yielded information about anelastic dissipative effects
as described in Eq. (1) [66]. During these analyses, the region of
nterest (ROI) was restricted to a specific area measuring approximately
3 mm × 13 mm, centered around the specimen failure zone. All
ollected thermographic data was extracted using Reveal IR’s software
nd processed in Matlab.
Fig. 5 shows a staircase cyclic loading at a constant stress ratio 𝑅 =

.1 with a loading frequency of 15 Hz, similar to the approach outlined
n [36,37,42,67]. As described in later sections, HCFS is determined
y plotting the 𝛥𝑇𝑠𝑡𝑎𝑏 obtained for each step (𝜎𝑚𝑎𝑥). The HCFS denotes
he point of intersection for the bi-linear curves that best fit the 𝛥𝑇𝑠𝑡𝑎𝑏
ersus 𝜎𝑚𝑎𝑥 data. This intersection point is found by observing the
hanging slopes of the 𝛥𝑇𝑠𝑡𝑎𝑏 vs. 𝜎𝑚𝑎𝑥 curve. The step level of 𝜎𝑚𝑎𝑥
hat shows the most significant change in slope indicates the inflection
oint, which identifies the HCFS of the test specimen. Identifying this
ntersection point requires determining the step rise (increment) and
tep size (number of cycles at each step level) of the step. The step size
𝑁𝑠𝑡𝑒𝑝) was kept constant at 7500 cycles based on trial tests conducted
o determine the phase II stabilized steady-state zone at every load
evel (see Fig. 1(a)). To ensure repeatability of test data, a minimum
f three replicates were tested. The fatigue testing was stopped at the
nd of each load step, and the specimen was allowed to cool down to
oom temperature before the next load step. This cool-down phase is
alled the ‘rest period’ in Fig. 5. To maintain uniform material testing
utcomes, the specimen must start each loading step at ambient room
emperature. This requires adjusting rest periods between load levels
o allow sufficient time for the specimen to cool down to ambient

emperature after the previous load application. Following each rest



P. Pathak et al.

m
T
p
F
a
h
m
s
t
l

l
d
d
f
t
e
t
s
m
i
s
𝜎

Composite Structures 351 (2025) 118610 
Fig. 5. Staircase loading applied to a specimen to determine HCFS rapidly: (a) Early increments of 10% 𝜎𝑢𝑡𝑠 followed by 5% 𝜎𝑢𝑡𝑠 increments to 𝜎𝑚𝑎𝑥 were used to determine HCFS.
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,
(b) Hysteresis energy for given load level @ N = 5000 cycle.
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period in the staircase loading approach, a static test was performed to
estimate stiffness degradation as a function of applied load cycles.

In addition to the IRT step-loading approach, traditional SN curves
were developed for the CF/ABS specimens. Constant amplitude fatigue
tests at 70%, 65%, 60%, 55%, 50%, and 35% 𝜎𝑢𝑡𝑠 were performed
at 5 Hz for 𝑅 = 0.1, ensuring no perceptible increase in surface
temperatures in compliance with the ASTM D638 standard [60]. Three
replicates were tested for each load level. Specimens that did not fail till
3×106 cycles were considered as run-out consistent with literature [23,
25,48].

3. Results and discussion

3.1. Cyclic temperature stabilization and stiffness degradation

Fig. 6 depicts a representative in-situ temporal full-field temperature
evolution for a 20% CF/ABS specimen undergoing accelerated fatigue
testing using a staircase loading (cf. Fig. 5). Each thermogram depicts
the stabilized phase II temperature for the applied load level described
in Fig. 5 earlier. Based on these thermograms, the region indicating the
aximum temperature within the gage section has been determined.
his maximum temperature evolution within the gage section has been
lotted in Fig. 7(a) for each applied step. It should be noted that
ig. 7(a) captures the ‘rest period’ shown in Fig. 5 with the temper-
tures for each step load starting from ambient room temperature. At
igher applied load levels, the distinctive phase II stabilized plateau is
issing, indicative of a rapid irreversible damage growth. Finally, the
pecimen was found to fail at 85% 𝜎𝑢𝑡𝑠 maximum stress. The maximum
emperature spatial location (cf. Fig. 6) coincides with the final failure
ocation in the specimen.
An extensometer was used throughout the fatigue testing to corre-

ate the temporal surface temperature evolution due to self-heating un-
er fatigue loading with the corresponding volumetric stiffness degra-
ation. It is worth noting that the extensometer provides a pathway
or heat dissipation via conduction. However, the maximum mean
emperatures coincide with the location of damage incipience and
ventual final failure. Fig. 7(b) depicts the stiffness degradation of
he test specimen under step loading. The stiffness degradation repre-
ents a characteristic progressive damage behavior wherein the damage
agnitude gradually increases before final failure (approximately 12%
n this case) [37]. Fig. 7(d) illustrates the temporal temperature and
tiffness data for two different levels of applied CAF, namely 35%

and 65% 𝜎 . The data is plotted against the normalized life
𝑢𝑡𝑠 𝑢𝑡𝑠 r

5 
∕𝑁𝑓 of the specimen, where 𝑁𝑓 represents the failure life for the
espective applied CAF. For 35% 𝜎𝑢𝑡𝑠 CAF, 𝑁𝑓 was chosen to be 3×106

ycles, the maximum number corresponding to a run-out test. Surface
emperatures were recorded for the duration of the CAF tests. The two
oad levels have been selected to depict the damage and temperature
orrelation for two load cases, one below and the other above the
atigue limit. It is observed, the two parameters are closely correlated,
imilar to the results presented in [48]. Nevertheless, it is acknowl-
dged that while surface temperature is a viable measure of fatigue,
pecific heat dissipation per unit volume could offer a more accurate
ndicator, given that surface temperatures are typically dependent on
oading frequency and specimen geometry. Notably, defects in the AM-
M composites often lead to the formation of hot spots. In the current
xamination of phenomenological models, the findings from pristine
pecimens have been compiled for analysis supported by the uniform
emperature over the gage section, as seen in Fig. 6.
A note about the damage mechanisms in SFTs: fiber–matrix in-

erfacial friction followed by debonding has been recognized as the
ost dominant failure mode in the chosen SFTs, as corroborated by
thers [5,68,69]. Theoretically, the fiber ends of a chopped short
iber have a very high-stress concentration factor; these fiber ends
ct as heat sources upon cyclic load application. With increasing load
ycles, debonding of the fiber–matrix interface progresses, with damage
ncipience occurring at the fiber ends. This debonding mode progresses
ith time in a stable fashion, represented by phase II of the tem-
erature evolution curve at each load step. Eventually, a significant
umber of fiber–matrix debonds are triggered, leading to final failure
ccompanied by a surge in temperature (phase III). Scanning electron
icroscopy (SEM) conducted on the failed surfaces confirms that fiber–
atrix debonding is the predominant damage mode, as elaborated in
ection 3.6.

.2. Fatigue limit comparison: IRT versus SN curve

The temperature evolution plots in Fig. 7(a) show how 𝛥𝑇𝑠𝑡𝑎𝑏
hanges as a function of 𝜎𝑚𝑎𝑥. Up to an applied 𝜎𝑚𝑎𝑥 = 50%𝜎𝑢𝑡𝑠, the
emperature remained uniform across the specimen surface (see Fig. 6).
owever, as the load level increases, a distinct ‘hot zone’ emerges,
orresponding to the location of damage incipience in the specimen
ollowed by eventual failure (Fig. 6). Notably, the temperature stabi-
izes over a brief range of cycles before failure. Fig. 8(b) illustrates
he temperature increase plotted against the maximum applied stress,

evealing a clear point where the dissipated heat increase is more
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Fig. 6. Change in specimen surface temperature profile of a CF/ABS specimen with increasing loading cycles from the start of the experiment to failure. The corresponding applied
load level is indicated in each sub-figure.
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significant, representing an approximate fatigue limit of 54% 𝜎𝑢𝑡𝑠. In
addition to IR fatigue testing, conventional SN curve results are shown
in Fig. 8(a), yielding a fatigue limit of approximately 53% 𝜎𝑢𝑡𝑠 for a
Hz frequency very close to that obtained from IRT. However, it should
e noted that to obtain the SN curve for the 20% CB/ABS panels, 18
pecimens were tested, three replicates at every load level, spanning over
wo weeks of testing. On the other hand, the IRT fatigue testing was
stablished using onlythree specimens with a total test duration of 5 h.
hus, the IRT approach provides an accelerated testing framework for
apidly estimating the fatigue limit.

.3. Rate of heating and cooling index

The initial rate of heating (𝑅𝜃) and the rate of cooling (𝑅𝑐) are
barometers of the state of damage in a specimen, as discussed in
Section 1. Methodically, the initial temperature rise is measured at
the start of every new load step, and the tests are stopped after each
loading cycle to measure the cooling rate. Fig. 9 depicts the estimation
f fatigue limit using these measured 𝑅𝜃 and 𝑅𝑐 , adopting the bi-
inear approach described for 𝛥𝑇𝑠𝑡𝑎𝑏 in Fig. 8(b). The analysis reveals a
onsistent trend: the material’s temperature rate gradually rises at low-
tress levels. However, as applied stress magnitude increases, the rate
f damage development is also expected to increase, marked by increas-
ngly pronounced temperature fluctuations. The cooling rate (𝑅𝑐) also
captures this effect. These results are particularly useful in designing
experiments to assess the remaining life of a component. Since heating
and cooling rates depend on the state of damage in a system, these
indicators could potentially yield valuable information about the state
of damage in a structure with an unknown load history [13,44]. The
atigue limits predicted by 𝑅𝜃 and 𝑅𝑐 are relatively close, 56% 𝜎𝑢𝑡𝑠 and
4% 𝜎𝑢𝑡𝑠, respectively. The 𝑅𝜃 and 𝑅𝑐 values are found to diverge for
oad levels that cause significant damage within the load step; in this

ase, load levels beyond 70% 𝜎𝑢𝑡𝑠. p

6 
.4. Second harmonic analysis (𝑆2)

As outlined in Eq. (1), harmonic analysis of temporal temperature
ata is a commonly employed method to discern the onset and pro-
ression of damage [25,38]. Specifically, the first harmonic signal (𝑆1)
s associated with the thermoelastic stress analysis (TSA) effect, while
he second harmonic term (𝑆2) captures the influence of dissipative
echanisms. The choice of a temperature data acquisition rate (100 Hz)
nd loading frequency (15 Hz) facilitated harmonic analysis of the
hermal signals. Fig. 10 depicts the evolving 𝑆2 signals in the vicinity of
he final failure location, starting from 30% 𝜎𝑢𝑡𝑠 till eventual failure at
5% 𝜎𝑢𝑡𝑠. Harmonic analysis of the temperature signals was conducted
t each load level, ensuring the specimen had reached the steady-state
hase II region.
A noteworthy observation is a steady increase in the radiometric

emperature signal throughout each loading stage (see Fig. 11(a)). This
rend is primarily influenced by the viscoelastic properties inherent in
he matrix material [38]. A significant spike in the signal becomes
pparent when damage mechanisms are initiated with 𝑆2 exhibiting
rominent variations when stress values exceed 55% 𝜎𝑢𝑡𝑠. The 98th
ercentile of 𝑆2 over the chosen region of interest (ROI) is chosen for
urther analysis to exclude the influence of vibration or other effects
hat might influence the temperature signals. Residuals of the 98th per-
entile 𝑆2 signal were evaluated following the approach recommended
n [29], as shown in Fig. 11(b).
Analyzing the signal dynamics over individual sub-steps reveals a

enerally consistent trend: the 98th percentile 𝑆2 residuals exhibit a
hreshold behavior, below 55% 𝜎𝑢𝑡𝑠, and no significant 𝑆2 residual
ignals present. This indicates that the thermographic parameters are
ndependent of the number of cycles for low-stress values. The identi-
ied threshold of 55% 𝜎𝑢𝑡𝑠 represents the material’s fatigue limit using
he described harmonic analysis. Conversely, using 𝑆2𝑚𝑎𝑥 versus 𝜎𝑚𝑎𝑥

lots overestimates the fatigue limit, yielding 58% 𝜎𝑢𝑡𝑠.
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Fig. 7. (a) Maximum surface temperature evolution of a 20% CF/ABS specimen under step loading. The specimen was allowed to cool down after every load step. (b) Stiffness
degradation was measured using an extensometer for the specimen under step loading, (c) Damage evolution under step loading showing a bi-linear behavior similar to 𝛥𝑇𝑠𝑡𝑎𝑏, and
(d) Damage and change in temperature correlation for CAF 35% 𝜎𝑢𝑡𝑠 and CAF 65% 𝜎𝑢𝑡𝑠 at 5 Hz.
Fig. 8. (a) S-N curve-based estimation of the fatigue limit at 5 Hz. (b) Bi-linear approach to get fatigue limit using temperature change at 15 Hz frequency.
3.5. Comparative analysis of IRT methods with stiffness degradation

As discussed in Section 1, to rely on IRT-based fatigue limit char-
acterization, a correlation between the measured surface temperatures
and volumetric stiffness degradation, or damage, needs to be estab-
lished. Fig. 12 illustrates damage (𝐷(𝑁)) correlation with the derived
7 
fatigue limits for the chosen staircase loading at 15 Hz frequency,
considering 𝛥𝑇𝑠𝑡𝑎𝑏, 𝑆2𝑚𝑎𝑥, 𝑅𝜃 , and 𝑅𝑐 . All IRT methods yield consistent
estimates of the fatigue limit and exhibit a certain degree of scatter
while comparing well with volumetric stiffness degradation (Table 1).
The close fatigue limit values obtained using 𝛥𝑇𝑠𝑡𝑎𝑏, 𝑅𝜃 , and 𝑅𝑐 can
be attributed to their dependence on temperature change and energy
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Fig. 9. Bilinear approach to get fatigue limit using: (a) 𝑅𝜃 approach, (b) 𝑅𝑐 approach.

Fig. 10. Surface map of thermographic signal at 𝑆2.

Fig. 11. Estimation of the fatigue limit with 𝑆2 (a) Bi-linear approach to find fatigue endurance using 𝑆2 limit, and (b) Residual of 𝑆2.
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Fig. 12. Comparison of all IRT approaches (a) Damage accumulation over 𝛥𝑇𝑠𝑡𝑎𝑏, (b) 𝑆2𝑚𝑎𝑥 over 𝛥𝑇𝑠𝑡𝑎𝑏, (c) Damage accumulation over 𝑅𝑐 , (d) Damage accumulation over 𝑅𝜃 .
Table 1
Summary of comparison of all IRT approaches.
Sample number 𝛥𝑇stab 𝐷(𝑁) 𝑅𝜃 𝑅𝑐 𝑆2max

1 54.92% 54.40% 54.90% 51.70% 58.10%
2 53.50% 55.00% 55.10% 53.80% 59.30%
3 54.10% 58.30% 58.00% 58.10% 57.80%

Average (% 𝜎𝑈𝑇𝑆 ) 54.10% ± 0.78% 55.56% ± 2.25% 56.05% ± 1.73% 54.47% ± 3.24% 58.41% ± 0.79%
u
e
i
d
F
f
i
e
i
i
a
S

dissipation, which also aligns with the close fatigue limit value obtained
by the 𝐷(𝑁) method. On the other hand, 𝑆2𝑚𝑎𝑥 demonstrates higher
sensitivity to thermomechanical coupling and microstructural changes,
such as matrix cracking or fiber realignment. These changes may not
be as pronounced in the early stages, resulting in a higher fatigue limit
obtained using this method than others. An average fatigue limit of ap-
proximately 54% 𝜎𝑢𝑡𝑠 was found across all IRT methods, demonstrating
their reliability and robustness.

The main advantage of using the IRT approach is that these mea-
surement techniques provide accurate information about the incipient
location of a looming damage before a significant damage event occurs.
Fig. 13 depicts IR thermograms for two CF/ABS specimens, one pristine
and the other with an initial process defect. For the pristine specimen
(Fig. 13), fatigue damage initiation and final failure were found to
occur within the grip region. For the specimen with the initial process
defect, a hot spot occurs within a few hundred load cycles that later
becomes the site for damage initiation and eventual final failure. The
specimen with the initial defect fails at much lower load cycles than
the pristine specimen. This phenomenon of process defects acting as
regions of fatigue damage incipience is prescient for AM composites,
requiring the careful characterization of process defects’ effect on a
structure’s fatigue life [58,70]. The use of IRT as a means of rapid
fatigue life estimation is expected to become valuable for rapidly
correlating process defects with fatigue limits for AM composites. The
9 
results presented in this work would form the basis for future studies
with process defects.

3.6. Failure analysis and fractography of AM-CM specimens

Fig. 14 depicts an SEM image of a failed 20% CF/ABS specimen
sed in the current work. As discussed earlier, in SFTs, the fiber
nds exhibit the highest stress concentration regions acting as damage
nitiation regions. The primary damage mode in SFTs is fiber/matrix
ebonding, confirmed in the current fractographic investigation (see
ig. 14). Further observations across the sample’s thickness revealed
iber pull-out and fiber breakage, distinctly highlighted in Fig. 14. The
nterphase between constituent materials significantly influences the
ventual properties of composite structures. During the fractographic
nvestigation, evidence of matrix porosity was discovered. However, it
s important to note that the specimen exhibited a generally uniform
nd compact structure with minimal voids and pores, as explained in
ection 2.2.

4. Conclusions and future work

A comparison of existing phenomenological approaches to rapid fa-
tigue characterization of AM-CM chopped CF/ABS composite materials
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Fig. 13. Thermograms indicating the effect of process defects on fatigue damage onset and final failure in 20% CF/ABS AM-CM SFTs.
Fig. 14. Fractography showing fiber breakage.
w
r
t

using infrared thermography has been conducted in this work. Tem-
poral surface temperatures measured during cyclic testing of CF/ABS
systems have been analyzed using nontraditional IRT methods and
compared with volumetric damage evolution to gain deeper insights
into the interplay between material properties, temperature changes,
and stiffness degradation. The following key findings emerge from this
research:

1. Comparison of traditional SN-curve based fatigue limit with IRT
approaches - 𝛥𝑇𝑠𝑡𝑎𝑏, 𝑆2𝑚𝑎𝑥, 𝑅𝜃 , and 𝑅𝑐 - reveals a reasonably
good match. A significant speed-up in testing time and the re-
quired number of specimens for determining the fatigue limit has
been demonstrated. Thus, the IRT approaches can be used as an
alternative to the more time-consuming SN approach for rapid
quantification of fatigue limit, especially for AM composites, to
establish process–structure–property relations.

2. The analysis introduces nontraditional fatigue assessment meth-
ods, such as the cyclic temperature stabilization method, rate
of temperature change, double frequency signal (𝑆2), and dam-
age accumulation method. These methods offer complementary
insights into fatigue behavior, providing a more detailed under-
standing of material response and damage accumulation than
traditional SN curve approaches.

3. Preliminary results indicate the promise of IRT methods for rapid
process defect classification in AM composites under fatigue.

4. Furthermore, the fractography analysis offers valuable insights
into the fracture behavior of CF/ABS composite materials, shed-
ding light on interphase cohesion, the response of carbon fibers
within the composite, and its orientation.
10 
In summary, IRT-based fatigue characterization has been proven to be
a promising means of assessing process–structure–property relations
in AM composites. Future investigations will focus on understanding
process defects’ effect on AM composites’ fatigue life via infrared
thermography.
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