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Abstract

Carbon Fiber-Reinforced Polymers (CFRPSs) are extensively used in various applications
which include the aerospace, automotive, and civil engineering industries, among others. Fatigue
crack growth is one of the main causes of premature failure in aircraft structural components.
Therefore, predicting fatigue life is essential to avoid catastrophic failure. The detection of any
subsurface flaws that arise either during manufacturing or service use are critical to avoid
component failures. Non-destructive testing (NDT) is commonly used to evaluate CFRP
components without causing damage providing insights into the structural integrity of these
components. In this paper, CFRP end-notched flexure (ENF) samples were tested via the 4-point
bend test setup, to observe and predict stable crack propagation. The extent of crack propagation
was monitored via ultrasonic inspection at various stages of the fatigue testing process. Various
stages of delamination damage measured via ultrasound served as into our ENF ABAQUS Finite
Element Analysis model, which was subsequently used to simulate future crack growth under
fatigue loading. Simulation results of fatigue crack growth compared well with experimentally
measured fatigue damage.

Introduction

Carbon-Fiber Reinforced Polymers (CFRPs) have emerged as a versatile and high-
performance material in various industries such as automotive and aerospace [1]. This increased
usage of CFRPs is due to their advantageous properties such as, high strength-to-weight ratio,
excellent stiffness and rigidity, and design flexibility [1], [2]. Despite their beneficial properties,
fatigue damage can accelerate quickly posing a significant challenge in high stress cyclically
loaded designs. Fatigue damage in automotive applications caused by the dynamic and cyclic
loading conditions experienced by vehicle components can lead to potential catastrophic failure
[3]. A variety of vehicle components are manufactured by CFRP. This includes chassis and
suspension components. Cyclic loading experienced by road vibrations can lead to the initiation
and propagation of fatigue cracks in those said components, leading to progressive damage
which could eventually lead to failure of these components [4]. Itis, therefore, critical to accurately
identify crack formation and growth, as well as predict the subsequent fatigue life of damaged
CFRP components.

Detecting and evaluating delaminations in CFRP components poses a significant challenge
due to their sub-surface nature. Accurate measurement and prediction of the subsurface damage
is crucial for ensuring the safe utilization of CFRP components and predicting their future in-
service performance. The non-homogenous and anisotropic nature of CFRPs further complicates
the detection and assessment process, necessitating the need for high-fidelity Nondestructive
Testing (NDT) methods that can provide information about the extent and characteristics of
delmainations [5].
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Nondestructive testing has become a prevalent approach for evaluating the extent of
delamination within CFRP components. These non-invasive methods are widely employed due
to their ability to assess the structural integrity of CFRP components without causing further
damage. NDT techniques offer valuable insights into the extent of delamination, helping in the
determination of component health and potential failure risks [6]. Some NDT methodologies
include eddy current testing (ECT), X-ray computed tomography (CT), infrared thermography (IR),
and ultrasonic testing (UT). X-Ray CT is considered to be the most accurate, as it employs high-
resolution imaging techniques to visualize internal structures with exceptional detail [7]. However,
CT is expensive with limited accessibility, has size and portability restrictions, and is limited in
terms of deployment in the field [8]. Ultrasonic testing (UT) is often favored over CT in specific
applications due to its accessibility, portability, real-time inspection capabilities, cost-
effectiveness, and surface accessibility. Also, UT remains capable of providing high-resolution
imaging and accurately detecting small defects by utilizing high-frequency sound waves [9]. This
high-fidelity data, with accurate quantification of the sub-surface crack in three spatial dimensions,
is critical for subsequent predictive analytics in finite element analysis (FEA). In UT, a transducer
emits high-frequency sound waves into the material in question via the pulse-echo scheme. In
this approach, defects such as cracks within the material causes sound waves to scatter or reflect
which are then detected by the same transducer. Sound intensity data is then used to analyze,
identify, and characterize the presence of interlaminar cracks [10].

In addition to non-destructive testing (NDT), predictive modeling techniques have become
invaluable and helpful tools for understanding and predicting fatigue growth in CFRP components
under fatigue loading [11]. In this paper, ABAQUS is the software employed to evaluate advanced
finite element analysis (FEA) models which have been developed to simulate the behavior of
CFRP structures subjected to cyclic loading conditions. Paris law-based criteria and the cohesive
zone method (CZM) finite element modeling techniques are widely used for modeling the fatigue
crack propagation of composite materials that have a local crack where stress concentration exist
[12]-[17]. Bak, B. L. V., et al. [18] provide a review of these methods which exposes the difficulties
of applying these methods including the precise extraction of energy release rate of crack tip and
the evaluation of the fatigue fracture process zone ahead of crack tip. Among these methods, the
crack-tip-tracking advancement method [19] proposed by the researchers from Bristol University
assumes that fatigue damage evolution is confined within the most opened crack tip element. In
this way, one could dismiss the requirement of a fatigue fracture process zone length which is
hard to be quantified from experimental testing. In this approach, the historical integrated energy
release rate of the crack tip element is considered as the overall crack tip energy release rate.

This paper focuses on the monitoring (via UT) and prediction (via FEA) of fatigue crack growth
for CFRP components. All samples were mechanically tested in fatigue via the 4-point bend fixture
to induce stable delamination growth. Initial damage was induced via fatigue testing of the CFRP
components. Ultrasonic testing was then performed to measure the crack front to obtain accurate
data which subsequently served as input into our ABAQUS FEA fatigue crack growth simulation
models. This damage was then considered as the starting point for predicting fatigue crack
growth, which was simulated for additional 5,000 and 10,000 cycles. To validate the simulation
results, experimental testing was conducted by subjecting the CFRP component to the same
number of cycles via a 4-pt bend cyclic loading. UT was then performed after each test was
completed to measure the crack front. Finally, both sets of results were compared and verified.

Materials and Methods

Specimen Fabrication

In this study, CFRP laminates were fabricated using unidirectional prepreg (Carbon Fiber +
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250F Resin System) manufactured via a hot press (Carver, 3893L4PLI006), under the
manufacturer’'s recommended temperature cycle and at a constant pressure of 40 psi, comprised
entirely of 30 [0°] laminas. During manufacturing, a polytetrafluoroethylene (PTFE) film
(McMaster-Carr, SF103V0002) of 50 um thickness was inserted in the midplane of the laminate.
The laminate was then cut via a tile saw, followed by grinding to smooth out the edges, into
coupons of 180 x 25 mm, as shown in Figure 1, to follow the ASTM standard D7905 [20]. For both
static and fatigue tests, mode-Il fracture is the fracture mode in question. Mode-Il is characterized
by shear displacements occurring parallel to the crack plane, which leads to more complex crack
propagation behavior when compared to mode-I fracture.

Mechanical Fatigue Test

Prior to the mechanical fatigue tests, three quasistatic tests of the particular sample geometry
were conducted to determine the critical displacement (hmax) Via a quasi- 4-pt bend test setup, as
shown in Figure 1. The quasistatic tests were conducted using a universal test machine (Test
Resources SM-1000-294) with a loading capacity of 4.4 kN. The test machine was operated in a
displacement control mode with a constant displacement rate of 1 mm/min. The critical
displacement from quasistatic testing, or the maximum displacement prior to unstable crack
growth, was used in in subsequent fatigue tests, which were operated at to 50% of the critical
displacement, resulting in a maximum deflection of 1.8mm. The samples were then mechanically
fatigued to induce various amounts of initial damage, the geometry of which was accurately
guantified in shape and dimension, which was used to define the initial crack location in the
ABAQUS fatigue model. This initial damaged state was considered as the initial condition in the
model and will be references as N = 0 cycles in this document. Fatigue tests were conducted
using a universal testing machine (Test Resources, F2500-B), with Table 1 summarizing the
pertinent testing parameter. All samples were tested to 5,000 cycles followed by another 5,000
cycles for a total of 10,000 cycles.

100 mm
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- L

Figure 1. 4-pt Fatigue ENF Test Configuration.
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Table 1. Mechanical Fatigue Testing Parameters

Sample Frequency Maximum Minimum Stress Ratio
Displacement Displacement (min/max
displacement)
F2 3Hz 1.8 mm 0.18 mm 0.1
F4 3 Hz 1.8 mm 0.54 mm 0.3
F5 3Hz 1.8 mm 0.9 mm 05

Ultrasonic Scanning Set Up

Ultrasonic C-scans were performed after initial damage, as well as after each subsequent set
of fatigue tests, to monitor, measure, and analyze changes in the crack front within the test
component. The UT scans were conducted using a custom pulse echo C-scan immersion system
appearing in Error! Reference source not found.. A 10 MHz, 38.1 mm (1.5”) nominal focal
length, spherically focused transducer (A311S-SU-F1.5N-PTF, Olympus) was used. The
transducer was focused at 50% depth into the sample since this was the anticipated depth of the
delamination. During each scan, the transducer followed a raster pattern, as depicted in Figure
2(b), with 0.2 mm raster resolution in both the x; and x; directions, where x; aligning along the
length of the sample and x. aligning transversely to xi, as shown in Figure 2(a). After each UT
scan was completed, a custom MATLAB script is was employed to analyze the UT data for
automatic location and calculation of the crack front.

Path of Scan

Figure 2. Ultrasonic Testing Set Up with (a) Custom UT Immersion System and (b)
Representative Rastering Pattern (0.2 mm spacing used in all studies.

ABAQUS Modelling

The Mode Il fatigue crack propagation in this paper is simulated by means of crack tip tracking
method (CTTM) [19] and envelope loading method [21] in ABAQUS/EXxplicit. The geometry of the
simulated 4-point bending [0]so laminates is identical to the experimental setup as shown in Figure
3. The cohesive interface shown in Figure 4 is comprised of cohesive elements inserted at the
midplane of the [0]sp laminates with an initial crack front determined from UT scan results as
described above. The cohesive interface has a thickness of 1/10 of the unidirection composite
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lamina layer. A bias mesh is applied to the upper and lower 0-degree plates with a total number

Rigid body loading bar

Initial crack front

Figure 3. Finite element model in Abaqus.

Figure 4. Initial crack front determined from UT scan results.

of elements through the thickness direction of 10. The element size along the length direction for
both 0-degree layers and cohesive layers is approximately 0.5 mm, while the width direction
consists of 17 elements. It is assumed that the 0-degree layers are linear elastic during loading,
while the cohesive interface follow bi-linear traction separation law. The properties used in the
simulation appear in Table 2 and Table 3 [21].

Table 2. Elastic properties of orthotropic unidirectional composite.

E11 (GPa) | E22(GPa) Es; (GPa) Vi2 Vi3 V23 G12(GPa) | G13(GPa) | Gz3 (GPa)
120 10.5 10.5 0.3 0.3 0.51 5.25 5.25 3.48
Table 3. Properties for cohesive element.
Ki (Nfmm?) | Ki (N/mm3) | Kir (N/mm3) Xi Xi Xun Gic Gic Gine
(MPa) | (MPa) | (MPa) | (N/mm) | (N/mm) | (N/mm)
100000 100000 10000 30 60 60 0.2 1.002 1.002

In Table 3, K, X and G denote the initial stiffness, ultimate strength, and critical energy release
rate of the cohesive interface respectively, and subscripts I, Il and Il indicate the failure mode of
cohesive element.

Analysis
MATLAB Analysis

An in-house MATLAB script was developed to automatically measure and locate the spatial
location of the crack front post UT scanning. This was done by analyzing the full waveform of
locally averaged A-scans and looking at the abnormalities in the attenuation of the wave to find
the depth. The A-scans are first smoothed and filtered using Gaussian smoothing functions. To
ensure consistent reference points, the signals from each A-scan are shifted relative to the front
wall, aligning them in time in order to prevent any image distortion arising during the component
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testing. To focus on the specific depth of interest, in this case at the midplane, a gated C-scan is
generated by creating a time window centered around the desired depth, the gate width is also
changed to fit the material of interest. Within the time gate surrounding the midplane, the energy
of the signal at each xi, x» location was calculated resulting in the surface plot shown in Figure

180 180
160 160
140 140
120 120
E 100 E 100
E‘1C{I E‘1{I{I
> a0 = a0
[ 60
40 40
20 20
1] 1]
Qo 10 20 a0 10 20
X2 (mm) X2 (mm) X2 (mm)
(a) (b) (©)

Figure 5. Images demonstrating the process steps of the 3-dimensional UT C-scan data, including (a)
the original gated C-scan based on the energy of the signal in the gate, (b) the binarized C-scan, and
(c) the final, filtered C-scan.

5(a). This image was then binarized based on a threshold determined by the average response
of an undamaged region of the component, resulting in the image shown in Figure 5(b). This
image was then filtered to remove any features below the delamination size of interest as shown
in Figure 5(c).
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Cohesive Zone Modeling

The cohesive traction separation law (TSL) is implemented into VUMAT user subroutine as
the constitutive relation for the 4 integration point cohesive element COH3D8 to simulate the
traction and separation between upper and lower surfaces of the cohesive interface. As denoted
in CTTM, the most opened element which is typically the first element from the physical crack
front along the crack propagation direction is tracked as the crack tip element. In the VUMAT, the
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Figure 6. Cohesive traction separation behavior under static and
fatigue loading.

TSL for crack tip element is modified by considering the fatigue damage degradation and applying
a nonlocal energy release rate approach. With the presence of fatigue damage, the total damage
variable is calculated as the sum of static damage variable and fatigue damage variable, as shown
in Figure 6.

The fatigue damage variable is derived from the Paris law, as show in the following [19].

dfotal = d§ + dlf(a (1)
_ 1-dk Gris\™
dfy = dfgt+ fde () o (2) @

Girc
where d represents the damage variable, subscript s and fa denote static and fatigue quantities,
respectively. The subscript k denotes current step time. f and dt denote the persedue frequency
and the time increment, respectively. Thus, f - dt gives the number of elapsed loading cycles of
the envelope loading. L, is the characteristic length of the cohesive element along crack
propagation direction. The Paris law parameters ¢ and m have values of 0.12 and 4.38,
respectively, for mode Il fatigue crack. The historical integrated energy release rate, Gy;, for the

crack tip element is calculated by averaging the values from the 4 integration points as following,
inst
Gnis = (Zfpo1 Glameie ) /4 (3)
where Gr(ri;l;t) is the instant integrated energy release rate of the integration point.
Additionally, the non-local energy release rate approach is applied to obtain the maximum

field energy release rate. Following the failure of the crack tip element, its neighbor elements are
identified as the new crack tip elements and undergo fatigue damage accumulation.

Results and Discussion

Comparison of crack front location between experimental and modelling are seen in Figure 7. The
figure gives insights into how accurate and valid the experimental results are when compared to
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the modelling results in ABAQUS following the cohesive zone model. Plots for stress ratios R =
0.1 and R = 0.5 depict great accuracy, as also validated in Figure 8 and Figure 9. Plot for stress
ratio R = 0.3 depicts a greater fluctuation between the results, as also shown in Figure 8 and
Figure 9. This is due to sample slippage that occurred during the test which could have altered
the loading condition affecting the stress distribution and crack driving force, leading to possible
errors in crack growth rates as compared to modelling [22]. This issue will be addressed in future

work. A new 4-point fixture will be used for future tests which grips specimen during the fatigue
test, preventing slippage from occurring.
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Figure 7. Crack front plotted vs x2 direction for stress ratio (a) 0.1, (b) 0.3 and (c) 0.5.
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Figure 8. Difference between next iteration — previous iteration of crack front compared
vs x2 direction for stress ratio (a) 0.1, (b) 0.3 and (c) 0.5.
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Figure 9. Average points for plots in Figure 5.

Conclusion

This study investigated the experimental testing and modeling of CFRP components under
fatigue 4-point bending, focusing on the comparison of the crack front location between the two
at predefined numbers of cycles followed by UT scanning and analysis. The results showed good
agreement between the experimental and modeling crack fronts which indicates the reliability and
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capability of predicting fatigue life via modeling. However, it is important to note that certain
limitations such as fixturing, and boundary conditions may have influenced the accuracy during
the study as shown in 0.3 stress ratio results. In future work, this will be attended to by using a
new fixture which uses clamps to grip the component during testing. This study serves as a
foundation for future studies aiming to expand and improve on the reliability of modeling approach.
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