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ARTICLE INFO ABSTRACT

Keywords: As the use of fiber-reinforced polymer composites grows in aerospace structures, there is an
(A) Polymer-matrix composites emerging need to implement damage tolerant approaches. The use of in-situ synchrotron X-ray
(B) Micromechanics tomography enables direct observations of progressive damage relative to the microstructural
(C) Crack growth

features, which are studied in a T650/5320 laminate composite with two layups via monotonic
tension. Specifically, the interactions of micromechanical damage mechanisms at the notch
tip were analyzed through 3D image processing as the crack grew. The analysis showed
intralaminar cracking was dominant during crack initiation, delamination became prevalent
during the later stages of crack progression, and fiber breakage was, in general, largely related
to intralaminar cracking.

(D) Aerospace vehicles

1. Introduction

Polymer matrix composites have reshaped the aerospace industry, allowing engineers to reduce the overall weight of structures
while retaining their required strength. To optimize performance, the mechanical behavior of fiber reinforced polymer matrix
composites has been studied extensively, yet their mechanical response can be difficult to predict as they exhibit a number of
damage mechanisms which can have complex interactions. These damage mechanisms have been categorized into three basic events
which are typically observed in laminate composites: delamination, intralaminar cracking, and fiber breakage [1]. Delamination,
which historically has been recognized as the most commonly observed damage mechanism in laminate composites, is defined as
a discontinuity between two adjacent plies in a laminate composite [2—-4]. On the other hand, intralaminar cracking represents a
discontinuity that lies along the direction of the fibers and exists through the thickness of a ply [4,5]. Lastly, fiber breakage is a
discontinuity in a fiber within the microstructure, which can sometimes occur in clusters of fibers [6,7].

Understanding the interaction of these mechanisms has been of interest for many decades, and much of it has been achieved
through tailored experimental tests [8]. For instance, experiments utilizing circular holes in composite laminates through open
hole tension tests are useful in understanding the damage behavior of composites assembled with fasteners [9]. Using classical
lamination theory, Chang et al. produced one of the first progressive damage models for open hole laminate composites [10]. In
their work, Chang et al. noted that initial failure of a [(+45)¢]; composite with an open hole was in the form of fiber breakage,
followed by damage along the fiber direction (intralaminar cracking) [10,11]. More recently, analyses of open hole tension tests
have also included delamination as an active damage mechanism [9].

Yet, predicting the damage behavior of composites undergoing cyclic loading currently remains a major challenge. This is partly
because many of the developed models lack flexibility when certain parameters (like the type of loading) are varied, resulting
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Nomenclature

u-CT Micro-computed tomography

His> Mo Complex conjugate roots of characteristic equation with positive imaginary parts
Via Poission’s ratio

oy Stress in the Z direction

T Shear stress

0 Angular coordinate from the crack tip
a; Stiffness tensor

E, Young’s modulus along fibers

E, Young’s modulus normal to fibers

F,, Ultimate fracture force

Gy, Shear modulus

1 Intensity of a pixel

K Mode I stress intensity factor

r Radial distance from crack tip

DCB Double cantilever beam

ROI Region of interest

in significant differences in predicted behavior of the microstructure, especially immediately after damage initiation [12]. This
trend can also be partially attributed to the difficulty researchers face in translating the results of a confined experimental test to
a comprehensive predictive tool for composite structures. For example, double cantilever beam (DCB) experiments are commonly
used to compute the mode I fracture toughness and examine the fatigue behavior of laminate composites [4]. While DCB tests
provide an isolated focus on delamination that progresses perpendicular to the loading direction (which can sometimes be related
to intralaminar fracture toughness), they often do not allow for the comprehensive constituent-level fracture behavior to be
studied when delamination progresses parallel to the loading direction and simultaneously interacts with intralaminar cracking [4].
Therefore, with the safety of structures in mind, composite materials undergoing fatigue loading have been designed using a “no
damage growth" philosophy, and their full potential has not yet been reached [13]. Specifically, this has resulted in composites
being designed to operate below their fatigue endurance limit (with the aim of infinite life) and therefore have been generally
over-designed [13,14]. While the present study focuses on monotonic loading, it offers a promising step towards understanding the
damage behavior during cyclic loading, which will be further explored in future investigations.

More recently, there has been a larger focus on failure criteria at the constituent-level, for both experiments as well as simulations,
in order to allow for more robust composite material application [15]. This is emphasized in the US Federal Aviation Administration
Airworthiness Advisory Circular 20-107B, which calls for a slow damage growth philosophy to be applied to composites and
adhesively-bonded joints [16,17]. Aligned with this approach, and with a focus on micromechanics, researchers have been working
to comprehensively characterize the 3D microstructural damage behavior of laminate composites, and develop models that can aid
in the prediction of damage tolerant behavior. As discussed in a recent review article by Garcea et al. [18], synchrotron-based
X-ray micro-computed tomography (u-CT) enables the opportunity to directly observe a 3D crack tip, and through time lapse CT
(coupled with in-situ loading) the evolution of the crack tip can be studied. For laminate composites, u-CT or related computed
laminography has been used to characterize the damage events relative to the microstructural features, sometimes coupled with
in-situ loading [7,19-24].

One such study, conducted by Wright et al. used in-situ u-CT to examine damage growth in an edge notched [90/+45/-45/0],
carbon fiber epoxy composite specimen. They observed intralaminar cracking, delamination, and a relationship between fiber
breakage and delamination at the —45°/0° interface [25]. Interestingly, another study done by Scott et al. on a [90/0]; carbon
fiber epoxy composite showed that there was no influence of matrix cracking on fiber breakage [26]. This reinforces that there can
be significant layup dependencies on the microstructural damage initiation and propagation in composite materials.

In addition to damage being layup dependent, it has also been shown that the source of damage can affect the propagation of
damage [1]. Therefore, there is a need to understand the initiation and propagation of damage using a fracture mechanics compact
tension specimen design, which will allow for the simultaneous study of intralaminar cracking, delamination, and fiber breakage
(including their interactions) in varying layup configurations [27,28]. To address this, the microstructural damage initiation and
propagation of a carbon fiber epoxy composite with layups related to 45° has been analyzed in this work using compact tension
specimens under monotonic tension, where damage grew from a sharp notch tip. Specifically, a T650/5320 composite was studied
through in-situ X-ray u-CT with layup configuration [+45], (Specimen 1), which serves as a baseline for comparison, as well as a
configuration of [+45/—-45/+45], (Specimen 2). This work used synchrotron X-rays in order to enable fast data acquisition which
mitigates stress relaxation effects and enables continuous acquisition under increasing tension with minimum blur. The monotonic
life of each specimen, with an emphasis on the quantification of the damage mechanisms (intralaminar cracking, delamination,
and fiber breakage) and their interactions are shown. Overall, this work represents an important step towards understanding the
micromechanical damage behavior of laminate composites under future fatigue loading, while providing a new case study of the
3D behavior of a composite microstructure in a compact tension specimen.
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Fig. 1. The geometry of the compact tension specimens, where the left insert shows both the location of the tomography window at the sharp notch tip, as well
as the sub-surface region of interest directly ahead of the sharp notch tip, and the right insert shows the thickness of the specimen which contained six plies.
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Fig. 2. An overview of the experiment, where (A) shows the in-situ tomography setup, custom miniature load frame, custom clevis grips, specimen held in
compact tension, and rotational stage used to rotate the assembly during the acquisition of X-ray projections, (B) shows the load vs. time profile for Specimen
1 with layup [+45]s, and (C) shows the load vs. time profile for Specimen 2 with layup [+45/-45/+45],. The incremental tomography acquisitions have been
shown by red circles, and the continuous tomography acquisitions have been shown by red brackets.

2. Methodology
2.1. Materials

Carbon fiber epoxy laminate (T650/5320) panels were manufactured at the National Institute for Aviation Research at Wichita
State University. The T650 carbon fibers have a tensile strength of 4.28 GPa and a fiber diameter of approximately 6.8 pm [29].
Two panels were used in this work, one with layup [+45], and the other with layup [+45/—45/+45],. Prior to curing, isosceles
triangular notches were cut (using an automated motorized razor) into the uncured prepreg at predetermined locations around the
perimeter. Each triangular notch had a base dimension of 1 mm and a height of 5 mm, as shown in Fig. 1. The laminate panels
were then cured in accordance to the manufacturer’s specifications [30].

After curing, compact tension specimens were water-jet cut from the panels, maintaining the notch geometry in the midline of
the specimen. The notches, which filled with resin during the cure cycle, were manually sharpened with a razor blade in order to
remove the excess resin and create a sharp notch tip. While the geometry of the specimens was chosen to allow for a sharp notch
akin to a classic compact tension specimen, it was also chosen to fit within the constraints of the custom miniature load frame,
shown in Fig. 2A. These constraints included the height and width of the specimens as well as the position of the grips and the
notch tip. Additionally, the notch tip had to be aligned with the center of rotation of the entire assembly to limit the procession of
the specimen’s region of interest during the image capture events of computed tomography. Due to these experimental constraints,
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the specimens could not follow the compact tension ASTM geometric standards [31]. The specimen geometry can be seen in Fig. 1,
where each specimen had a thickness of 0.84 mm, a width of 40 mm, and a height of 56.5 mm.

2.2. In-situ synchrotron X-ray tomography

The in-situ experiments were carried out at the Advanced Photon Source (beamline 2-BM) at Argonne National Laboratory using
the tomography set-up shown in Fig. 2A. Shown on top of the rotational stage is the miniature load frame that used custom clevis
grips to apply load on the compact tension specimens. The X-ray projections were captured with a pixel size of 0.69 pm. The beam
energy was 25 keV and the sample to detector distance was 400 mm, with an exposure time per projection of 50 ms. The rotational
stage, which held the load frame assembly, was rotated with a speed of approximately 2.5°/s over a total span of 180°, where an
X-ray projection was acquired every 0.12°. Due to the load frame columns, 188 projections (of the total 1500) that were captured
between 78° and 100.56° were not used for tomographic reconstruction.

Each specimen was monotonically loaded in tension using a custom screw-driven electromechanical load frame operated at a
cross-head displacement of 0.002 mm/min. First, 4-CT images were acquired while the specimen was unloaded. Then, the specimen
was loaded and held in tension by holding a constant cross-head displacement. After scanning at three incremental tension steps,
continuous tensile loading was conducted at a cross-head displacement rate of 0.002 mm/min, and y-CT images were continuously
acquired. Specifically, the entire assembly was repeatedly rotated between 0° and 180°, and then back from 180° to 0°, while
continuously acquiring X-ray projections, until the specimen fractured. Similarly to the static acquisition, projections captured
between 78° and 100.56° were not used for tomographic reconstruction due to obstruction from the load frame’s columns.

The force vs. time curves for Specimen 1 ([+45]¢) and Specimen 2 ([+45/-45/+45],) are shown in Fig. 2B and C, respectively.
In the plots of Fig. 2, the incremental scans are circled in red and the continuous scanning is marked by a red bracket. Static
displacement holds and u-CT scans were conducted for Specimen 1 at the unloaded state, 68 N, 138 N, 210 N. The cross-head
displacements corresponding to each of the static loading states for Specimen 1 were 0 mm, 0.034 mm, 0.087 mm, and 0.137 mm.
After which continuous loading was conducted until fracture at a cross-head displacement of approximately 0.173 mm. Specimen 2
underwent a similar testing procedure, where static displacement holds and x-CT scans were conducted at the unloaded state, 400
N, 800 N, and 1200 N. The cross-head displacements corresponding to each of the static loading states for Specimen 2 were 0 mm,
0.205 mm, 0.407 mm, and 0.647 mm. After which continuous loading was conducted until fracture at a cross-head displacement of
approximately 0.851 mm. During the static cross-head displacement holds, both specimens were held for approximately 3.58 min,
which resulted in an average force relaxation of 15.9 N.

Each tomography scan consisted of 1500 X-ray projections which were reconstructed using TomoPy [32]. The missing projections,
which were caused by the load frame’s columns, did not inhibit the quality of the reconstruction due to TomoPy’s ability to handle
missing projections [33]. The result was an image volume with dimensions 2048 by 2048 by 2046 voxels, with a voxel size of 0.69
by 0.69 by 0.69 pm. A schematic of the 3D grayscale image volume which is acquired via in-situ u-CT (tomography window) is
shown in the left insert of Fig. 1.

2.3. Matrix damage image processing

The tomography image stacks underwent several image processing techniques in order to detect the 3D matrix damage profile
(intralaminar cracking or delamination) prior to the failure mode being assessed. First, the microstructure at each load increment,
including the damage sustained, was visually inspected using the contrast enhancement tools in ImageJ [34]. A region of interest
(ROI) was determined for each specimen based on two considerations. Firstly, the ROI was tailored to crop away locations behind
the crack tip that were not of interest because they did not contain notable damage (which helped reduce the image processing
computational costs). Secondly, based on observations of the 3D image volume captured just before fracture, the ROI was chosen
to focus on areas with high concentrations of matrix cracking. The final ROI represented a critical location with complex damage
interactions directly ahead of the crack tip, and it was tracked using 2D cross correlation throughout the loading history of each
specimen. A schematic of the ROI within the full tomography window is also shown in the left insert of Fig. 1, where it can be seen
that the ROI contains the very tip of the crack front.

After the ROI was determined at each load step, a set of algorithms were used to detect the voxels associated with matrix damage.
The automated image processing, which was done using in-house Matlab algorithms, used parameters which varied depending on
the specimen and the load step because the progression of damage created new internal surfaces, which caused new and increasing
X-ray tomography artifacts. These varied parameters are represented as ranges [min, max] in the following processing steps:

. normalization of the grayscale intensity, I, so that 0 < I < 1,

. selection of voxels with I < [0.5,0.68],

. removal of features with a volume smaller than [30,2000] voxels,

. slice-by-slice 2D dilation using a disk structural element with radius [5, 15] pixels,
. dilation using a 3D spherical structural element with radius [1,4] voxels,

. filling of volumes to remove internal holes

. erosion using a 3D disk structural element with radius [3, 12] voxels,

. removal of features with a volume smaller than [1000, 100 000] voxels.

O N U WNHR
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Fig. 3. Example of the validation of damage segmentation shown here for Specimen 2, with layup [+45/-45/+45],. The first row depicts tomography images,
whereas the second row illustrates feature identification after image processing. Specifically, comparing tomography cross sections containing (A) the specimen
notch with (B) the detected notch, (C) fiber breakage events with (D) the detected breakage and the sphere of influence, and (E) the matrix damage with (F)
the classified matrix damage including intralaminar matrix cracking and delamination.

After each image processing step, ModLayer (a Matlab image processing graphical user interface) was used to validate the efficacy
of matrix damage segmentation, and parameters were varied to ensure the highest accuracy in segmentation for each tomography
scan [35]. This verification step was conducted for all load increments of both specimens, and a sample of this validation is shown
in Fig. 3.

Using the open-source 3D visualization software ParaView [36], the matrix damage in each load step was manually categorized
as either intralaminar cracking or delamination. Matrix damage was identified as intralaminar cracking if the damage was along the
direction of the fibers and was generally through the thickness of a given ply. On the other hand, matrix damage was identified as
delamination if the segmented region was located at a ply interface between two plies. An example of such a classification is shown
in Fig. 3E and F. Lastly, the volume fraction of intralaminar cracking and delamination (compared to the total volume of matrix
damage within the ROI) was computed at each load step to provide context into which mechanism was more active. During this
manual characterization of damage, the notch tip within the ROI was also segmented (Fig. 3A and B) in order to contextualize the
location of damage relative to the notch tip, as well as to differentiate it from the matrix damage.

2.4. Fiber breakage image processing

Fiber breakage in the tomography images was manually detected using ModLayer [35] for every load step of both specimens. The
detection process consisted of analyzing each tomography slice in the YZ plane of the ROI. Side-by-side comparisons of a tomography
slice at the unloaded state and a future load step (tracked using 2D image correlation) allowed for the observation of fiber breakage,
as shown in Fig. 3C. Once a breakage event was observed, its center was located and the coordinates of this center were logged for
further analysis.

In order to determine if there was an interaction between the matrix damage profile and the fiber breakage events, a sphere of
influence criteria was established centered at each fiber breakage location where the sphere had a radius of 6.8 pm, approximately
equivalent to one fiber diameter. A cross section of this sphere overlaid on a fiber breakage event is shown in Fig. 3D. Considering
that there is some blur in the tomography images, a sphere of this size enabled the isolation and enclosure of the full breakage event
as shown in the insert of Fig. 3D.

Each fiber breakage event was categorized as having some interaction with matrix damage using an automated Python shell in
ParaView with the following implementation: a comparative analysis using the matrix damage detection procedure (discussed in
Section 2.3) was performed to assess if the matrix damage profile intersected with the sphere of influence of each fiber breakage
event. Specifically, each fiber breakage event was determined to have either no interaction, interaction with intralaminar cracking,
or interaction with delamination depending on which damage events overlapped with each sphere of influence. After the interaction
of each fiber breakage event was determined, the final visualizations representing the consolidation of the matrix cracking and fiber
breakage data were done in ParaView to visualize the interaction of these damage micromechanisms.

2.5. Analytical computations

The stress fields ahead of the crack tip were assessed using a homogenized analytical solution to compare to the observed
microstructural damage. For Specimen 1, the analytical solution represented the full ROI, which contained 2 plies oriented at 45°.
For Specimen 2, the analytical solution was simplified to represent only the response in one ply within the ROI (which was oriented
at —45°) in order to analyze the local response and not the full field response. The 2D analytical solution assumed several conditions,
such as no pre-existing defects from manufacturing, and an idealized crack tip that is geometrically smooth, following the anisotropic
elasticity equations developed by Sih et al. for crack-tip stresses in linearly anisotropic bodies [37]. For simplicity, the stress was
divided by the mode I stress-intensity factor, K;, to demonstrate trends and comparisons for the two specimens (in which K; is
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different and evolving with loading). The stress field, o, in the small region ahead of the crack tip was determined for in-plane
symmetric loading of the composite laminate (corresponding to the loading direction in this work, Z) by

% = ——Re|-— a - b @
K, \/Z Hi = Ha \ \/cosO+ upsin@  /cos@ + p; sinf

and the shear stress, 7, was computed by

T 1 HiH 1 1
X = =Re - (2)
Kr  \or Hi = Ha \ \/cosO+ p;sin@®  +/cos@ + p,sind

where r is the radial distance from the crack tip, 6 is the angular coordinate from the crack tip, and Re represents the real part of
a number. Here, u; and u, are determined from the two conjugate complex roots from the following characteristic equation:

ay it = 2a161° + (a1 + age)u” = 2axep + azy =0 3)

The stiffness tensor, g; > was constructed given the elastic constants of a unidirectional 0° lamina of T650/5320 [30], where E,
is 138.4 GPa, E, is 9.175 GPa, G, is 4.949 GPa, and v, is 0.326. Given the stiffness matrix for the unidirectional lamina with
vertically aligned fibers, a stiffness matrix was calculated representing a fiber orientation of 45° for the analysis of two 45° plies in
the ROI of Specimen 1, and of —45° for the analysis of one —45° ply in the ROI of Specimen 2. While this neglected the effects of
the surrounding plies that face opposite directions in Specimen 2, it allowed for a comparison of the characterized damage in the
local ply to the stress response in the local ply (as opposed to the bulk stress response of all the plies).

Due to the 3D nature of the tomography scans, a projection of the experimental damage was essential to enable its juxtaposition
with the 2D analytical solution. This projection was achieved by consolidating the 3D damage data at the locations matching the
analytical solution onto a 2D plane through several steps. An automated algorithm, written in Matlab, was used to create a 2D
projection of the notch tip and the profile of matrix cracking. This was accomplished by summing the binarized matrix damage
in each YZ plane within the ply or plies of interest, resulting in a damage depth metric (a 2D projection of the 3D damage). For
Specimen 1, this was done for the full ROI which contained 286 YZ slices. For Specimen 2, this was done for only one ply within the
ROI (which was oriented at —45°) and contained 210 YZ slices. Finally, the position of each fiber breakage event was superimposed
to spatially correlate the breakage events and the distribution of the analytical stresses ahead of the crack tip.

3. Results

Specimen 1, with layup [+45]¢, failed at approximately 259 N as can be seen in Fig. 2B, where brittle fracture was observed
to occur at the notch tip. Specimen 2, with layup [+45/-45/+45];, experienced a ductile fracture as can be seen in Fig. 2C. For
Specimen 2, eventual fracture was not catastrophic, and the specimen did not completely fail. Instead, after the load significantly
dropped, the damage at the crack tip grew outside the boundary of the tomography window (1689 by 1689 by 1411 pm), and there
was significant damage at the pin attachment of the top clevis grip. For the purpose of comparing the results, the point at which
the load significantly dropped for Specimen 2 will be considered the fracture point, which occurred at approximately 1263 N.

The progression of damage was tracked for both specimens, where the notch tip, matrix cracking, and fiber breakage events were
identified in the ROI at each increment of load. In the unloaded state for Specimen 1 and Specimen 2, the volume of the notch tip
comprised 0.2% and 0.3% of the ROI, respectively. Just before fracture, the volume of the notch tip and the newly formed damage
in the microstructure comprised 0.6% and 4.3% of the ROI, in Specimen 1 and 2, respectively. This shows that the 3D crack was
observed to grow significantly in the more ductile Specimen 2 leading up to fracture.

3.1. Damage in Specimen 1 with layup [+45]

The notch tip within the ROI for Specimen 1 is shown in Fig. 4A and B. In the first three static load increments of Specimen 1
captured at 68 N, 138 N, and 210 N, no damage was detected. Damage initiation was detected during continuous monotonic loading,
at the scan captured at approximately 234 N (0.9F,;,). Specifically, matrix damage in the form of intralaminar matrix cracking was
observed with a length of 111 um, as shown in Fig. 4C. At the very end of continuous loading and tomography scanning (just before
fracture at approximately 259 N), it was observed that the intralaminar matrix crack grew to a length of 209 pm, as shown in
Fig. 4D. None of the captured tomography scans for this specimen showed any signs of delamination. After the last captured scan,
damage progressed almost instantaneously and brittle fracture occurred. Fiber breakage events only occurred just before fracture in
19 locations, shown in Fig. 5. Among these locations, only one fiber breakage event interacted with intralaminar cracking, shown
as a yellow sphere in Fig. 5.

3.2. Damage in Specimen 2 with layup [+45/—45/+45]

The notch tip within the ROI for Specimen 2 is shown in Fig. 6A and B. Damage initiation was observed in the first static load
increment of Specimen 2, which was captured at 400 N (0.3F,;,). Specifically, matrix damage in the form of intralaminar cracking
was observed, shown in Fig. 6C. In the second static load increment captured at 800 N (0.6 F,;,), new locations of intralaminar
cracking were detected, and the first signs of delamination appeared, but were minimal (Fig. 6D and H).
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Fig. 4. Matrix cracking (which progresses from left to right) in Specimen 1, with layup [+45],, (A) at 0 N, where a schematic of the notch highlighting the ROI
is shown in (B), (C) at 234 N (0.9F,,), and (D) at 259 N (0.99F,,), where only intralaminar cracking was observed emanating from the notch tip. In the 3D
visualizations of damage, blue represents the notch tip and yellow represents intralaminar cracking. Tomography XY cross sections, with plane normal (along
the Z direction) parallel to the loading direction, at z =255 um are shown (E) at 234 N, and (F) at 259 N where the evolution of damage is observed as load
increases.

Notch tip Just before

fracture

Intralaminar cracking

387 um

@ Fiber breakage with no interaction 18 events
QO Fiber breakage with intralaminar interaction 1 event

Fig. 5. Fiber breakage in Specimen 1, with layup [+45]¢, at the tomography image captured just before fracture (the only tomography scan which contained
fiber breakage).

At the third static load increment, captured at 1200 N (0.95F,;,), intralaminar cracking continued to grow and represented
82.5% of the matrix damage profile (by volume). Additionally, the location of delamination grew, a new location of delamination
was detected, and delamination represented 17.5% (by volume) of the matrix damage profile (Fig. 6E). Finally, at the last scan

captured (which was taken just before fracture at the end of continuous loading), intralaminar cracking and delamination had
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-45° ply (A) F=0 (B)

(G)

(H)

XY cross section at z=173 um

Intralaminar crack ply crossover

Just before fracture (J)

Fig. 6. Matrix cracking (which progresses from right to left) in Specimen 2, with layup [+45/-45/+45], (and with black outlines showing the plies in the ROI),
(A) at 0 N, where a schematic of the notch is shown in (B), (C) at 400 N (0.3F,,), (D) at 800 N (0.6F,,), (E) at 1200 N (0.95F,,), and (F) just before fracture,
where the volume fraction of each matrix cracking mechanism has been quantified at each load step. In the 3D visualizations of damage, blue represents the
notch tip, yellow represents intralaminar cracking, and red represents delamination. Tomography XY cross sections, with plane normal (along the Z direction)
parallel to the loading direction, at z = 173 um are shown (G) at 400 N, (H) at 800 N, (I) at 1200 N, and (J) just before fracture, where the evolution of
damage is observed with increasing load. In particular, sites of (H) delamination initiation are observed, as well as (J) sites where intralaminar cracks cross into
neighboring plies.
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F = 0-3Fult

Fiber breakage with:

@ No interaction 2 events
QO Intralaminar interaction 3 events
@ Delamination interaction 0 events

F = 0.6F;

Fiber breakage with:

@ No interaction 6 events
QO Intralaminar interaction 9 events
@ Delamination interaction 0 events

F = 0-95Fult

Fiber breakage with:

@ No interaction 6 events
QO Intralaminar interaction 15 events
@ Delamination interaction 0 events

Delamination

Just before fracture

Fiber breakage with:

@ No interaction 10 events
Q© Intralaminar interaction 27 events
@ Delamination interaction 4 events

Fig. 7. Fiber breakage in Specimen 2, with layup [+45/-45/+45]; (with black outlines showing the plies in the ROI), at (A) 400 N (0.3F,;,), (B) 800 N (0.6F,,,),
(C) 1200 N (0.95F,;,), and (D) just before fracture, where it can be seen that fiber breakage has a more prevalent interaction with matrix cracking, including
delamination. The fiber breakage events shown here are new fiber breaks at each load state (not cumulative).
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grown steadily, where intralaminar cracking remained the dominant matrix damage mechanism near the notch tip, as can be seen
in Fig. 6F.

Fiber breakage was detected at the first load increment captured at 400 N (0.3F,;,), with a total of 5 fiber breakage events.
Three of these events interacted with locations of intralaminar cracking, shown by the yellow spheres in Fig. 7A. Then, at 800
N, there were 15 new locations of fiber breakage, where 6 of these interacted with intralaminar cracking (Fig. 7B). Further, at
1200 N, 21 new locations of fiber breakage were detected, where 15 interacted with intralaminar cracking (Fig. 7C). Finally, just
before fracture, there were 41 new events of fiber breakage, and the first interaction between fiber breakage and delamination was
documented. Here, 27 fiber breakage events interacted with intralaminar cracking, and 4 breakage events were observed to interact
with delamination at the ply interfaces (red spheres in Fig. 7D). Cumulatively, by the end of the loading sequence and just before
fracture, Specimen 2 contained 82 total locations of fiber breakage events in the ROI: 24 were isolated from matrix damage and
exhibited no interaction, 54 interacted with intralaminar cracking, and 4 interacted with delamination.

4. Discussion

Macroscopically, the observed behavior was very different between the two specimens analyzed in this study. Compared to
compact tension Specimen 1 ([+45]¢), the alternating ply orientation in compact tension Specimen 2 ([+45/—-45/+45],) resulted in a
strength that was nearly five times higher, and, as expected, showed a higher degree of ductility. Microscopically in the epoxy matrix,
both specimens showed signs of intralaminar cracking in the vicinity of the notch tip during damage initiation. However, during
damage propagation, Specimen 1 ([+45]¢) showed progression in matrix damage that was exclusively in the form of intralaminar
cracking along the direction of the fibers. This exclusive intralaminar cracking in the matrix grew quickly at the end of the monotonic
life of the specimen when brittle fracture occurred.

On the other hand, Specimen 2 (with layup configuration [+45/-45/+45],) showed matrix damage propagation that was a
combination of intralaminar cracking and delamination. This combined behavior appeared in the second half of the monotonic
loading sequence, where it was shown that the first signs of delamination appeared at 0.6F,;,, circled in Fig. 6H. This delamination
behavior likely provided stress relief to the microstructure. Towards the end of the loading sequence (at 0.95F,;,), delamination
appeared to provide a path for the intralaminar crack to transition to a neighboring ply oriented in the opposite direction, as
can be seen in Fig. 61. Delamination, and its role in transitioning intralaminar cracks to neighboring plies, provided the increased
macroscopic ductility observed in this specimen. Despite the important role of delamination in the ductile behavior shown in
Specimen 2, it only comprised 20% of the matrix damage profile compared to intralaminar cracking in the ROI, as was shown
in Fig. 6F.

As for fiber breakage, Specimen 1 ([+45]¢) contained fiber breakage events that were spatially located near the crack tip, however
they showed almost no overlap with the locations of matrix damage. This can be seen in Fig. 5, where only 1 of 19 fiber breakage
events interacted with intralaminar matrix cracking. In contrast, Specimen 2 ([+45/-45/+45],) showed the first signs of fiber
breakage during damage initiation as can be seen in Fig. 7A. As matrix damage continued to progress with increased loading, new
locations of fiber breakage events were observed, as shown in Fig. 7B-D. This relationship is likely the result of intralaminar cracking
occurring first (since the epoxy matrix has a lower strength), which causes some of the neighboring carbon fibers to withstand higher
local stresses and therefore experience breakage. Overall in Specimen 2, there was an observed correlation between fiber breakage
and intralaminar cracking, where 54 out of the total 82 fiber breakage events interacted with intralaminar cracking. On the other
hand, there was not a strong observed correlation between fiber breakage and delamination, where only 4 of the total 82 fiber
breakage events interacted with intralaminar cracking.

The relationship between fiber breakage and intralaminar cracking observed in this work for a [+45/-45/+45], layup can
be contrasted to the behavior that has been observed for a [90/0], carbon fiber epoxy layup, where Scott et al. showed that fiber
breakage had no relationship with intralaminar cracking in that layup [26]. On the other hand, when analyzing a [90/+45/-45/0],
carbon fiber epoxy layup, Wright et al. found that there was a relationship between intralaminar cracking in the 45° ply and fiber
breakage in the 0° ply as the intralaminar crack transitioned to the 0° ply [25]. This implies that the redistribution of stress provided
by a 45° ply may play a crucial role in fiber breakage behavior.

Additionally in Specimen 2, a location of fiber bridging was directly observed, and has been visualized in Fig. 8. A simple location
of delamination is shown in Fig. 8D, and can be compared to the location of fiber bridging in Fig. 8E. This observation shows that
fiber bridging is a phenomenon which occurs in configurations other than a DCB test (such as the compact tension configuration in
this work). Specifically, fiber bridging can be an active mechanism that increases fracture toughness and resists slow crack growth
in composites [38] even when the plane of delamination (YZ plane) is aligned with the loading direction (Z direction). It was
unexpected that the fibers which bridge the delamination gap were still intact and did not break, considering that bridging fibers
produce high closure over a small displacement while experiencing high stress, sometimes leading to fiber breakage [39,40]. This
implies that the relationship between delamination, fiber bridging, and fiber breakage is more complex than previously hypothesized,
and may be heavily dependent on microstructural defects near the ply interface [38].

To examine the nature of matrix cracking and fiber breakage events, the analytical stress solution, shown in Fig. 9A, B, D, and E,
which was computed in the vicinity of the crack tip within each specimen’s ROI, sheds some light on the micromechanical behavior
for each specimen. The experimental behavior can be compared in Fig. 9C and F, where the crack tip before damage initiation is
outlined in red, the crack just before fracture is outlined in white, and red circles show the 2D projected locations of fiber breakage.
As can be seen in Fig. 9A and B, the stress field in the homogenized ROI for Specimen 1 follows the direction of the fibers, where the
highest shear stress occurs directly below and to the left of the notch tip (Fig. 9B) at the smaller angle between the fiber direction
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(C) XY cross section at z=173 um
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Notch

(B) YZ cross section at x=154 um S AL , Fiber
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Fig. 8. The 3D matrix cracking detection is shown in (A) for reference, where a YZ cross section at x = 154 pm is shown in (B) that intersects two locations of
delamination which have also been circled in (C) at an XY cross section at z = 173 pm. The first example of delamination is a typical delamination event and

is shown in (D), and the second example contains fiber bridging and is shown in (E). Note that the two oblique cross sections in (D) and (E) were not parallel
in order to clearly show the bridging fibers in (E).

(A) Analytical o, stress (D) Analytical o, stress
01 & 01 &+
0.08 7 . 0.08 7
0.06 £ 006 E
z ' 0.08 £ 00s =
$ 2oz | 002 £
o & o ¢
Y Y
(B) Analytical 7 stress (E) Analytical T stress

0.05 0.05 —
0.04 7 ;
Pl oos E ;
0.02 = .
200 um 0 01 § .

(C) Experimentally observed damage  (F) Experimentally observed damage

/K, [mm~V

[um]

S
(SIS
Damage depth

Damage dept
[um]
a
o o

o

Crack growth Crack growth

Fig. 9. Crack tip stress fields for Specimen 1, with layup [+45]¢, and Specimen 2, with layup [+45/-45/+45],. The ¢, stress shown was determined (A) for
Specimen 1 and (D) for Specimen 2, as well as the 7 stress components calculated (B) for Specimen 1 and (E) for Specimen 2. The experimentally observed
damage shown (C) for Specimen 1 and (F) for Specimen 2 was captured just before fracture (where damage depth represents a 2D projection of 3D damage into
the page), with white outlines containing the crack tip at the specific loading state, and red outlines containing the initial crack tip prior to damage initiation
(the crack progressed from left to right). The red circles in (C) and (F) represent fiber breakage points.
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and the idealized crack. While the direction of the stress field helps to show why intralaminar cracking was dominant during damage
initiation, the intralaminar crack did not grow towards the bottom left, but grew up towards the top right of the notch tip (Fig. 9A,
B, C). This is likely due to the fact that the real crack tip, shown in Fig. 9C, is much more tortuous and curves upward, compared to
that which is assumed in the homogenized solution. This behavior shows that the exact geometry of the crack plays a crucial role
in the directionality of damage initiation, and must be accounted for in the development of accurate damage predictions. As for
fiber breakage, it can be seen in Fig. 9C that many of the fiber breakage events occurred at the crack flanks (behind the crack tip)
in an apparently stochastic manner, since they did not align with the high stress regions. This apparent stochastic fiber breakage
behavior, which was also seen in Figs. 5 and 7 as fiber breakage events with no matrix cracking interaction, likely occurred due to
defects induced during fabrication, such as small scratches on the fiber surfaces during tape production or lay-up, as suggested by
Garcea et al. in the analysis of a [90/0], layup [41].

For Specimen 2 ([+45/—-45/+45],), the analytical solution shows a similar mirrored trend, as can be seen in Fig. 9D and E.
While the experimental matrix cracking in Fig. 9F matched the direction of the computed stress field, it showed damage events
ahead of the crack tip, not related to the high stresses near notch tip. For example, in the top right of Fig. 9F, an intralaminar
cracking event and a number of fiber breakage events are observed, even though they are relatively far away from the notch tip
and from the high stresses computed analytically. This observed behavior is due to the presence of plies which are oriented such
that the fiber direction is opposite of the ply shown in Fig. 9D-F. The opposing ply in this specimen allows for a redistribution of
stress, sometimes much further ahead of the crack tip, which cannot be captured in the analytical solution of one ply. While this
may appear to cause increased damage further ahead of the notch tip, overall it is the phenomenon which provides ductility and
the ability for slow crack growth.

5. Conclusion

There is an increasing need for damage tolerant approaches in the design of new components and the evaluation of aging
structures built with composite laminates. This is mainly because the microstructural damage evolution through certain composite
laminate material configurations is not well understood. In this study, in-situ synchrotron X-ray micro-computed tomography scans
were acquired under monotonic loading conditions which enabled direct observations and detailed investigation of the damage
initiation and evolution in the presence of a sharp notch tip in compact tension specimens. Specifically, a T650/5320 composite
was used to manufacture two compact tension coupons in two different lay-up configurations ([+45], and [+45/-45/+45],). The
analysis showed that in the vicinity of the sharp notch tip, damage initiation in both [+45]¢ and [+45/-45/+45], formed due to
intralaminar cracking. Additionally, damage initiation in [+45/-45/+45], showed fiber breakage events. Damage propagation in
[+45]¢ showed rapid growth of intralaminar matrix cracking, with fiber breakage events near the notch tip only appearing just
before final fracture. In general, the [+45], layup configuration showed no interaction between fiber breakage and matrix cracking.

On the other hand, damage propagation in [+45/-45/4+45], was in the form of both intralaminar cracking and delamination,
with fiber breakage consistently becoming more prevalent as matrix cracking grew. In general for the [+45/-45/+45], layup, a
relationship was observed between matrix cracking and fiber breakage, where intralaminar matrix cracking led to 66% of the fiber
breakage events. Additionally, it was shown that fiber bridging occurred at a site of +45°/—45° delamination, providing evidence
that fiber bridging can be an active toughening mechanism even if delamination is aligned with the loading direction (in contrast
to a classic Mode I DCB fracture test). The stress fields assessed via a homogenized analytical solution proved useful in representing
the trends followed by the observed damage in both specimens, where it was shown that the majority of fiber breakage events in
[+45], were stochastic and occurred away from the highly stressed regions. The limitations of the homogenized analytical stress
solution reinforced the need to include the exact morphology of the damage source in future fracture predictions. Overall, the
results shed light on the exact micromechanical interactions at the sharp notch tip of [+45]y and [+45/-45/+45], T650/5320
compact tension specimens. This study represents an important first step towards the adoption of damage tolerant approaches in
the engineering design and qualification of carbon fiber reinforced polymer composites. Future work should focus on re-adapting the
loading configuration to allow for a compact tension geometry that aligns with ASTM standards as closely as possible. Additionally,
next steps include fatigue testing to provide additional critical information for improved predictive capabilities and the eventual
development of a slow crack growth criteria.
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