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ARTICLE INFO ABSTRACT

Keywords: Due to the complex nature of the heterogeneous microstructures of short fiber composites, computationally

Polymer-matrix composites (PMCs) predicting their mechanical behavior, especially past the elastic regime and into the damage initiation and

M‘C_ms“‘mmres ) progression regimes, is very challenging. Matrix cracking has notably been difficult to predict because it can

Em;e EIE"I'lem analysis (FEA) propagate in different manners, such as fiber mediated interfacial cracking and conoidal cracking, which have
adiography

not been well understood. Therefore, this work couples in-situ X-ray micro tomography experiments with a
finite element simulation of the exact microstructure to enable a sub-fiber 3D microstructural study by tracking
damage propagation and computing the local stresses and strains in the microstructure. Here we show the
role of shear stress in interfacial cracking (and how it differs from debonding), the role of hydrostatic stress
in conoidal cracking, and the role of environmental damage in longitudinal fiber breakage. In doing so, this
work gives insight into the stress states resulting in non-linear damage propagation in thermoplastic fiber

Injection molding

composites.

1. Introduction

Short fiber composites have become popular in many engineering
applications due to their relatively low cost of manufacturing, espe-
cially for complicated 3D geometries. The microstructure of these com-
posites, which is typically characterized by parameters like the fiber
volume fraction, fiber orientation distribution, fiber length distribution,
and porosity volume fraction, is dependent on the manufacturing pa-
rameters [1-3] and strongly influences the mechanical performance [4-
8]. Therefore, researchers have developed techniques and tools to not
only predict the microstructure of these composites based on their
manufacturing parameters [9-11], but to also try and predict the
mechanical response using these microstructural parameters [12-14].

However, predicting the complete mechanical behavior of these
short fiber composites is challenging due to the heterogeneity of the
microstructure and its behavior past the elastic regime. Therefore,
most predictive capabilities have been focused on the elastic loading
regime [12,15], before damage initiation or progression has occurred.
These anisotropic elastic properties can be predicted using fiber vol-
ume fraction, orientation, and length distributions. Some recent work
has been done in predicting the bulk mechanical response past the
elastic regime, towards the strength predictions of short fiber compos-
ites, using phenomenological damage parameters and/or homogeniza-
tion [16-18].
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Within the microstructure of thermoplastic composites when loaded
past the elastic regime, damage initiation is usually observed in the
form of microvoid nucleation in the thermoplastic matrix, specifically
at fiber tips, which early works have shown through in-situ scanning
electron microscopy [19,20]. In understanding and predicting this be-
havior, the two main challenges for these composites are the highly
non-linear response of the thermoplastic matrix (which experiences
significant plasticity) and its interaction with fibers of varying lengths
and orientations [21]. For damage initiation, a previous work analyzed
a 3D experiment (between 0% and 50% of failure) along with a cou-
pled simulation matching those experimental conditions to show that
microvoid nucleation during damage initiation is related to localized
high hydrostatic stress in the matrix at fiber tips [22]. However, it is
unclear how microvoids evolve during damage progression (after 50%
of failure), especially in 3D.

One historically observed behavior during both damage initiation
and propagation is debonding of the fiber and the matrix [23]. This
mechanism, sometimes called interfacial debonding or mode g [24],
is akin to adhesive bond failure. In an effort to retain the integrity
of a fiber’s load bearing ability, researchers have worked to develop
a number of different techniques to improve the adhesion of the fiber
and the matrix through fiber surface pre-treatments [25]. These fiber
pre-treatments create a chemical reaction at the surface of the fiber

Received 13 May 2020; Received in revised form 8 April 2021; Accepted 18 April 2021

Available online 21 April 2021
1359-8368/© 2021 Elsevier Ltd. All rights reserved.


http://www.elsevier.com/locate/composites
http://www.elsevier.com/locate/composites
mailto:msangid@purdue.edu
https://doi.org/10.1016/j.compositesb.2021.108931
https://doi.org/10.1016/j.compositesb.2021.108931
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2021.108931&domain=pdf

I. Hanhan and M.D. Sangid

with a thickness that varies depending on the material system; for E-
glass fibers and a polypropylene matrix, it is expected to be on the
order of 100 nm [26]. The development of such fiber treatments has
proven to be very successful, making debonding extremely unlikely
(occurring mainly in the early loading sequence for a small fraction
of fibers which may have had unfavorable bonding conditions) as has
been shown through fractography [19,27]. With well bonded fibers,
debonding is not dominant during damage progression. Instead, due
to strong adhesion to the fiber, interfacial microcracking of the matrix
along fiber sides (akin to cohesive bond failure) is one of the main
observed behaviors during damage propagation, and it occurs late in
the monotonic loading sequence (at about 75% of the failure load) [19].
This is hypothesized to be a result of a shear stress concentration along
the fiber side [19]. However, while debonding may not be widespread,
it is unclear if localized debonding could still be responsible for some
portion of damage propagation, as well as how the driving forces differ
between debonding and interfacial matrix cracking.

Another observed behavior active during damage progression is
cracking through the matrix in a manner that is not along a fiber edge,
first referred to as ‘zigzag’ matrix microcracking, which activates to
connect and coalesce microvoids and interfacial matrix cracks [19].
To try to understand this mechanism of matrix cracking, researchers
isolated a single fiber in a matrix and analyzed the behavior of matrix
cracking through surface measurements. It was found that even with
a single fiber in a matrix, there exists a mechanism of matrix crack-
ing which is not necessarily fiber interface mediated. This observed
mechanism has been described more broadly as mode y cracking [24]
and fiber avoidance cracking [28,29], or more specifically by its shape,
such as penny [30], conical [31,32], conoidal (a mix of conical and
flat) [33], and helicoidal [33]. In this work, this form of matrix crack-
ing, that is not fiber interface mediated, will be simply referred to as
conoidal matrix cracking.

Lastly, fiber breakage is sometimes observed during damage pro-
gression. In general, fiber breakage is not a common occurrence in
short fiber reinforced thermoplastic composites and is either not ob-
served [19] or considered to be rare [34]. While uncommon, some fiber
breakage events have been documented for these material systems, and
are generally characterized as either (1) transverse breaks of fibers that
are well aligned with the loading direction (which are well understood),
or (2) longitudinal breaks of fibers that are misaligned with the loading
direction, which are less common and not well understood [35].

From a prediction standpoint, interfacial matrix cracking along a
fiber (and how it differs from debonding), conoidal cracking through
the matrix, and longitudinal fiber breakage have been challenging to
predict due to a lack of understanding of the physical phenomena
that govern their behavior. Specifically, conoidal matrix cracking has
proven to be challenging for researchers to predict because of its
apparent stochastic nature. In an attempt to predict this conoidal
matrix cracking behavior, researchers studied a single isolated perfectly
aligned fiber in an epoxy matrix in 2D, and through a modified Rice
and Tracey model were able to successfully predict the angle between
a conoidal matrix crack and the fiber (within 2°) [32]. However, there
has not been a clear and comprehensive explanation of the interac-
tion of interfacial cracks and conoidal cracks, especially in 3D for a
thermoplastic matrix, other than they might be accelerated by shear
stress [28,36]. Understanding the physical phenomenon that drives
conoidal matrix cracking and interfacial matrix cracking along a fiber,
especially if it results in major damage coalescence, as well as exposing
possible causes for longitudinal fiber breakage of misaligned fibers,
would allow for more accurate predictions of the complete mechanical
behavior of short fiber reinforced thermoplastics.

Therefore, this work coupled an in-situ X-ray micro-computed to-
mography (u-CT) experiment (shown in Fig. 1) analyzed at 50%, 75%,
and 85% of failure, with a 3D finite element method (FEM) simulation
of the exact microstructure matching those experimental conditions,
including all fibers, all manufacturing induced pores, and non-linear
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behavior in the thermoplastic matrix, in order to characterize the
behavior of microstructural damage propagation and compare it to the
computed stresses in the quasi-static simulation. Specifically, locations
of damage initiation within the ductile fracture zone were tracked as
the material was loaded, and processed through robust image pro-
cessing and segmentation procedures to extract each individual fiber
and pore [22]. The experimental 3D behavior of matrix cracking was
analyzed for regions of cracking along fiber edges (which could be
interfacial matrix cracking or debonding), as well as conoidal ma-
trix cracking. The finite element simulation, which contained over
7 million elements, computed the full stress field at a static snap-
shot directly after 50% of failure, and allowed for a direct compar-
ison to the experimentally observed damage progression within the
microstructure.

This paper will first describe the material, followed by the exper-
imental procedure and its corresponding tomography post-processing.
The methods of the FEM simulation will then be described, followed by
the results and discussions of four damage mechanisms active during
damage propagation (interfacial matrix cracking, debonding, conoidal
matrix cracking, and fiber breakage). Experimentally, these mecha-
nisms were analyzed between 0.5¢ , (50% of the macroscopic strain to
failure) and 0.85¢ 7 (85% of the macroscopic strain to failure), and a
region of damage coalescence which eventually led to major ductile
failure in the ductile fracture zone was determined. While previous
work by the authors investigated damage initiation in short fiber ther-
moplastic composites [22], the present work will be solely focused on
damage propagation (crack growth) in the same material.

Through the coupled experiment and simulation analysis, this work
provides insight into the physical stress states that govern cracking
along a fiber edge and conoidal matrix cracking. Instead of applying a
specific failure criteria, such as Von Mises for the matrix, each compo-
nent of simulated stress (including hydrostatic and maximum principal)
was analyzed to provide insight to the underlying physics guiding crack
growth in varying mechanisms. Specifically, this paper will present two
locations of cracking along a fiber edge, where one was determined
to be interfacial matrix cracking, while the other was determined to
be debonding. Next, two locations of conoidal matrix cracking will be
shown. Lastly, fiber breakage was analyzed and categorized as either
transverse breakage of a well aligned fiber, or longitudinal breakage of
a misaligned fiber. Only one fiber was found to break in a longitudinal
fashion, and is also explored in this paper. Overall, the results of this
work provide a comprehensive understanding of the physics governing
the coalescence of damage initiation sites within the complex and
heterogeneous microstructure of short fiber reinforced thermoplastics,
increasing the understanding of the micromechanical response past
damage initiation and propelling engineers towards strength and failure
predictions of these short fiber composites.

2. Materials and methods
2.1. Composite material

The material used in this work was a polypropylene matrix rein-
forced with 30% by weight E-glass fibers which are approximately 10
pm in diameter. The glass fibers were pre-treated with a tailored silane
solution to promote adhesion between the fibers and the polymer. The
composite material was injection molded into a cylindrical rod with
a diameter of 1.27 cm and a length of 45.72 cm, where the injection
molding flow direction was in the length direction of the rod (Z). From
the injection molded rod, a smaller dog-bone shaped specimen was
machined from the center with a grip diameter of approximately 6.3
mm, a gauge section diameter of 2.5 mm, and a gauge section length
of 5 mm, where the loading direction was in the Z direction.
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Fig. 1. An overview of the in-situ study where (A) shows the in-situ loading set-up with the miniature load frame, (B) shows a sample of the reconstructed tomography images,
(C) shows the ductile fracture zone just before fracture, and (D) shows a sample of the fibers detected in the microstructure (cropped away from the edges by 340 pm radially).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.2. Experimental details

An in-situ tomography study was conducted at the Advanced Photon
Source at Argonne National Laboratory using the assembly shown in
Fig. 1A. Each X-ray projection, which was acquired with an X-ray
energy of 25 keV, was collected on an area detector placed 75 mm
downstream from the specimen with an exposure time of 100 ms
collected every 0.12°. The assembly, which included the specimen
placed within a custom miniature load frame, was rotated at 0.5°/s
through a 180° range. The use of synchrotron X-rays allowed for a u-
CT scan of a volume with dimensions 3.33 by 3.33 by 1.61 mm to be
acquired with a pixel size of 1.3 pm in about 6 min. The 1500 X-ray
projections acquired during each tomography scan were reconstructed
using TomoPy, which is a python-based framework developed by scien-
tists at Argonne National Laboratory [37]. This work used the default
Gridrec algorithm, which is a direct Fourier-based method [38]. In
implementing TomoPy in this work, it was necessary to first determine
the appropriate reconstruction center of the tomography images, which
is done through a trial-and-error approach through built in TomoPy
functions that can be found in the TomoPy documentation. Lastly, it
is possible to exclude certain projections when reconstructing using
TomoPy; in this work, it was necessary to exclude projections that
were obstructed by the load frame columns. Due to TomoPy’s ability
to handle missing projections, this does not reduce the quality of the
reconstructions [39]. Once fully reconstructed, the acquired tomogra-
phy scan results in 2D images which stack to form a 3D image, as shown
in Fig. 1B.

Using the custom miniature load frame, the specimen was loaded in
tension by incrementally displacing the cross-head 0.01 mm at a quasi-
static cross-head displacement rate of approximately 0.2 mm/min,
holding the cross-head displacement, and acquiring an in-situ tomogra-
phy scan. Once the scan was completed, the cross-head was displaced
0.01 mm again and held for the next scan. The 3D time-lapse tomog-
raphy data allowed for the observation of damage (Fig. 1C) and the
extraction of microstructural features, including each fiber (Fig. 1D).
The exterior of the specimen was painted with a black and white
speckle pattern and monitored using an optical camera at each in-
crement in order to allow for the computation of macroscopic strain
through digital image correlation which was conducted using VIC-2D.
In VIC-2D, the graphical user interface allows for a straightforward
selection of the portion within the image that is analyzed for relative
motion and the corresponding computed strain. A total of 58 scans were
acquired between the unloaded state and final fracture, which occurred
at 5.77% macroscopic strain.

2.3. Experimental post-processing

The tomography images acquired at 0.99¢ ; (99% of the macroscopic
strain to failure) were inspected using ImageJ, and the ductile fracture
zone (the region of ductile fracture which transitions to brittle fracture
just before final failure [19]) was determined [22]. Using six face
2D cross-correlation in Matlab (with function normxcorr2), the ductile
fracture zone was traced from 0.99¢, back to the microstructure at
0.85¢ 7, 0.75¢ 4, 0.5¢ 7, 0.3¢ 7, and 0 load.
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Fig. 2. An overview of the damage initiation events labeled 1 through 6 that occurred within the ductile fracture zone visualized at (A) the unloaded state, and at (B) 0.5¢,
with a blue box indicating the region of interest for the damage propagation analysis, and with corresponding tomography images at each of the 6 locations, where sites labeled

1-5 were microvoid nucleation, and site 6 was early debonding.

The 3D tomography images at each load step were adjusted first
using median scaling [40], followed by three general procedures: fiber
detection, porosity detection, and free surface detection. Fiber detection
was conducted using a combined 2D/3D iterative approach developed
by Agyei and Sangid [41]. The algorithm iteratively enhances and
segments each 2D image in the stack of reconstructed x-CT images.
The cross-section of each fiber on each slice is fitted using an elliptical
fit, and this ellipse data is stacked and undergoes a number of 3D
segmentation steps [41]. The segmentation of the fibers was inspected
and corrections to the automated segmentation were conducted using
ModLayer [42]. In ModLayer, consecutive 2D slices of the 3D tomogra-
phy image can be viewed on the left side of the graphical user interface,
with the multi-class fiber segmentation on the right. ModLayer was then
used to scroll, zoom, and pan through the linked images to evaluate and
fix any inaccuracies within the multi-class fiber segmentation [42].

Fibers in the experimental analysis, which played a role by in-
teracting with damage events within the ductile fracture zone, were
rendered in ParaView using a cylindrical fit of the detected fibers
to aid in visual interpretation. These can be seen in Fig. 2A and
B at the unloaded state and at 0.5¢,, respectively. An in-depth 3D
reconstruction of the surface of certain fibers of interest was conducted
by first segmenting pixels in the region of the fiber with normalized
intensity greater than 0.65 followed by inspection and segmentation
correction using ModLayer [42]. The manufacturing induced porosity
in the unloaded state, as well as microvoids that nucleated after load-
ing, were detected using Weka machine learning segmentation [43]
and manually corrected using ModLayer [42]. Weka segmentation is
part of the Fiji image processing package [44], and allows the user to
point and click within the graphical user interface in order to train the
Weka segmentation module for portions of the image that are voids.
Additionally, there is support for 3D images, which are accomplished
by repeating the same point and click training on consecutive 2D

slices. The Weka segmentation module can be evaluated by running the
detection, applying an overlay of the segmentation result, and visually
observing imperfections in the detection, which can be fixed through
additional training. This procedure aided in the 3D interpretation of
damage events as can be seen in Fig. 2B.

The specimen’s free surface was determined through 2D image
processing of each tomography slice using an in-house Matlab algo-
rithm that utilized the intensity gradient at the free surface, and an
initial estimate of the approximate center and radius of the cylindrical
specimen [22]. This region was enhanced by mapping the intensity
values from a range of 0 to 1 into a range of 0.4 to 0.9, converted
to a binary image using a threshold of 0.655 of the median normalized
intensity of the image (which accounts for X-ray energy fluctuations),
dilated by a disk structural element with a radius of 4 pixels, and finally
adjusted to fill any holes in the edge region [22].

Through analysis of the 3D tomography data from the unloaded
state to 0.5¢, six sites of damage initiation (crack initiation) were
found and were tracked throughout loading. Of the six total sites of
damage initiation, sites numbered 1-5 in Fig. 2 were associated with
microvoid nucleation, and were discussed in the previous work up to
0.5¢, [22]. Site 6 in Fig. 2 exhibited early debonding of two fibers
with lengths of 42 pm and 56 pm, each forming an angle with the
loading axes (Z) of 84.1° and 84.5°, respectively. A region of interest
which contained damage initiation sites 4-6 (blue box in Fig. 2B) was
chosen for the damage progression analysis in this work (¢ > 0.5¢,)
because it was experimentally observed to (1) contain coalescence of
all three damage initiation sites between 0.5¢ r and 0.85¢ 15 (2) led to
the formation of the largest void at 0.85¢ , which also reached the free
surface, and (3) eventually led to catastrophic failure (outlined in red
in Fig. 1C just before fracture). This smaller region of interest within
the ductile fracture zone is shown at the unloaded state, 0.5¢,, and
0.85¢ ; (through 6 face 2D cross-correlation tracking) in Fig. 3A, B, and
C, respectively.
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Fig. 3. An overview of the coupled experiment and simulation, where (A) is the region of interest for the damage propagation analysis at 0 load, (B) is the tracked region at
0.5¢, that contained sites of damage initiation which grew significantly and coalesced in (C) at 0.85¢,. Simultaneously, (D) shows the simulation of the region of interest from
0.5¢, to 0.85¢,, where the roller boundary conditions match the experimental results from (A) to (C). The detected fibers are shown in (E), and the voids present at 0.5¢, can be

seen in (F), where the three largest voids are the sites of damage initiation.

(A) 0.5¢¢ Crack initiation

(B) 0.75¢; Damage propagation

(C) 0.85¢f Void coalescence

A

6A

5A

[ - Sites of microvoid nucleationJ

-
D Crack growth along fiber edge
C] Crack growth through the matrix

N

~

[- Tracked coalesced void J

J

Fig. 4. The result of the experimental analysis of crack growth, where (A) shows crack initiation sites numbered 4, 5, and 6 at 0.5¢,, (B) shows crack growth sites 4A, 4B, 5A,
and 6A at 0.75¢, that are explored in this work, and (C) shows the large coalesced crack growth at 0.85¢ .

2.4. Simulation details

In the previous work, the microstructure at the unloaded state was
simulated (before damage initiated or progressed) up to 0.5¢ 7 [22].
In this work, the experimental post-processing procedures were used
to instantiate a 3D model of the exact microstructure at 0.5¢ r (after
damage initiated but before it progressed and coalesced) in the region
of interest, and simulated up to 0.85¢,. This includes the free surface
shown in Fig. 3D, the fibers shown in Fig. 3E, as well as pores and
nucleated microvoids shown in Fig. 3F, in order to create a simulation
that can provide insight into the local stress states just after damage
initiation.

Prior to meshing the microstructure, each voxel which corresponded
to a void in the material was removed in ParaView using the thresh-
old filter, and the remaining voxels were meshed using tetrahedral
elements directly from the voxelated microstructure using the tetra-
hedralize filter which results in tetrahedral elements with ideal and
uniform geometry [22]. This meshing procedure was conducted in
ParaView, and resulted in perfect bonding between the fibers and

the matrix, which can be assumed for fiber reinforced thermoplastics
where the fibers have been pre-treated [19,22]. This ParaView mesh
required post-processing in order to appropriately structure the node
and element lists for compatibility with Abaqus, which in this work was
done using an in-house Matlab algorithm. The meshed fiber elements
were assigned linear elastic properties with an elastic modulus of 72.4
GPa and a Poisson’s ratio of 0.2 [45,46]. The meshed matrix elements
were simulated to include nonlinear plasticity through a multilinear
isotropic hardening model based on experimental and simulation data
in Ref. [47].

The experimental six face cross-correlation used to track the exact
volume of tomography images between the unloaded state and 0.85¢
was used to apply boundary conditions to the meshed microstructure at
0.5¢ . This corresponded to roller boundary conditions on the +X, -Y,
and —Z surfaces, and roller boundary conditions with displacements of
X = 9.7 pm on the —X surface (contraction in X), Y = —5.2 pm on
the +Y surface (contraction in Y), and Z = 20 pm on the +Z surface
(expansion in Z). These boundary conditions, which are visualized in
Fig. 3D, effectively reproduce the same tension in the Z and Poisson’s
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(C) Experiment (0.75¢f)

(D) Experiment (0.85¢y)
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Fig. 5. The coupled simulation and experiment results of site 4 and 4A, where (A) shows the simulation result with the 99th percentile matrix shear stress (YZ) overlaid, (B)
shows the coupled simulation and experiment at 0.5¢, with the simulated maximum principal stress overlaid, and (C) and (D) show the 3D experimental results at 0.75¢, and
0.85¢, respectively. A different view of the same data with an intersecting plane is shown in (E), with the corresponding tomography images at those planes shown in (F), (G),
and (H) at 0.5¢,, 0.75¢,, and 0.85¢,, respectively, where the dashed circle contains the region of high shear stress emanating from a microvoid which led to damage progression.

contraction in the XY plane that was experimentally observed between
the unloaded state and 0.85¢ , while still allowing for rotations at nodes
and lateral motion of each face in order to avoid fixing the internal sur-
faces. The simulation contained approximately 7.42 million elements,
and was solved using Abaqus/Standard on 160 parallel processors and
512 GB of memory in 35 hours. The simulation was conducted with
nlgeom=YES in Abaqus (which is best for non-linear deformation).

In the analysis of the simulation, hydrostatic stress was computed
by

Oy T+ Cyy +0,,
Oy = ——— ¢b)

and the maximum principal stress was computed by solving the eigen-
value problem

Ty _—
[oj; — 46;1"4; =0 )

where o, is the stress tensor, §;; is the Kronecker delta, 4, 4,, and 13
are the principal stresses (eigenvalues) and 7, #,, and i; are the princi-
pal directions (eigenvectors) for the principal stresses, respectively. The
maximum principal stress, S1, was then computed by max(4,,4,, 3)
and the direction of maximum principal stress was the corresponding
eigenvector. The computations were conducted element by element in
Matlab, and all visualizations of the simulation results were conducted
in ParaView. It was found to be very useful to simultaneously render the
raw tomography images, the segmentation of the tomography images
(including fibers and voids), and the result of the simulation. This
allowed for the ability to probe all three data sets for a robust analysis,
using filters like the threshold filter, the slice filter, and the clip filter
in ParaView.

It should be noted that this simulation did not include a damage
model or a crack propagation model. Instead, regions of experimental
damage were compared to the simulated stresses that are computed
within the microstructure that is captured directly after 0.5¢, in the
tomography images. Therefore, this work does not simulate damage but
instead uses computed stresses to further understand and distinguish
the experimental damage behavior of each damage mechanism.

3. Results and discussion

Using the microstructural data at the unloaded state, it was found
that the average weight based fiber length is approximately 300 pm and
that fibers are moderately aligned with the loading direction forming
an average angle of 40.4° with the Z axes [41,48]. From the time-lapse
in-situ tomography data, it was found that damage initiation sites 4, 5,
and 6 (Fig. 2) coalesced into a large void that reached the free surface.
The experimental analysis, which tracked the microstructure as damage
propagated, revealed that coalescence either occurred through cracking
along a fiber edge (which could be interfacial cracking or debonding),
or conoidal matrix cracking.

Experimentally, portions of damage events were determined to be
cracking along fiber edges if the damage profile exhibited an elongated
shape and was along the edge of a fiber, as determined by 3D visu-
alization and oblique slicing of the tomography data in ParaView. As
described in Section 1, since the thickness of the interphase is on the
order of nanometers, it is much smaller than the 1.3 pum pixel size of
the acquired tomography images. Therefore, interfacial matrix cracking
and debonding visually appeared to have the same profile (cracking
along fiber edges) in the in-situ tomography images. However, it will be
shown that the computed stress states in the simulation provide insight
into which of the two mechanisms were active. The experimental
damage coalescence can be seen in Fig. 4, were experimental crack
growth has been labeled as either along a fiber edge, or through the
matrix. Specifically, experimental crack growth in Fig. 4 which has
been labeled as 4A, 4B, 5A, and 6A will be explored in detail.

3.1. Interfacial matrix cracking and debonding

The first case that will be discussed is crack growth site 4A in
Fig. 4, which facilitated the growth of crack initiation site 4 (microvoid
nucleation) via a misaligned fiber forming an 80° angle with the load-
ing axes. Experimentally, this region was observed to contain cracking
along the fiber edge, shown circled in Fig. 5B-H. In the simulation, the
local stress states were examined in the matrix elements at the matching
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Fig. 6. The coupled simulation and experiment analysis of site 6 and 6A, where (A) shows the simulation, with the elements at the location of debonding shown in orange,
accompanied by an inset providing a comparison of the stresses averaged over those elements and compared with the location of interfacial matrix cracking, and (B), (C), and (D)

show the 3D experimental results at 0.5¢,, 0.75¢, and 0.85¢,, respectively.
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@ Tracked microvoids
() Cracking along fiber edge
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Fig. 7. The coupled simulation and experiment results at site 4 and 4B, where (A) shows the simulation result with the 99th percentile matrix hydrostatic stress overlaid, (B)
shows the coupled simulation and experiment at 0.5¢, with the simulated maximum principal stress overlaid, and (C) and (D) show the 3D experimental results at 0.75¢, and

0.85¢ 7, respectively.

location. It was found that the stress state in the local matrix material
at this location exhibited a notably high shear stress concentration
in the YZ plane, oy, shown in Fig. 5A. In fact, this matrix region
alone contained 866 agglomerated matrix elements all within the 99th
percentile of matrix oy, (where the matrix average oy, was 1.47 MPa,
and the 99th percentile oy, was 11.77 MPa). While the fiber which
facilitated this crack growth in Fig. 5 is not exactly aligned in the
YZ plane, this correlation could be due to the boundary conditions
discussed in Section 2.4, which imposed a compression (matching the
experimental contraction due to Poisson’s effect) in the X direction
that was almost twice as large compared to the Y direction. This
compression in the X direction, which is normal to the YZ plane, could
explain why oy, was very high at this site of cracking along the fiber
edge.

Additionally, this region of high matrix shear stress also contained
matrix elements with high (99th percentile) maximum principal stress
(where the average S1 was 35.18 MPa and the 99th percentile S1 was
195.93 MPa) as shown in Fig. 5B. This high maximum principal stress
is likely due to the effects of the local microstructure, which included
fibers and the neighboring microvoid. Since the matrix material at
this location (circled in Fig. 5) experienced high maximum principal

stress and high shear stress, this location of damage propagation is
most likely matrix mediated, and it can therefore be categorized as
interfacial matrix cracking. Experimentally, this is consistent with the
surface observations made by Sato et al. which showed that sites of
microvoid nucleation propagate via micro-cracks in the matrix along
fiber edges [19]. The coupled simulation in this work showed that
localized high matrix maximum principal stress and matrix shear stress
were responsible for damage propagation at a site of crack initiation in
the form of interfacial matrix cracking.

This can be contrasted to cracking site 6A (Fig. 4) which propa-
gated from damage initiation site 6 that was determined to be early
debonding. A closeup view of this location can be seen in Fig. 6. Inter-
estingly, at this location within the microstructure (shown in orange
in Fig. 6A), there were no notable extremities in the matrix stress
states. In comparison to the location of interfacial matrix cracking,
the values of oy, and maximum principal stress have been averaged
and plotted for this location in the inset of Fig. 6A, where the lower
values can be contrasted to the region of interfacial matrix cracking
circled in Fig. 5, which showed relatively higher matrix oy, and matrix
maximum principal stress. Since the stresses in the matrix along the
fiber in Fig. 6 were not high, it is reasonable to conclude that this
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(C) Experiment (0.75¢5) (D) Experiment (0.85¢&f)
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Fig. 8. The coupled simulation and experiment results at site 5 and 5A, where (A) shows the simulation result with the 99th percentile matrix hydrostatic stress overlaid, (B)
shows the coupled simulation and experiment at 0.5¢, with the simulated maximum principal stress overlaid, and (C) and (D) show the 3D experimental results at 0.75¢, and
0.85¢, respectively. A view of the same data with an intersecting plane is shown in (E), with the corresponding tomography image at that plane shown in (F), (G), and (H) at

0.5¢,, 0.75¢, and 0.85¢, respectively.

location of cracking along the fiber edge (during e > 0.5¢,) was not
matrix mediated, but was instead in the form of continued debonding
from the site of initial debonding that occurred during € < 0.5¢, (akin
to continued adhesive failure).

3.2. Conoidal matrix cracking

Another active mechanism during damage propagation that was
observed experimentally was matrix driven conoidal cracking. The
damage profile was characterized as matrix conoidal cracking (through
3D analysis and oblique slicing of the tomography data in ParaView) if
it appeared that the crack grew in a conoidal shape, and not necessarily
along an interface of a fiber edge, but in a tortuous manner through the
fibrous microstructure.

One location within the microstructure that exhibited conoidal ma-
trix cracking was also connected to the location of microvoid nucleation
during damage initiation (site 4) discussed in Section 3.1. This cracking
was labeled site 4B in Fig. 4, and a zoomed in view is provided in
Fig. 7. The results of the simulation in this region contained 4038
agglomerated matrix elements all experiencing high (99th percentile)
hydrostatic stress (where the average hydrostatic stress was 20.20 MPa
and the 99th percentile of hydrostatic stress was 180.20 MPa), as shown
in Fig. 7A. This agglomeration of matrix elements, while in close
proximity to other fibers, was not along the edge of a single fiber.

These matrix elements with high hydrostatic stress were in contact
with the surface of the microvoid, and were also experiencing high
maximum principal stress (likely due to the neighboring microstruc-
ture), as shown in Fig. 7B. Experimentally, this region showed evidence
of conoidal matrix cracking which occurred by 0.75¢, as shown in
Fig. 7C, and by 0.85¢, coalesced into one void shown in Fig. 7D. This
experimental analysis shows that matrix cracking can behave in a fiber-
avoidance mode sub-surface, corroborating previous observations made
using surface measurement techniques; the coupled simulation shows
that it overlapped with a region of high hydrostatic stress emanating
from a site of microvoid nucleation.

Another location within the microstructure that exhibited conoidal
matrix cracking is shown in Fig. 8A and B. This location, labeled as site
5 in Fig. 2, exhibited a complicated fiber microstructure with highly
misaligned fibers interacting with well aligned fibers during damage
propagation. The simulation revealed 1163 agglomerated matrix el-
ements experiencing high matrix hydrostatic stress (99th percentile
matrix hydrostatic stress) shown in Fig. 8A and sliced in Fig. 8E.

Similar to the previous conoidal matrix cracking case, this location
also experienced high maximum principal stress as shown in Fig. 8B. By
0.75¢ 7, the region showed damage progression in the form of conoidal
matrix cracking, which was part of the large coalesced void by 0.85¢ .
This location was particularly interesting because it was very close
to the free surface of the specimen shown in Fig. 8F. By 0.85¢,
the local damage event coalesced with the other locations of damage
described in this work, and reached the free surface eventually leading
to catastrophic brittle failure as the ductile fracture zone eventually
transitioned to brittle fracture [22].

3.3. High stress at pristine matrix regions

While this work focused on regions of experimental crack growth
and compared the stresses simulated at those locations, it is also
important to discuss regions of high simulated stress that were not
associated with crack growth. These are regions of simulated stress that
were away from the crack initiation sites (regions of the matrix that
did not exhibit any signs of damage initiation by 0.5¢,) and will be
referred to as pristine locations. These pristine locations at e < 0.5¢
could either correspond to no experimental damage at ¢ > 0.5¢;
and therefore remain pristine, or could possibly show signs of new
experimental damage at ¢ > 0.5¢, (not associated with the crack
growth in Fig. 4). Locations of 99th percentile shear and maximum
principal stress (6y, > 11.8 MPa and S1 > 1959 MPa) were isolated
and examined, as well as locations of 99th percentile hydrostatic and
maximum principal stress (0pyq > 180.2 MPa and S1 > 195.9 MPa).

When matrix elements of high sy, and high S1 were not touching
crack initiation sites and instead were at pristine matrix locations,
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(F) Sustained void at 0.85¢&¢

| Longitudinal fiber breakage

Fig. 9. A separate example of high simulated shear stress and high maximum principal stress is shown in (A) at 0.5¢,, with the experimental results at (B) 0.75¢, and at (C)
0.85¢, where it can be seen that the region was not related to damage, showing that while this shear stress condition can lead to crack growth of existing cracks, it does not
result in crack initiation at pristine matrix locations. An example of high hydrostatic stress and high maximum principal stress at a fiber tip is shown in at (D) 0.5¢,, at (E) 0.75¢,
and at (F) 0.85¢,, where it can be seen that a microvoid has appeared, showing that this hydrostatic stress condition can lead to both crack growth of existing cracks, as well as
crack initiation in pristine matrix regions. Shown in the box in D-F is a rare location of longitudinal fiber breakage that is also discussed in this work.

they were not found to correlate to damage. For example, Fig. 9A-C
shows matrix elements of high shear and maximum principal stress
that were not in contact with sites of damage initiation. As can be
seen in Fig. 9B and C, no damage was initiated within the experimental
tomography images. This example was representative of other regions
of high shear stress and high maximum principal stress, which when in
contact with existing crack initiation sites led to crack growth in the
form of interfacial matrix cracking, but when isolated at locations of
pristine matrix did not lead to new cracking.

On the other hand, matrix elements experiencing high hydrostatic
and maximum principal stress at pristine matrix locations were found
to overlap with the nucleation of new microvoids. This can be seen
in Fig. 9D-F, where matrix elements that were simulated to experience
high hydrostatic and high maximum principal stress were not in contact
with sites of crack initiation, however those elements corresponded
to a new microvoid at a fiber tip as shown in Fig. 9E and F. This
example was representative of other regions of high hydrostatic and
high maximum principal stress, which when in contact with existing
crack initiation sites led to crack growth in the form of conoidal matrix
cracking, and when isolated at locations of pristine matrix led to new
microvoid nucleation.

The observations made by examining the results of the simulation at
pristine matrix locations shed light on the underlying physical phenom-
ena and stress states related to matrix damage. After crack initiation,
high shear stress was only observed at the experimental locations
of interfacial matrix cracking, and did not necessarily correspond to
new damage in the tomography images at locations away from crack
initiation sites (pristine locations). This indicates that while interfa-
cial cracking is matrix mediated, the high stress conditions associated
with it do not result in new cracks at additional locations away from
the initial crack initiation site. On the other hand, high hydrostatic
stress was both observed at the sites of crack growth in the form of
conoidal matrix cracking, as well as the nucleation of new microvoids at
previously pristine matrix locations. This implies that conoidal matrix
cracking has the same physical driving force as the nucleation of new
voids, indicating that conoidal matrix cracking can be viewed as the
nucleation of a void in-contact with the site of crack initiation.

3.4. Fiber breakage

Fiber breakage in general has not been considered a common oc-
currence in short fiber thermoplastic composites. Furthermore, when
observed, it is usually a transverse breakage of a well aligned fiber [22,
35]. Out of the nearly 400 fibers in the ductile fracture zone, only one
fiber breakage occurred by 0.5¢ , (shown in Fig. 2 at damage initiation
site 2). This fiber was well aligned with the loading direction, forming
a 17.6° angle with the loading direction, and broke via the more
commonly expected transverse mode due to neighboring microvoid
nucleation [22].

However, this analysis showed that between 0.5¢, and 0.85¢, five
additional fibers broke, representing 1.5% of the total fibers in the
ductile fracture zone. Of the five fiber breakage events that occurred
between 0.5¢, and 0.85¢,, four were transverse breaks of well aligned
fibers, and one was a longitudinal break of an in-plane fiber. The
longitudinal breakage event occurred at a fiber that was 241 pm long
and was aligned almost perpendicular to the loading axes, forming an
angle of 86° with the loading direction (Z).

The longitudinal fiber breakage event of the nearly in-plane fiber
can be seen in Fig. 10A, B, C, and D at the unloaded state, 0.5¢,
0.75¢;, and 0.85¢ ;, respectively, where the longitudinal break can be
observed at 0.85¢ ;. This occurrence is unexpected because even with a
pre-treatment of the fiber surface (which promotes adhesion with the
matrix), the polypropylene matrix material has a much lower ultimate
strength than the E-glass fiber [45,47]. Therefore, the matrix near the
interface would be expected to fail first.

The simulation result showed that this fiber experienced a high
shear stress gradient shown in the inset of Fig. 10B. Yet, this stress
state was not unique to this fiber alone; almost all highly misaligned
fibers in the microstructure were simulated to experience a similar
shear stress gradient. Therefore, the longitudinal fiber break of this
particular misaligned fiber was not only a result of its shear stress state,
but was found to be a result of its morphology which was observed
through a reconstruction of the exact fiber surface. Specifically, an in-
depth surface reconstruction of the fiber showed that it was damaged at
the unloaded state (Fig. 11A) likely due to environmental damage of the
E-glass fiber [49]. The damage can be seen in the tomography images
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Fig. 10. Experimental data of the damaged in-plane (XY plane) fiber shown at (A) the
unloaded state, (B) 0.5¢,, (C) 0.75¢, and (D) 0.85¢, where longitudinal fiber breakage
has occurred, as well as an image of the simulated fiber experiencing a high shear
stress gradient in its plane (XY plane).

at the oblique slices shown in Fig. 11B, where tomography images in
slice one, two, and five have been circled and clearly show that the
fiber is damaged in the unloaded state. It is important to note that fiber
damage is challenging to detect and can be missed when observing
tomography images in the orthogonal Cartesian planes; sometimes it
is necessary to view an accurate surface reconstruction of the fiber, or
view tomography data at oblique angles to observe the true morphology
of certain features.

Overall, for this in-plane fiber (that was highly misaligned with the
loading direction), it was found that the fiber surface pre-treatment
used to promote adhesion with the matrix was very effective because
there were no signs of debonding in the in-situ tomography images, as
was seen in Fig. 10. With a strong bond to the matrix, it is therefore
hypothesized that the highly misaligned fiber broke longitudinally
because (1) it was damaged at the unloaded state likely due to the
injection molding fabrication, and (2) it experienced a high shear stress
gradient between 0.5¢ ; and 0.85¢;, as was shown in Fig. 10D.

4. Conclusion

This work analyzed specific damage events that occurred in a short
fiber reinforced thermoplastic composite. Specifically, the specimen
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studied in this work was an injection molded polypropylene that was
reinforced with 30%, by weight, 10 pm diameter E-glass fibers which
were pre-treated to promote adhesion between the fibers and the
matrix. The experiment was an incremental tension test that was con-
ducted in-situ where X-ray u-CT images were acquired at a total of 58
interruptions between the unloaded state and failure, which occurred at
5.77% macroscopic strain (computed through digital image correlation
of the speckled surface of the specimen during the in-situ experiment).

Analysis of the 3D tomography images was conducted to deter-
mine the ductile fracture zone just before brittle fracture occurred.
Through 2D image correlation, the ductile fracture zone was traced
back to the microstructure at the unloaded state. The progression of
the microstructure was then studied in detail using a total of three
detection procedures: fiber detection, void detection, and specimen
edge detection. The 3D analysis revealed the exact locations of damage
initiation within the ductile fracture zone, which were observed to
occur by 0.5¢ . There were six independent sites of damage initiation:
five sites of microvoid nucleation at fiber tips (discussed in the previous
work) [22], and one site of debonding of two short highly misaligned
fibers which occurred likely as a result of low adhesion with the matrix
(since it was observed early in the loading sequence). In this work,
the progression of these sites of damage after 0.5¢ ; (crack growth) was
analyzed.

Three of the six total locations of damage initiation (two microvoid
nucleation sites and the one debonding site) were experimentally ob-
served to coalesce into one connected void which reached the free
surface by 0.85¢ ; through either cracking along a fiber edge or conoidal
matrix cracking. To understand the complex growth of cracking which
caused large coalescence in the three sites of damage, a FEM simu-
lation was conducted of the exact local microstructure as extracted
through the three detection techniques described in this work. This
region within the ductile fracture zone had a volume of 117 by 176.8
by 183.3 pm, and was tracked throughout the experimental loading
history using six face 2D cross-correlation. The 3D simulation of this
region of interest, which contained 89 tracked fibers and 7.42 mil-
lion elements, was conducted to replicate the experimental boundary
conditions experienced by the region.

Sites of early microvoid nucleation were found to propagate either
through interfacial matrix cracking, or conoidal matrix cracking. At
the region of interfacial matrix cracking, the simulation showed high
matrix shear stress and maximum principal stress. This result substan-
tiates the surface observations and hypothesized role of shear stress
provided by Sato et al. in the growth of microvoids along fiber sides
via microcracks in the matrix [19]. At the region of conoidal matrix
cracking, the simulation showed that the matrix experienced high
hydrostatic stress and maximum principal stress, causing the growth of
the microvoid to occur through the matrix, and not necessarily along a
fiber side.

The site of early debonding of two short fibers was found to prop-
agate via continued debonding along a third fiber. The matrix stresses
in the simulation at the location of debonding were not high (within
one standard deviation of the average, as opposed to the extreme
values in the shear and hydrostatic stresses observed for interfacial
and conoidal matrix cracking, respectively), signaling that the event
was not due to microcracks in the matrix, but instead likely due to
adhesive failure of the interphase. This shows that both interfacial
matrix cracking and debonding can occur within the microstructure
during damage propagation. Lastly, five fiber breakage events were
experimentally documented: four typical transverse fiber breaks of well
aligned fibers, and one unlikely longitudinal fiber break of a highly
misaligned fiber. The longitudinal fiber breakage event was further ex-
amined by extracting the exact morphology of the fiber at the unloaded
state, which revealed that the fiber was damaged during the injection
molding process, which likely led to its unexpected fracture behavior.

In conclusion, this work has provided clarity into the 3D dam-
age propagation events of short fiber reinforced thermoplastics by
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Fig. 11. The experimental data rendered at the unloaded configuration of an in-plane fiber (A) which was damaged during the injection molding process as can be seen circled,
with accompanying tomography images sectioned at the five planes described in (B), where it can be seen circled in Slices 1, 2, and 5 that neighboring fibers appeared to have
applied force during injection molding leading to damage in the fiber at the unloaded state.

providing insight into the physical phenomena that govern certain
micromechanical behaviors. This includes the specific distinction be-
tween interfacial matrix cracking and debonding, as well as the roles
of maximum principal stress, shear stress, and hydrostatic stress in the
evolution of microvoids (crack growth in € > 0.5¢ f) which nucleated
during damage initiation (¢ < 0.5¢,). Specifically, using the criteria
of high shear stress and maximum principal stress in the matrix, it
was possible to isolate locations of incremental crack growth from a
nucleated microvoid in the form of interfacial matrix cracking. How-
ever, this criteria in general cannot be used to determine new damage
events at pristine matrix locations. Additionally, using the criteria of
high hydrostatic stress and maximum principal stress, it was possible
to isolate the path of incremental damage propagation from a nucleated
microvoid in the form of conoidal matrix cracking, as well as the
nucleation of new damage events in pristine matrix locations.

While this work identified critical trends using high stresses, future
research could use coupled experiments and simulations to identify
specific stress values that lead to certain damage events. This could
be useful for exploring and estimating properties of the interphase.
Additionally, predicting the locations of debonding remains an area of
future research. This work showed that debonding initiated at two short
in-plane fibers (%50 pm long compared to the average ~300 pm length)
and propagated in the form of continued debonding along a third fiber.
The relationship between the proximity of short in-plane fibers and the
initiation of debonding is worth exploring in future work. Overall, this
work provides a major step towards increasing predictive capabilities
of the mechanical response of short fiber thermoplastic composites past
the elastic regime, into the damage propagation regime, and eventually
towards strength prediction and robust material qualification.
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