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ABSTRACT

Hanhan, Imad Ph.D., Purdue University, May 2020. Investigating Damage in Discon-
tinuous Fiber Composites through Coupled in-situ X-ray Tomography Experiments
and Simulations. Major Professor: Michael D. Sangid.

Composite materials have become widely used in engineering applications, in or-

der to reduce the overall weight of structures while retaining their required strength.

Due to their light weight, relatively high stiffness properties, and formability into

complex shapes, discontinuous fiber composites are advantageous for producing small

and medium size components. However, qualifying their mechanical properties can

be expensive, and therefore there is a need to improve predictive capabilities to help

reduce the overall cost of large scale testing. To address this challenge, a composite

material consisting of discontinuous glass fibers in a polypropylene matrix is studied

at the microstructural level through coupled experiments and simulations, in order

to uncover the mechanisms that cause microvoids to initiate and progress, as well

as certain fiber breakage events to occur, during macroscopic tension. Specifically,

this work coupled in-situ X-ray micro computed tomography (µ-CT) experiments

with a finite element simulation of the exact microstructure to enable a 3D study

that tracked damage initiation and propagation, and computed the local stresses and

strains in the microstructure. In order to have a comprehensive 3D understanding

of the evolution of the microstructure, high fidelity characterization procedures were

developed and applied to the µ-CT images in order to understand the exact mor-

phology of the microstructure. To aid in this process, ModLayer - an interactive

image processing tool - was created as a MATLAB® executable, and the 3D mi-

crostructural feature detection techniques were compared to traditional destructive

optical microscopy techniques. For damage initiation, this work showed how high

hydrostatic stresses in the matrix can be used as a metric to explain and predict the
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exact locations of microvoid nucleation within the composite’s microstructure. From

a damage propagation standpoint, matrix cracking - a mechanism that has been

notably difficult to predict because of its apparent stochastic nature - was studied

during damage propagation. The analysis revealed the role of shear stress in fiber

mediated flat matrix cracking, and the role of hydrostatic stress in fiber-avoidance

conoidal matrix cracking. Overall, a sub-fiber simulation and an in-situ experimental

analysis provided the microstructural physical phenomena that govern certain dam-

age initiation and progression mechanisms, further enabling the strength and failure

predictions of short fiber thermoplastic composites.
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1. INTRODUCTION

1.1 Background

Structural materials have played a pivotal role in human history, dating back

thousands of years. Notably, the Maltese Megalithic Temples are arguably the oldest

freestanding structures ever created by humans, and date back to the mid-third mil-

lennia BC [1]. Located in the Maltese Islands, these temples are made completely out

of Globigerina Limestone and Coralline Limestone, and represent some of the most

complex ancient stone structures in the world [1]. Just a few hundred years after the

first human structure was built, composite materials were created.

Around 3000 BC in the Middle East, humans mixed clay and mud with chopped

straw, and the first structural composite materials were invented [2]. Even laminate

composites made their first appearance around the same time, dating as far back

as 2750 BC to an iron laminate composite in the Great Pyramid in Gizeh [3]. Five

thousand years later, advanced composites can be found in structures more complex

than our early human ancestors could have ever imagined.

Specifically, fiber reinforced organic polymer matrix composites have reshaped

the modern aerospace industry. In these composites, the matrix material is typically

either a thermoplastic or a thermoset polymer, while the fibers are usually either car-

bon or glass. Certain combinations offer different advantages based on the mechanical

performance requirements. For example, a thermoplastic matrix offers more ductility

(a higher strain to failure), while a thermoset matrix offers a higher strength, but is

typically more brittle [4]. A laminate composite with a thermoset epoxy matrix and

continuous carbon fibers offers one of the the highest strength configurations, and can

be found in the skins of aircraft wings as well as the fuselage of aircraft.
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Composite materials were introduced onto aircraft structures because one of the

most critical motivators in the aerospace industry, if not the most critical, is the

desire to reduce the weight of a structure while retaining its required strength [5].

Consider the Boeing 787, which was designed with 50% advanced composites in the

overall structure [6]. This resulted in weight savings which, just in the first 7 years of

service, saved $10 billion in fuel costs in the entire fleet [7]. Even more importantly is

the environmental impact of this reduction of fuel, which reduces exhaust emissions.

For example, the use of composites in the Boeing 787 helped save 18 billion pounds

of fuel in the same 7 year period [7].

While composites can offer many weight saving advantages (and can even offer

reduced scheduled maintenance), they have been implemented mainly for critical

and relatively large components [6]. This is because the cost of manufacturing and

qualifying composite components can be very expensive. Therefore, composites are

very appealing for relatively larger critical components (which save a large amount

of weight), but less appealing for small secondary components (which yield smaller

weight savings); the opportunity to save additional weight exists, but is currently too

expensive due to the high cost of manufacturing and qualifying composites.

This is where discontinuous fiber composites offer an advantage: they can be

manufactured into complicated 3D geometries at a much lower cost. Additionally,

while their strength is lower, their strain to failure is higher, providing a higher level

of ductility and reducing the likelihood of catastrophic failure. These properties make

them ideal for small and secondary components in aircraft structures, like brackets

and clips. However, despite the lower cost of manufacturing, the cost of qualifying

and validating their strength properties can still be equally as expensive as other

composites, requiring large scale component-level testing.

Therefore, there is a need to also lower the cost of qualifying short fiber composite

materials. This does not imply eliminating large scale component-level tests; instead,

this implies that engineers could conduct less component-level testing if tools and

methods exist which offer high accuracy predictions of mechanical strength. Develop-
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ing such methods would empower engineers to utilize computing power to supplement

experimental mechanical testing, and reduce the overall cost of qualification.

To address this challenge, this work comprehensively analyzed a short fiber com-

posite material through experimental techniques (both destructive and non-destructive

techniques), as well as sub-fiber 3D simulations of the microstructure, with the goal of

increasing predictive capabilities of the non-linear mechanical behavior of short fiber

composites. Specifically, the composite material was an injection molded polypropy-

lene thermoplastic reinforced with E-glass fibers that (1) were 10 µm in diameter,

(2) were pre-treated with a tailored silane solution (to promote adhesion with the

polymer matrix), and (3) exhibited varying lengths and orientations in the finished

part due to the injection molding process.

The material was injection molded to a cylindrical rod geometry, which was man-

ufactured by DuPont, measuring approximately 1.27 cm (0.5 inch) in diameter and

approximately 45.72 cm (1.5 feet) in length, where the flow direction was in the length

direction of the rod. The final composite rod was then machined into three dog-bone

shaped specimens with a gauge section diameter of approximately 2.4 mm. The

first two specimens were used to quantify and compare characterization techniques.

The third specimen was experimentally loaded in tension during an in-situ X-ray

micro-computed tomography experiment, which was conducted at Argonne National

Laboratory, beam-line 2-BM-A. The experiment successfully tracked each individual

microstructural feature present in the tomography images as the specimen was loaded,

and employed a coupled simulation of a virtual microstructure matching the exact

experimental conditions.

In order to track all the microstructural features, they first had to be accurately

detected from the acquired tomography images. This alone was a major challenge

because of the complex 3D morphology of the fibers and pores, which exhibit varying

intensity ranges within the images. Therefore, this work addressed these challenges

by first developing an image processing tool, called ModLayer, that allows engineers

and researchers to verify and correct feature detection in 3D images, discussed in
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Chapter 2. Next, this work compared the detection capabilities of destructive optical

microscopy (an historic method of characterization) with non-destructive X-ray to-

mography (a relatively newer technique), which is discussed in Chapter 3, increasing

the confidence of the microstructural detection capabilities developed in this work.

The detected 3D features from in-situ X-ray tomography images were then used in

a coupled experiment and simulation analysis to explore the fundamental mechanisms

which govern micro-void nucleation during damage initiation, discussed in Chapter 4.

Lastly, the physical phenomenon that drives propagation of these micro-voids in the

form of interfacial matrix cracking and conoidal matrix cracking is explained and

described in Chapter 5 through another coupled experiment and simulation analysis.

Each chapter will contain a thorough introduction (with a corresponding literature re-

view), methodology, and detailed conclusions. At the end of the dissertation, a broad

conclusion will be provided. Overall, the results of this work provide a comprehen-

sive understanding of the physics governing the initiation and propagation of damage

within the complex and heterogeneous microstructures of short fiber reinforced ther-

moplastics, increasing the understanding of the non-linear micromechanical response

and propelling engineers towards strength and failure predictions of short fiber com-

posites.

1.2 Research Contributions

The four major research contributions of this PhD are:

1. Image processing: a tool called ModLayer was created and published as an

open source interactive graphical user interface that removes the burden of

import/export redundancies when interacting with 3D data in MATLAB during

visualization, modification, or segmentation through manual drawing across

image stacks. Overall, this tool is especially useful to engineers and researchers

interested in correcting - within MATLAB — automated segmentation of noisy
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3D images which can yield erroneous microstructural features in segmentation

procedures.

2. Microstructural characterization: high fidelity detection and characterization

techniques (non-destructive and destructive), including a novel approach for

automatically determining the sign of the out-of-plane angles for thousands of

fibers at once, were developed and compared. The differences in the detec-

tion capabilities of non-destructive X-ray tomography and destructive optical

microscopy were quantified, shedding light on the specific advantages and dis-

advantages of each approach, and enabling engineers to quantify uncertainty in

their microstructural characterization measurements especially as they relate to

model based structural integrity activities.

3. Damage initiation: a coupled experiment and simulation were used to uncover

the mechanisms that cause damage to initiate in the microstructure under

macroscopic tension. Specifically, it was found that high hydrostatic stresses

in the matrix can be used as a metric to explain and predict the exact loca-

tion of micro-void nucleation that occurs during damage initiation within the

composite’s microstructure. Furthermore, this work provided evidence that hy-

drostatic stresses in the matrix can lead to coupled micro-void nucleation and

early fiber breakage, and that small fragments of fibers can play an important

role in the process of micro-void nucleation.

4. Damage propagation: a coupled experiment and simulation were used to un-

cover the mechanisms that cause damage to propagate in the microstructure

under macroscopic tension. This work determined the role of shear stress in

interfacial matrix cracking, the role of hydrostatic stress in conoidal matrix

cracking, and the role of environmental damage in longitudinal fiber breakage.

In doing so, this work enabled more accurate predictions of non-linear damage

propagation behavior of thermoplastic fiber composites.
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2. TOMOGRAPHY IMAGE PROCESSING

A version of this chapter was previously published by Integrating Materials and
Manufacturing Innovation and is reproduced with copyright permission through li-
cense number 4763690664434. Imad Hanhan and Michael D. Sangid. ModLayer:
A MATLAB GUI Drawing Segmentation Tool for Visualizing and Classifying 3D
Data. Integrating Materials and Manufacturing Innovation, (0123456789), 11 2019.
DOI: 10.1007/s40192-019-00160-5.

2.1 Introduction

Modern characterization techniques are able to yield robust 3D images of materials

and their microstructures, providing engineers and scientists powerful capabilities in

understanding the behavior of materials [8,9]. One requirement of most techniques is

digital image processing, which is the process of either enhancing the images for visual

observation, or segmenting and classifying features for measurement or statistical

analysis [10]. Segmentation is a specific type of data processing and is defined as

the separation of an image with intensity domain I into non-intersecting subsets.

This can prove to be challenging, especially for 3D images [11]. In fact, selecting

the appropriate segmentation technique in itself is usually a complex problem [12].

To combat the difficulties experienced in segmentation, which is typically considered

the most critical step in image processing, a number of higher accuracy segmentation

tools have been developed [13].

MATLAB is often used in these segmentation processes because of its user friendly

matrix operation capabilities, as well as its robust image processing toolbox [14].

These capabilities are exemplified by MIPARTM, a MATLAB based software package

used to align, pre-process, segment, visualize, and quantify 3D images [13]. MIPAR

offers an automated segmentation module that allows the user to determine the opti-

mum parameters for automated binary segmentation of 3D images, which can be con-



7

Figure 2.1. A flowchart showing the post-processing of 3D images in
MATLAB, which sometimes requires the user to export their data to
an external software for visualization and manual correction of auto-
mated segmentation results that incorrectly captured certain features,
whereas ModLayer allows for direct visualization and free-hand draw-
ing corrections of 3D stacked images within MATLAB (as shown by
the sample images), providing a streamlined multi-class segmentation
correction process that can yield accurate results for further quantifi-
cation of segmented features.



8

ducted on different features within an image and stored as layers in multi-dimensional

space (instead of a multi-class segmentation dataset). However, despite optimum

segmentation parameters, certain imaging techniques - like X-ray micro-computed

tomography (µ-CT) - contain stochastic fluctuations in image intensities which can

still result in erroneous automated segmentation results. Even when coupled with

trainable machine learning, automated multi-class segmentation procedures cannot

always correctly segment every feature of interest and its exact edge [15]. Therefore,

there remains a need to simultaneously view serial sections of 3D images, and apply

manual modifications to multi-class 3D segmentation data. In MATLAB, this poses

a challenge because there is no straightforward open-source method to visualize two

sets of linked 3D images, and apply modifications through freehand drawing to multi-

class datasets. To do so, the user would typically export their 3D data to external

software with these capabilities [16], and re-import their 3D data back into MATLAB

to continue their quantification analysis, as shown in Figure 2.1.

To alleviate this issue, ModLayer, a user-friendly, open source, and easily imple-

mented MATLAB graphical user interface (GUI), was created to allow the user to

view and simultaneously scroll, zoom, and pan through linked sets of stacked images

(typically the raw 3D image and its multi-class segmentation). Additionally, Mod-

Layer allows the user to apply modifications to 3D images in order to classify features

of interest, or correct segmentation results for cases of under- or over-detection, incor-

rect segmentation, and/or incorrectly touching edges of segmented features, through

interactive freehand drawing.

This paper will first describe the general function and GUI, then provide three case

studies to show the functionality of ModLayer by (1) classifying regions of damage

with in-situ time lapse X-ray µ-CT of a glass fiber reinforced polypropylene (GFRP),

(2) correcting multi-class segmentation errors in segmented X-ray µ-CT images of

a GRFP composite, and (3) capturing features of interest within in-situ 3D X-ray

µ-CT images during fatigue crack growth experiments of aluminum 7050. For the

first case study, an explanation is provided outlining the importance of image clas-
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Figure 2.2. The overall layout of ModLayer shown in (A), with the
Colormap options including the additional ’jetwhite’ Colormap shown
in (B), as well as the image selection menu in (C) and the modify
toggle button in (D).
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sification for time lapse µ-CT, followed by an example using ModLayer to identify

regions of damage found within time-resolved images. For the last two case studies,

a brief background of the importance of image segmentation for the particular appli-

cation is provided, an explanation of an automated segmentation procedure is given,

and examples are provided in each case showing the use of ModLayer in correcting

segmentation inaccuracies.

2.2 Methods

ModLayer, which is freely available for download as part of this publication, is

written as a GUI function in MATLAB that requires two inputs: the reference 3D

image and the adjustable 3D image. The first input, the reference 3D image, is entered

during the execution of the ModLayer function. The second input, the adjustable 3D

image, is imported into ModLayer as a global variable. Therefore, the adjustable

3D image must be instantiated within the Workspace as a global variable called

‘data modify’ prior to the execution of the function ModLayer. The use of the global

variable (1) is a safety feature which ensures that in the event ModLayer is accidentally

closed, manual modifications remain in the Workspace and are not lost, and (2) allows

for real-time observations, within ModLayer, to bulk changes made to the adjustable

3D image in the MATLAB Workspace, such as feature dilation or erosion.

With both the reference 3D image and the adjustable 3D image (imported in the

form of the global variable ‘data modify’) visible in ModLayer, a Colormap that is

best suited for viewing each of the data sets can be selected, as shown in Figure 2.2A

and 2.2B. The Colormap options include all the default MATLAB Colormaps, as

well as an additional Colormap called ‘jetwhite’, which can make certain multi-class

segmentation visualizations easier to observe. The images may also be linked in the

XY and Z which couples the scrolling, panning, and zooming of the reference and

adjustable images. The linked 3D images can be observed for time lapse activity,
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Figure 2.3. Using ModLayer to visualize and investigate time lapse
X-ray µ-CT images of a GFRP composite simultaneously at (A) the
unloaded state and (B) the loaded state by scrolling, zooming, and
panning through the linked time-resolved images. ModLayer was then
used to mark the locations of damage by drawing around the regions of
interest circled in (B), in order to impose a segmentation value of -1 to
produce the classified image shown in (C) for damage quantification.

or multi-class segmentation, in each layer by either using the scroll bars next to the

images, or by typing the desired layer number and pressing ‘GO’.
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If a region of interest or low accuracy segmentation is found, a manual modification

to the adjustable 3D image can be conducted within ModLayer. Prior to applying

a modification, a drop-down menu allows for the selection of freehand drawing on

the left reference image (which is useful especially for under-detection corrections) or

on the right adjustable image (which is useful especially for correcting over-detection

or separating touching edges), as shown in Figure 2.2C. The user can input any

multi-class segmentation value they wish to impose on the adjustable 3D image, and

press the modify button to make modifications. The user can then click and drag to

freehand draw on the selected image, and when the click is released, the change is

immediately applied to the selected layer of the adjustable 3D image which is also

immediately saved to the MATLAB Workspace.

2.3 Visualizing and Classifying 3D Data Using ModLayer

2.3.1 Identifying damage in 3D time lapse images

The first case study to show the functionality of ModLayer was time lapse se-

quences of 3D X-ray µ-CT images of a GFRP composite under tensile load. Time

lapse CT, in general, can be useful in understanding the evolution of certain mate-

rials or structures as damage accumulates under external loading conditions [17, 18].

Usually, the analysis of time lapse 3D images requires image processing and classifi-

cation to segment locations of damage and identify types of damage within the 3D

images [19–21].

To show how ModLayer can be used to identify locations of activity in time lapse

3D images, the microstructure of a discontinuous GFRP (30% by weight glass fiber)

was imaged using synchrotron X-ray µ-CT [15]. The 3D images were examined for

signs of damage, which appear as dark pixels at the loaded state (4% strain) which

were not present at the unloaded state. To visualize and locate these regions of dam-

age, the 3D X-ray µ-CT images were normalized so that 0 ≤ I ≤ 1, and were inputted

into ModLayer so the unloaded state was the reference (Figure 2.3A) and the loaded
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Figure 2.4. (A) Using ModLayer to improve automated segmentation
conducted on X-ray µ-CT images (with axes shown in pixels and
where 1 pixel = 1.3 µm) of a glass fiber reinforced polymer, where (B)
shows an example of drawing directly on the µ-CT image to correct the
segmentation of a pore, (C) shows drawing directly on the µ-CT image
to correct under-segmented fibers, and (D) shows drawing directly on
the segmented image to separate touching segmented fibers.
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state was the adjustable 3D image (Figure 2.3B). The 3D images were simultaneously

inspected by scrolling, zooming, and panning through the linked stacked images and

examined for regions of damage activity. When regions of damage activity were found

in the image at the loaded state, like those circled in Figure 2.3B, ModLayer was used

to draw directly on the image and impose a segmentation value of -1 (a value out-

side of the range of 0 ≤ I ≤ 1) in order to classify regions of damage within the

microstructure, as shown in Figure 2.3C. This shows that ModLayer can be used to

examine and investigate linked time lapse 3D images directly in MATLAB without

the need to open multiple windows or export to external software, while also provid-

ing the capability to classify locations of damage activity through freehand drawing

for further quantification in MATLAB.

2.3.2 Correcting feature segmentation in tomography images of a com-

posite material’s microstructure

The second case study to show the functionality of ModLayer was to correct

segmentation errors in X-ray µ-CT images of a fiber composite. In discontinuous

fiber reinforced polymers, the full characterization of the microstructure, including

the fiber volume fraction, porosity volume fraction, fiber length, and fiber orienta-

tion distributions, is important to not only qualify composite materials for use, but

also predict their mechanical behavior [22–26]. Because the characterization of these

microstructural features is sensitive to segmentation errors, researchers have worked

to develop tools and techniques to conduct these characterizations with the highest

possible fidelity and to minimize segmentation errors of microstructural features that

could impact characterization or predictive capabilities [27–29]. However, despite

these efforts, sometimes it can be very difficult - especially for characterizing porosity

- to achieve high fidelity segmentation of every feature [15]. To show how ModLayer

can be used to correct these occurrences, X-ray µ-CT images of a discontinuous GFRP

(30% by weight) were analyzed [15].
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The serial sections of the reference 3D image, as shown in Figure 2.4A, show high

intensity pixels (white) at the locations of fibers, and low intensity pixels (black) at the

locations of small pores and at the edges of large pores. An automated segmentation

procedure was conducted in MATLAB to segment the image into values of 0 for the

matrix, 1 for the fibers, and 2 for the pores. The procedure was as follows:

1. normalization so that 0 ≤ I ≤ 1,

2. segmentation of fibers by I > 0.65,

3. segmentation of large pores by

(a) selection of pixels with I < 0.33,

(b) dilation using a spherical structural element with radius 4,

(c) adjustment to fill 3D holes,

(d) erosion using a spherical structural element with radius 5,

(e) removal of features with a volume smaller than 10,000 pixels, and

4. segmentation of small pores by I < 0.25.

The result of this automated procedure is shown in Figure 2.4A with the adjustable

3D image shown on the right, where it can be seen that small pores were detected

well but large pores were generally under-detected.

ModLayer was then used to visualize the results of the segmentation analysis in

each layer of the 3D images, and apply corrections to cases of low accuracy segmenta-

tion of porosity by drawing on the left reference image in Figure 2.4B (to capture the

full pore) and imposing a value of 2 for the drawn region in the multi-class segmented

image. Additionally, regions with fibers that were under-detected were corrected by

drawing on the left reference image in Figure 2.4C and imposing a value of 1 for the

drawn region in the multi-class segmented image. Lastly, regions with touching fiber

edges were separated by drawing on the right segmented image in Figure 2.4D and



16

imposing a value of 0 between detected fibers in the multi-class segmented image.

This shows that ModLayer can be used to visualize and improve the multi-class seg-

mentation accuracy of the microstructural features of a composite material imaged

through X-ray µ-CT, as was seen in Figure 2.4B-2.4D, especially for large pores which

can be very difficult to capture through standard segmentation algorithms.

2.3.3 Correcting feature segmentation of in-situ AA7050 fatigue crack

growth tomography images

To show another example of the functionality of ModLayer, segmented X-ray µ-CT

images of an aluminum alloy acquired in-situ were improved to increase the accuracy

of segmentation. Certain aluminum alloys, like AA7050, are known to have fatigue

properties which can be severely impacted by intermetallic particles and voids [30].

Therefore, it is of interest to study the fatigue crack growth behavior within this

alloy as the crack interacts with particles and voids [31]. Carter et al. noted that

the noise levels and reconstruction artifacts in the X-ray µ-CT images posed many

challenges in image segmentation, which is necessary in understanding the behavior

of the crack in 3D. A sample of the tomography images acquired after 5651 cycles of

fatigue loading on the specimen [31] is shown in Figure 2.5A, where the notch tip can

be seen in the upper left corner. The particles are seen as high intensity white pixels,

and the crack plane/voids are seen as dark gray pixels.

An automated segmentation procedure was conducted in MATLAB as follows:

1. normalization so that 0 ≤ I ≤ 1,

2. segmentation of particles by I > 0.7,

3. segmentation of the notch by

(a) selection pixels with 0.44 < I < 0.57,

(b) slice-by-slice 2D erosion with a disk structural element of radius 4,

(c) adjustment to fill holes,
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Figure 2.5. ModLayer was used to improve the automated segmen-
tation conducted on (A) in-situ X-ray µ-CT images of an aluminum
alloy undergoing fatigue crack growth, where (B) shows an example of
the result of automated segmentation, and (C) shows the segmented
image after corrections were conducted in ModLayer by drawing di-
rectly on the µ-CT image or on the multi-class segmentation, with
locations of correcting over-detection of particles circled in (B) and
(C).
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(d) removal of features with a volume smaller than 10,000 pixels,

(e) dilation with a disk structural element of radius 40, and

4. segmentation of the crack plane by I < 0.49.

It can be seen in the segmentation result (Figure 2.5B) that the notch was slightly

under detected, and the sharp gradient near the edge of the notch caused some er-

roneous segmentation of particles as well as the crack plane. Additionally, it can be

seen in Figure 2.5B that a portion of the crack plane had slightly higher intensity

values and was therefore incorrectly segmented as part of the notch. Lastly, regions

near the edge of the crack plane circled in Figure 2.5B and Figure 2.5C, had locations

of particle over-detection. Therefore, ModLayer was used to draw on either the X-ray

µ-CT image or the multi-class segmented image to correct the notch segmentation,

increase the accuracy of the crack plane segmentation, and remove areas of erroneous

crack and particle detection by imposing a value of 0 on the segmented image. The

final multi-class segmentation after corrections conducted in ModLayer can be seen

in Figure 2.5C, and shows that ModLayer can be used to increase the accuracy of the

automated segmentation shown in Figure 2.5B for a more accurate analysis of the

interaction of the crack plane with its neighboring microstructural features.

2.4 Conclusion

A tool was created within MATLAB that provides the capability of viewing succes-

sive slices of a reference 3D image and an adjustable 3D image. The tool, ModLayer,

was created to also manually modify the adjustable 3D image - through an interac-

tive freehand drawing GUI - in order to classify features that are either of interest,

or correct the classification of features too difficult to segment automatically. Mod-

Layer allows the user to select Colormaps that best display the images, while allowing

the user to scroll, zoom, and pan through linked serial sections of the reference and

adjustable 3D images. By clicking ‘Modify’, the user can draw directly on either

of the two images to classify features or correct segmentation errors in the form of
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under- or over-detection, incorrect segmentation, and/or incorrectly touching edges

of segmented features. This tool is especially useful in correcting the multi-class

segmentation of features that may arise from noise or erroneous artifacts in imag-

ing techniques which are often too difficult to capture through standard automatic

segmentation procedures. The utility of ModLayer was shown through its ability to

classify regions of damage in time lapse 3D X-ray µ-CT images of a fiber reinforced

polymer matrix composite, correct automated segmentation of porosity features, and

separate touching segmented fiber regions. Additionally, it was shown to be useful in

correcting automated segmentation errors of the notch, the particles, and the crack

plane in a fatigue cracked AA7050 specimen captured through in-situ X-ray µ-CT.

ModLayer is distributed as an open source MATLAB function freely available for

download at http://www.github.com/imadhanhan/ModLayer.



20

3. NON-DESTRUCTIVE AND DESTRUCTIVE

ANALYSIS

A version of this chapter was previously published by Composites Science and Tech-
nology and is reproduced with copyright permission through the Creative Commons
license CC-BY-NC-ND. Imad Hanhan, Ronald Agyei, Xianghui Xiao, and Michael D.
Sangid. Comparing non-destructive 3D X-ray computed tomography with destructive
optical microscopy for microstructural characterization of fiber reinforced composites.
Composites Science and Technology, 184:107843, 11 2019.
DOI: 10.1016/j.compscitech.2019.107843.

3.1 Introduction

Short fiber reinforced polymers have gained attention in engineering applications

due to their low-cost manufacturability and their ability to be easily fabricated into

complex geometries. Since the features of the microstructure largely depend on the in-

jection molding processing parameters, different geometries of injection molded com-

posites can result in vastly different microstructures [32–35]. Often times, qualifying

composite materials and predicting their bulk mechanical behavior requires a thor-

ough characterization of their microstructural features including the fiber length and

orientation distributions and the gas-phase pores [36–42]. Researchers have therefore

developed a number of characterization techniques that can capture the microstruc-

tural details of discontinuous fiber composites, most of which are destructive in nature

to the part or sample.

Specifically, techniques to measure the fiber orientation distributions in compos-

ites have historically been destructive, and include sectioning and polishing, followed

by optical microscopy or scanning electron microscopy (SEM), in order to determine

the in-plane and out-of-plane angles of the projected fibers from the surface charac-

terization [22–26, 43]. Techniques to measure the fiber length distributions are also
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typically destructive and involve heating the specimen to decompose the polymer

matrix and down-selecting the fibers using an epoxy plug, in an effort to reduce bias

in the measurement based on the potential for fiber breakage due to the release of

stored strain energy during the matrix burn-off and fiber separation process. The

extracted fibers are then suspended in a liquid such as water or glycerin, poured into

a petri dish, and observed in an optical microscope in order to measure the fiber

lengths [26,44–47].

There are some challenges and limitations to these destructive techniques. A

widely recognized challenge with sectioning and polishing specimens for fiber orien-

tation analysis is the ambiguity in the 3D fiber orientation [27, 43, 48]. One way to

resolve this issue is to determine the ambiguous angle by observing the shadow of each

fiber that is exposed during plasma etching of the surface and then viewed in an opti-

cal microscope [43]. Another approach is to cut consecutive parallel sections from the

composite [49], or successively polish the surface [50], followed by optical microscopy

and observation of each fiber. The challenge with these approaches is that they are

difficult to implement over a large area for thousands of fibers, which presents issues

in characterization over a representative area/volume of the material or capturing

gradient behavior in the orientation distribution spatially over a component.

Non-destructive techniques for characterizing the microstructure of composites

have also been developed. One technique, known as scanning acoustic microscopy,

uses interference fringes that result from echoes reflected by the fibers to conduct non-

destructive fiber orientation measurements to depths of approximately 12 µm [48].

However, this technique is limited by the fact that only fibers with out-of-plane an-

gles less than 71.92° can be measured, and measurements deeper than 12 µm re-

quire cutting the material [48]. Other techniques for non-destructive evaluation

of composites that have become more popular in recent years involve X-ray radia-

tion. Most commonly, high resolution X-ray micro computed tomography (µ-CT) can

be used to non-destructively characterize a composite material’s microstructural fea-

tures [8,28,51–57]. To understand the quantitative differences in microstructural char-
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acterization achieved through non-destructive techniques, researchers have started to

explore how fiber orientation distributions achieved through classical destructive op-

tical microscopy differ from those achieved through µ-CT images using a Mean In-

tercept Length (MIL) technique. A MIL fiber tensor can be constructed to provide a

global characterization of the general fiber alignment, but is not capable of capturing

each single fiber [58]. Therefore, there remains a need to conduct a one-to-one fea-

ture comparison which comprehensively addresses all the microstructural and defect

features.

This work addresses porosity and fiber volume fraction, fiber orientation, and fiber

length distributions computed using µ-CT and optical microscopy as outlined in Fig-

ure 3.1. This paper will initially discuss the discontinuous fiber composite selected for

analysis in this study and next provide detailed methodologies for the characteriza-

tion methods to determine the porosity volume fraction, fiber volume fraction, fiber

orientation, and fiber length distributions, first using µ-CT and then using optical mi-

croscopy. Furthermore, the ambiguity in the 3D fiber orientation measurements using

destructive optical microscopy was resolved by successive polishing, plasma etching,

and post-processed with the introduction of a new automated image processing algo-

rithm, and the details of the algorithm are discussed. Overall, the results of this work

provide a practical and useful comparative analysis between non-destructive µ-CT

and destructive optical microscopy which comprehensively addresses all aspects of

the microstructure.

3.2 Materials and Methods

3.2.1 Composite Material

The material used in this work was a short glass fiber reinforced polypropylene

containing 30%, by weight, 10 µm diameter E-glass fibers (corresponding to a fiber

volume fraction of 13.7%) manufactured using injection molding by DuPont into a

cylindrical rod measuring approximately 1.27 cm (0.5 inch) in diameter and approx-
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Figure 3.1. Comparing non-destructive X-ray µ-CT and typical de-
structive microscopy techniques for characterizing discontinuous fiber
reinforced polymer matrix composites.
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imately 45.72 cm (1.5 feet) in length, where the flow direction was in the length

direction of the rod (Z axis). The final composite rod was then machined into dog-

bone shaped specimens with a gauge section diameter of approximately 2.4 mm. One

specimen was selected and imaged using µ-CT and then sectioned and polished for

optical microscopy for a direct comparison of the fiber volume fraction, porosity vol-

ume fraction, and fiber orientation distribution, and a second specimen was selected

for destructive characterization to provide a statistical comparison of the fiber length

distribution.

3.2.2 Defining Fiber Orientation

The orientation of a fiber in 3D space, shown in Figure 3.2, can be characterized

by two angles, an in-plane angle φ, and an out-of-plane angle θ [59,60]. It is standard

to report the orientation of fibers, especially for discontinuous fibers, in the Aij tensor

form [59,60], where the components of the p vector are given by

p1 = sin θ cosφ

p2 = sin θ sinφ

p3 = cos θ

(3.1)

and where Aij is defined as

Aij =pipj

=


sin2(θ) cos2(φ) sin2(θ) cos(φ) sin(φ) sin(θ) cos(θ) cos(φ)

sin2(θ) cos(φ) sin(φ) sin2(θ) sin2(φ) sin(θ) cos(θ) sin(φ)

sin(θ) cos(θ) cos(φ) sin(θ) cos(θ) sin(φ) cos2(θ)

 (3.2)

In this work, the in-plane angle is defined as −90◦ ≤ φ ≤ 90◦ and the out-of-

plane is defined as −90◦ ≤ θ ≤ 90◦. The 2D elliptical cross-section of a fiber, shown

in Figure 3.2B, contains enough information to determine the magnitude of θ, as
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Figure 3.2. Schematic (A) showing the in-plane angle φ and the out-
of-plane angle θ used to describe the 3D orientation of a fiber, and
schematic (B) showing the elliptical cross-sections of three fibers, two
of which have equal magnitude but opposite signs of θ.

well as the magnitude and sign of φ, resulting in A11, A22, A33, and A12. Since

sin(θ) 6= sin(−θ), additional 3D information is required to determine the sign of θ

in order to resolve A13 and A23, which each contain a sin(θ) term [23, 25, 27]. In

reporting the fiber orientation distributions, a theta correction was not applied since

neither approaches were used here to estimate the volumetric quantity, but instead

were compared directly [25].

3.3 Non-destructive X-ray µ-CT and Feature Detection

The selected specimen was studied at Argonne National Laboratory using syn-

chrotron X-ray µ-CT, which offers significant advantages over lab-scale µ-CT analysis,

specifically fast data acquisition, on the order of minutes using synchrotron X-rays,

compared to hours for lab-based X-ray sources. Prior to imaging, an aluminum fidu-
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cial marker was adhered to the center of the specimen’s gauge section. An X-ray

energy of 25 keV was used to scan the 2.44 mm diameter specimen, which was placed

at a specimen to detector distance of 75 mm. Each X-ray projection was acquired

with a 100 ms exposure time every 0.12° as the specimen was rotated at 0.5°/s within

a range of 180°. The 1500 acquired X-ray projections were reconstructed using To-

moPy [61], resulting in 2D images which stack to form a 3D image with dimensions

2560 x 2560 x 1240 pixels and a pixel size of 1.3 µm, as can be seen in the sample

images in Figure 3.1. From the 3D image stack, the fibers and gas-phase pores can

be observed visually but require rigorous image processing and segmentation to ex-

tract meaningful, quantifiable data across a large volume. The fiber volume fraction

was determined by extracting the high intensity pixels corresponding to fibers. The

porosity volume fraction was more complex to determine because large pores con-

tain a combination of low and high intensity pixels in their interior and this gradient

causes difficulties in detection and segmentation. To overcome this, a combination of

Weka segmentation, a machine learning tool [62], combined with image processing in

MATLAB® (binarization of pixels with intensity less than 17200, followed by erosion

and dilation using a spherical structural element with a radius of 2 pixels) were used

to create high fidelity 3D porosity reconstructions and compute the porosity volume

fraction.

In order to determine fiber orientation and length distributions, a post-processing

algorithm developed by Agyei and Sangid was employed, which combines 2D and 3D

approaches to provide a complete 3D reconstruction of the fiber microstructure [28].

This allows for quantifying both the 3D fiber orientation distribution and the fiber

length distribution in the same analysis. Please see [28] for additional details which

are briefly summarized here for completeness. The algorithm initially processes each

2D image by iteratively enhancing the contrast, segmenting the image, and fitting el-

lipses around the fiber elliptical cross-sections present in each 2D µ-CT image. Then,

this ellipse data is stacked and organized in 3D, and undergoes a number of 3D seg-

mentation steps to determine which ellipses stack to form each individual fiber and
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correct for errors in the 3D crude fiber architecture that are present due to ran-

dom intensity fluctuations in the grayscale µ-CT images or imprecise segmentation.

All components of the fiber orientation Aij tensor and the fiber length can then be

extracted directly for each individual fiber within the composite. Using image regis-

tration, a region which is ±20µm the slice acquired destructively was compared for

fiber orientation.

3.4 Destructive Optical Microscopy

3.4.1 Sectioning, polishing, and plasma etching

After acquiring µ-CT images of the specimen, it was mounted in acrylic for easy

handling, placed in a Buehler EcoMetTM 250/AutoMet250 Pro Grinder/Polisher, and

polished to the location of the aluminum fiducial marker. A head rotation speed of

60 rpm was used, and the polishing head was either programmed to rotate in the

direction of the polishing pad (>>) or against the direction of the polishing pad

(><), with an applied force of 22.24 N (5 lbs) per specimen. The specimen was

polished (a) with a 120 grit silicon carbide pad until plane at a speed of 400 rpm

(><), (b) with a 320 grit silicon carbide pad for 4 minutes at a speed of 400 rpm

(><), (c) with a 400 grit silicon carbide pad for 2 minutes at speed of 120 rpm (><),

(d) with a 600 grit silicon carbide pad for 2 minutes at a speed of 120 rpm (>>), (e)

with 5 µm alumina on a low nap cloth for 90 minutes at a speed of 120 rpm (>>), (f)

with 0.3 µm alumina on a low nap cloth for 60 minutes at a speed of 120 rpm (>>),

and (g) with 0.05 µm alumina on a low nap cloth for 30 minutes at a speed of 120

rpm (>>). The specimen was sonicated in distilled water after each step, and select

images of the surface progression are shown in Figure 3.3. It can be observed in the

final polished optical image, shown in Figure 3.3B, that there is very little contrast

between the polypropylene matrix and the glass fibers, but good contrast between

the polymer matrix and the porosity. Therefore, the final polished surface is used
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Figure 3.3. Progression of the surface after (A) rough polishing, (B)
final polishing, (C) plasma etching, and (D) post-processing with el-
liptical fits around the cross- section of each fiber.

for porosity detection and for computing the porosity area fraction by extracting the

dark pixels of the image.

To enhance the contrast for the purpose of fiber detection, the specimen’s surface

was plasma etched in a March Jupiter II Etcher with O2 at a 50 cc flow rate for 1 hour

at 100 W under a vacuum pressure of 234 mTorr. As can be seen in Figure 3.3C,

plasma etching dramatically increased the contrast between the matrix and the fibers.

Therefore, the plasma etched surface was used for computing the fiber area fraction

(by extracting high intensity pixels), as well as the A11, A22, A33, and A12 components

of the fiber orientation tensor through elliptical fitting of the cross-section of each

fiber [23, 25,27].

In order to resolve the A13 and A23 components of the fiber orientation tensor,

the polished and etched surface was polished again at the final polish parameter (0.05

µm alumina particle size) for approximately 25 minutes until the surface resembled

Figure 3.3B (removing approximately 4.6 µm of material) and then etched again. To

summarize, a total of 3 optical images were captured and analyzed: (1) the image

of the final polished surface for porosity detection and porosity area fraction com-
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putation (referred to as the porosity image), (2) the image of the final polished and

etched surface for fiber area fraction and fiber orientation distribution (referred to as

the fiber target image), and (3) the image of the successively polished and re-etched

surface for resolving the A13 and A23 fiber orientation components (referred to as the

fiber reference image).

These three optical images were acquired using an Olympus BX51M reflected light

microscope with an X-Y-Z stage capable of acquiring an automatically stitched image

of a large region with automatic focusing and at a user defined magnification. The

entire cross-section of the gauge section (2.44 mm in diameter) was optically acquired

in a seamless image at 10X with a pixel size of 651 nm.

3.4.2 Destructively determining the sign of the out-of-plane angle

Following the surface preparation, optical imaging, and elliptical fitting of each

fiber cross-section, the fiber reference and target images were post-processed to resolve

the A13 and A23 components of the fiber orientation tensor. The in-plane angle φ was

measured directly from the in-plane elliptical fit of the cross-section of a fiber in the

optical image, and the magnitude of the out-of-plane angle |θ| was determined by

the major and minor axes of the ellipse [25, 58]. As can be seen in Figure 3.4A, the

cross section of a fiber with a positive or negative out-of-plane angle (and the same

in-plane angle) will result in the same elliptical cross section, creating an ambiguity

in the sign of the out-of-plane angle, θ.

To overcome this ambiguity, the fiber reference and fiber target images were post-

processed to uncover the sign of the out-of-plane angle shown in Figure 3.4B for

thousands of fibers within a given cross section. This was accomplished through a

unique automated image processing approach used to match the corresponding cross

section of each fiber on the reference and target images. A crucial consideration

for this procedure is that the images must be very well aligned. The aluminum foil

fiducial marker that was adhered to the surface of the specimen was used to rotate and
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Figure 3.4. Schematic showing (A) the ambiguity of the out-of-plane
angle θ, (B) successive polishing to determine the sign of θ, (C) the
reference image with the two predicted centroid positions, and (D) the
reference image and target image schematically overlaid to determine
the sign of θ.

translate the digital optical micrographs to align them to the same relative position,

allowing for any differences in the cross-sectional properties of the fibers to be from

the out-of-plane angle, and not due to artificial translations from misaligned images.

Since the rate of removal while polishing was measured and kept constant, the

distance between the reference image (shown in Figure 3.4C) and the target image

(shown as the red ellipse in Figure 3.4D) was known and is referred to as h. Through

elliptical fitting, the centroid coordinates of each fiber on the reference image, xri and

yri , as well as the centroid coordinates of each fiber on the target image, xtk and ytk

were known, where i ranges from 1 to the total number of fiber cross-sections in the

reference image, and k ranges from 1 to the total number of fiber cross-sections in

the target image. Using the magnitude of the out-of-plane angle of fiber i on the

reference image, |θri |, and the in-plane angle of fiber i on the reference image, φr
i , the

two candidate positions for the centroid of fiber i on the target image were computed

by
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xcj =xri +
h

tan(90− θrj )
cosφr

i

ycj =yri −
h

tan(90− θrj )
sinφr

i

(3.3)

where j ranges from 1 to 2 and θrj is given by

θrj =

{
+|θri |, j = 1

−|θri |, j = 2
(3.4)

It is important to note that the origin of an image in MATLAB is the top left corner

of the image, resulting in a positive y direction that points vertically down.

The two candidate centroid positions (one for +θri — and one for −|θri |) were si-

multaneously compared with the fiber centroids on the fiber target image, as shown in

Figure 3.4D. A target fiber cross-section was considered for matching if its centroidal

position satisfied the following criteria:

√
(xcj − xtk)2 + (ycj − ytk)2 <

d

2
(3.5)

where d/2 is the fiber radius (in this case, approximately 9 pixels is used, corre-

sponding to 5.86 µm). If only one target fiber matched and |θri − θtk| ≤ 15◦, it was

considered a matching fiber. If more than one target fiber matched with the candi-

date positions (which can occur for groups of very closely packed fibers), the closely

packed target fibers were organized in order of minimum(|φr
i −φt

k|). The target fiber

with the minimum difference in φ which also satisfied |θri − θtk| ≤ 15◦ was considered

the final matching fiber. Based on whether +|θri | or −|θri | yielded the match from

the reference fiber to the target fiber, the sign of θri was determined and the A13 and

A23 components for each fiber were computed as can be seen in Figure 3.5, where

the arrows in Figure 3.5A point from the reference centroid position (xri , y
r
i ) to the

matched target fiber centroid position (xtk, y
t
k). An outline of the algorithm is also

provided in Appendix A.
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Figure 3.5. (A) Overlay of optical micrographs showing the reference
image (green) and target image (red), with arrows pointing from the
centroid on the reference image to the centroid on the target image,
as well as plots of the (B) A13 and the (C) A23 components of the
Aij tensor, showing the upper bound, the lower bound, and the true
value determined through successive polishing and automatic image
analysis. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.
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3.4.3 Destructively measuring the fiber length distribution

In order to destructively quantify the fiber length distribution, a second specimen

was selected because the first specimen was sectioned and polished thereby inherently

cutting through the fibers, rendering the specimen unusable for a fiber length com-

parison. The second specimen was placed inside a fitted aluminum cage, and was

heated to 538° C and held at temperature for 1 hour to decompose the polymer ma-

trix, leaving behind a tangled web of glass fibers (commonly referred to as a matrix

’burn-off’). This web of glass fibers was down selected using an epoxy cylinder with

an approximate diameter of 3.6 mm that was injected using a syringe into the web of

glass fibers. The down selection was then extracted and heated to 538 ° C and held

at temperature for 1 hour to decompose the epoxy, leaving behind the down selection

fibers [63]. Next, the fibers were suspended in distilled water and were sonicated

to induce fiber separation. The water containing the glass fibers was poured into a

petri dish and was heated to evaporate the water. Finally, the petri dish containing

the separated fibers was imaged in an Olympus BX51M reflected light microscope

equipped with an X-Y-Z stage to enable acquisition of many high resolution images

and automated stitching to characterize a large region. This invasive technique has

inherent challenges, including - but not limited to - potential damage induced to fibers

during the matrix ’burn-off’ and sonication processes, and difficulty in the detection

of very short fibers in a suspension [26,34].

3.5 Results

3.5.1 Fiber and porosity volume fractions

Fiber volume fraction, as determined from µ-CT, was compared to the fiber area

fraction, determined by the optically acquired reference image, at the location of

the fiducial marker adhered to the center of the specimen’s gauge section. It was

found that the fiber volume fraction determined through non-destructive µ-CT of the
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gauge section was 13.4%, while the fiber area fraction determined with destructive

optical microscopy was 13.3%. The porosity volume fraction non-destructively was

found to be 2.6%, while the porosity area fraction determined from destructive optical

microscopy at the matching region was found to be 2.3%.

3.5.2 Fiber orientation distribution

The fiber orientations using µ-CT and then optical microscopy for the exact same

region of interest (determined using the aluminum fiducial marker on the same spec-

imen) was computed. This allowed for a one-to-one comparison of the same fibers

sampled in the µ-CT images and the destructive optical image. Using 10 concen-

tric annuli with equal areas spanning the specimen’s radius, each component of the

Aij tensor was averaged along the radial direction of the specimen and is plotted

in Figure 3.6, with error bars representing plus and minus one standard deviation.

Additionally, the generalized Herman’s 3D orientation factor [59,64], which provides

a general alignment criteria (whereas f = 0 for totally random alignment, f = 0.5

for moderate alignment, and f = 1 for complete alignment) was computed by

f =
3

2
AijAij −

1

2
(3.6)

and non-destructively determined to be 0.52 and destructively determined to be 0.46.

Furthermore, the mean fiber alignments Φ̄X , Φ̄Y , and Φ̄Z with respect to the X,

Y, and Z axes (respectively) can be found in Table 3.1 and were computed by
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Figure 3.6. The radial fiber orientation distribution averaged along
equal area concentric annuli of the specimen for (A) A11, (B) A22, (C)
A33, (D) A12, (E) A13, and (F) A23 from both non-destructive and
destructive characterization of the same fibers.
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Φ̄X = cos−1




1 0 0

0 0 0

0 0 0

 : Āij



Φ̄Y = cos−1




0 0 0

0 1 0

0 0 0

 : Āij



Φ̄Z = cos−1




0 0 0

0 0 0

0 0 1

 : Āij



(3.7)

3.5.3 Fiber length distribution

The fiber length distribution was non-destructively determined from µ-CT by us-

ing an in-house MATLAB algorithm to compute the distance between the end points

of each fiber which were extracted using the post-processing algorithms described

in [28]. Destructively, the fiber lengths were measured manually from the optically

acquired images of fibers after matrix decomposition using the manual measurement

tools in OLYMPUS stream. The weight based fiber length distributions were com-

puted [26,47] by

wi =
NiLi∑
kNkLk

(3.8)

and are provided in Figure 3.7, where automatic detection using the non-destructive

technique captured 58,082 fibers and manual measurement of fibers using the destruc-

tive technique captured 2,151 fibers. Since particles and small fragments of fibers are

not of interest in this study, only fibers with an aspect ratio greater than 5 were

included. Furthermore, the average fiber lengths are provided in Table 3.1, including

the weight average fiber length, which was computed [26,47] by
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Figure 3.7. Comparison of the weight fiber length distributions deter-
mined non- destructively and destructively.

Lw =

∑
NiL

2
i∑

NiLi

(3.9)

3.6 Discussion

In general, it is important to recognize some of the differences in cost and imple-

mentation of each destructive and non-destructive technique. Destructive approaches

use less expensive equipment: typically a polishing machine, a furnace, and an optical

microscope equipped with an x-y-z stage, whereas the final optical images can be used

to estimate the fiber and porosity volume fractions, and compute the fiber orientation

and length distributions. An advantage of destructive approaches is that the magni-

fication of the images can be adjusted depending on the objective lenses used with

the microscope. However, the quality of the microscopic image is directly influenced

by the skill of the polisher and the contrast between different microstructural fea-

tures. This contrast may require enhancement with the use of plasma etching, which
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can be expensive. On the other hand, µ-CT is non-contact in nature, thereby allow-

ing a non-destructive analysis of the specimen. However, it requires relatively more

expensive X-ray equipment, a small specimen size with some restrictions in geome-

try (limiting fiber length measurements), and 360° access to the volume of interest.

Non-destructive µ-CT is capable of resolving almost all details of the microstructure

presented in the 3D image from the same specimen, including the morphology of the

porosity (yielding porosity volume fraction) and the morphology of the fibers (yield-

ing fiber volume fraction, fiber orientation, and fiber length distributions) which is

advantageous compared to destructive methods, which require separate specimens

for the fiber orientation and fiber length measurements. The biggest disadvantage

is the rigorous, computationally expensive, and sensitive post-processing that must

be conducted to extract meaningful information from the images which inherently

include fluctuations in intensity due to fluctuations in X-ray energy. However, once

successfully post-processed and reconstructed in 3D (please see [28]), the quantity

and quality of the information gathered is comprehensive and robust.

When investigating the microstructural attributes of the composite, it was found

that the fiber volume fraction determined through non-destructive µ-CT (13.4%)

matched closely to the destructive optical microscopy’s fiber area fraction (13.3%)

which also matched closely to what was expected from the manufacturing specifica-

tions (13.7%). Therefore, fiber volume fraction can be expected to match well using

both techniques. The porosity volume fraction determined through µ-CT (2.6%) was

slightly higher than that which was computed through porosity area fraction from

the destructive optical microscopy images (2.3%). This can be attributed to the very

small pores which were captured in the µ-CT images but were not captured in the

destructive optical imaging, as can be seen in Figure 3.6. To further quantify this, a

one-to-one porosity comparison between the µ-CT images and the optical microscopy

image was conducted, and it was found that pores smaller than approximately 700

µm3 (equivalent to spherical pores with radii less than 5.5 µm) were not captured

by sectioning and polishing, because they were likely filled in with polished polymer
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Figure 3.8. A sample of the of X-ray µ-CT images (A) which included
the matching optical microscopy image plus and minus 26 µm, the de-
tected 3D porosity (B), the surface of the specimen achieved through
polishing but before plasma etching of the matching region (C) as well
as the 2D porosity detected from the optical micrograph (D).

during the polishing routine (sometimes referred to as matrix smearing). After ex-

tracting only pores with a volume greater than 700 µm3, the porosity volume fraction

computed non-destructively was 2.3%, matching exactly to the porosity area fraction

computed destructively.

The fiber orientation distribution matched relatively well between both methods

as was seen in Figure 3.6 for all of the components of the Aij tensor, with the non-

destructive method reporting a slightly better alignment as can be seen in Table 3.1.

Small deviations between the orientation distribution data are due to a combination

of small perturbations in the elliptical fitting of the pixelized elliptical cross-sections

of fibers, which can impact the average values creating fluctuations in the average
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Figure 3.9. An example of a curved fiber towards the flow direction, Z,
in a tomography image (A) with its detected 3D morphology overlaid
in (B).

Aij components in the range of 0.05 to 0.09 [27], as well as the fact the µ-CT is

inherently 3D and therefore captures the full length of each fiber, which includes gentle

curvatures of fibers towards the flow direction [65, 66] as can be seen in Figure 3.9,

thereby reporting a slightly better alignment. In general, average fiber alignment

with respect to each unit vector of the Cartesian coordinate axes can be expected to

differ by less than 6° using both techniques.

The fiber length distributions for both the destructive and non-destructive tech-

niques, which were shown in Figure 3.7, matched relatively well exhibiting a small
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difference in the distributions and their corresponding average values provided in Ta-

ble 3.1. This is due to two compounding factors, one being that in the destructive

analysis it is difficult to manually find all the small fibers which can be mistaken

for noise, and the second being that in the non-destructive analysis, natural fluctu-

ations in intensity due to the X-ray scattering and tomographic reconstruction can

sometimes result in a reduction of intensity along the length of a fiber, causing some

fibers to appear to have a discontinuity. Furthermore, µ-CT images of the volume

have a limited height (in this work, 1.6 mm and therefore on the order of the max-

imum fiber length) introducing a bias in the length distributions since some fibers

touch the upper and lower boundaries of the images. Despite this discrepancy, the

maximum fiber length was very similar as was seen in Figure 3.7, and the difference

in the number average fiber length was 13.8 µm (corresponding to a difference in

average aspect ratio of 1.38), which is relatively small and therefore would not have

a notable effect on mechanical stiffness predictions [27]. Using the microstructural

properties detected using both techniques (and including a theta correction for fiber

orientation [25]), stiffness values in each direction were computed [27,45,67] and can

be found in Table 3.1. It can be seen that stiffness values are close, but discrepancies

exist, specifically in E33 aligned in the flow direction, mainly due to the slightly higher

alignment detected non-destructively, which was on average 6° more aligned with the

flow direction. These discrepancies in the overall stiffness properties of the com-

posite illustrate the importance and need for precise microstructure characterization

techniques.

3.7 Conclusion

This work focused on methods used to characterize fiber and porosity volume frac-

tion, fiber orientation, and fiber length distributions in short fiber reinforced compos-

ites. Non-destructive X-ray µ-CT images were segmented to extract gas-phase poros-

ity, and then rigorously post-processed to detect each 3D fiber using a supervised
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iterative algorithm [28]. The same specimen was then analyzed at a matching region

using successive polishing, plasma etching, and optical imaging to conduct a one-

to-one comparison of the porosity volume fraction, fiber volume fraction, and fiber

orientation distributions, utilizing an algorithm that was created to automatically

resolve the ambiguous A13 and A23 components of the Aij fiber orientation tensor.

A second specimen machined from the same rod was selected for matrix ’burn-off’

in a furnace, down-selection, secondary ’burn-off,’ suspension of fibers in water, son-

ication, evaporation, and optical imaging to compare the fiber length distributions.

Below are the significant findings from this study:

1. The fiber volume fraction computations matched very well using both tech-

niques.

2. The porosity volume fraction detected by sectioning and polishing was slightly

lower than that detected in the µ-CT images due to pores smaller than 700 µm3

(equivalent to spherical pores with radii less than 5.5 µm) being filled in with

polymer during polishing. When considering only pores greater than 700 µm3,

the volume fraction computations matched almost exactly.

3. The Aij fiber orientation distribution determined non-destructively and destruc-

tively matched fairly well (differing no more than 6° on average with respect to

each Cartesian coordinate axes) with the non-destructive approach reporting a

slightly higher alignment due to its ability to capture curvatures of 3D fibers in

the injection molding flow direction.

4. The average fiber length when computed non-destructively and destructively

matched within 13.8 µm, with the non-destructive approach reporting a slightly

lower average length due to inherent fluctuations in intensity of the µ-CT images

and limitations in the µ-CT scanning volume, and with the destructive approach

reporting a slightly higher average length due to difficulty in manually finding

and measuring every short fiber.
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Overall, the effects of destructive and non-destructive techniques and their ability

to detect microstructural features were studied for the same exact region of interest.

This analysis provides information necessary for engineers and researchers to identify

the advantages/disadvantages of both approaches and understand the quantitative

differences in microstructural characterization when using each method in order to

confidently qualify composite materials and predict their mechanical behavior.
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4. DAMAGE INITIATION: MICRO-VOID NUCLEATION

A version of this chapter was previously published by Scientific Reports and is repro-
duced with copyright permission through the Creative Commons CC-BY 4.0 License.
Imad Hanhan, Ronald F. Agyei, Xianghui Xiao, and Michael D. Sangid. Predicting
Microstructural Void Nucleation in Discontinuous Fiber Composites through Cou-
pled in-situ X-ray Tomography Experiments and Simulations. Scientific Reports,
10(1):3564, 12 2020. DOI: 10.1038/s41598-020-60368-w.

4.1 Introduction

Composite materials have gained attention in many engineering applications, es-

pecially in the aerospace and automotive industries due to their low weight and high

strength. Specifically, polymer matrix composites have allowed for major weight

savings and higher performance aircraft and vehicles. Despite their high rate of

implementation, scientists and engineers have faced challenges in predicting their me-

chanical behavior and performance, especially past the small strain regime and into

the damage initiation and damage propagation regimes, because there exist a number

of damage mechanisms which are often coupled and are active throughout the life of a

component. Compared to continuous fiber composites, discontinuous fiber reinforced

polymers exhibit vastly heterogeneous microstructures that can vary significantly de-

pending on the component geometry, making mechanical behavior predictions even

more complicated [32–34].

Until recently, most efforts in predicting the mechanical performance of discontin-

uous fiber composites have been focused on the elastic loading regime during which

damage has not yet initiated and progressed [67, 68]. Efforts in understanding and

predicting the behavior of fiber composites past the elastic regime have typically

focused on attempting to replicate the macroscopic bulk stress-strain behavior of a

specimen through phenomenological damage parameters [69]. In recent years, some
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microstructural approaches have been used to explore the damage mechanisms in

certain composites using homogenization approaches [70] as well as unit cell meth-

ods [71]. Experimentally, one in-situ study of a thermoset polymer, reinforced with

discontinuous carbon fibers, showed that fiber tips play an important role in micro-

void nucleation due to high shear stresses, while fiber breakage plays no role [72].

However, for thermoplastic polymers reinforced with discontinuous fibers, researchers

have faced even more difficulty because compared to thermoset polymers, thermo-

plastic polymers experience highly non-linear plasticity creating more complications

from a microstructural point of view, in which researchers have applied orientation

averaging in unit cells to model this behavior [73].

Efforts in experimentally examining the damage mechanisms of short fiber rein-

forced thermoplastics through in-situ scanning electron microscopy have shown that

under tensile loads, damage initiation appears in the form of micro-void nucleation

at fiber tips [74,75]. In attempting to improve predictive capabilities and include this

damage initiation mechanism, researchers have modeled the macroscopic behavior of

short fiber reinforced thermoplastic composites by defining fiber matrix debonding

at fiber tips as the governing damage mechanism with good results at simulating

the macroscopic stress-strain response [76]. To try and explain this phenomena, re-

searchers have hypothesized that the underlying mechanism of micro-void nucleation

in a thermoplastic matrix is similar to that of ductile metals and is related to high

tensile hydrostatic stresses or high stress triaxiality [77–79]. However, the appropri-

ate treatment of micro-void nucleation in composites still remains uncertain, mainly

because of its stochastic nature and the challenges in computing the local stress states

in complex composite microstructures [80].

Recently, high resolution X-ray micro computed tomography (µ-CT) has be-

come a popular tool to characterize composite materials’ 3D microstructural fea-

tures [8, 28, 52, 53, 55], sometimes in-situ, in order to observe the evolution of the

microstructure [21, 72, 81]. In this work, high resolution X-ray µ-CT was conducted

in-situ (with a pixel size of 1.3 µm) in order to study damage initiation events within
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Figure 4.1. An overview of the in-situ study where (A) shows a sample
9 of the 1500 X-ray projected radiographs captured by the detector
over 180◦, (B) shows the in-situ loading set-up with the miniature load
frame, (C) shows the view of the speckled specimen from the optical
camera used for computing macroscopic strain, and (D) and (E) show
the reconstructed tomography images at 0 load and at maximum load
(just before fracture), respectively.
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the microstructure of a discontinuous glass fiber reinforced polypropylene specimen

as shown in Figure 4.1, by conducting digital volume correlation (DVC) of the 3D

tomography images, and post-processing the tomography images to extract all the

microstructural features. The resultant complex 3D microstructure was then exam-

ined during deformation and associated initiation of microstructural damage, while

a virtual representation of the exact microstructure was simultaneously simulated to

quantify the local stresses and strains using a finite element model, including non-

linear plasticity in the thermoplastic matrix as well as any porosity manufacturing

defects. Through the coupled experiments and simulation of the exact microstructure,

this work provides evidence that micro-void nucleation during damage initiation in

a fiber reinforced thermoplastic is hydrostatic stress based, validating and propelling

forward engineers’ and scientists’ predictive capabilities past the elastic regime and

towards the strength prediction of complex heterogeneous composites.

4.2 Methods

4.2.1 Experimental details

The material used in this work was a polypropylene thermoplastic reinforced with

30% by weight E-glass fibers which were approximately 10 µm in diameter and were

pre-treated with a tailored silane solution to promote fiber-matrix adhesion. The

composite material was injection molded into a cylindrical rod measuring 1.27 cm in

diameter and 45.72 cm in length where the flow direction was in the length direction

of the rod, and the rod was then machined into a dog-bone shaped specimen with a

gauge section diameter of 2.4 mm and length of 5 mm containing fibers that were,

on average, approximately 300 µm long [15]. The specimen was studied in-situ by

applying tensile load (at a quasi-static strain rate of approximately 0.001 s−1) using

a custom motorized screw driven miniature load frame, interrupting the tensile load

by holding the cross-head displacement, and acquiring an in-situ X-ray µ-CT scan.

A total of 58 interruptions and scans were conducted from the unloaded state to
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final fracture which occurred at 5.77% strain. The experiments were conducted at

Argonne National Laboratory using synchrotron X-rays with an X-ray energy of 25

keV , collected on an area detector placed 75 mm downstream from the specimen.

Each X-ray projection was acquired with a 100 ms exposure time every 0.12◦ while

the specimen and load frame were rotated at 0.5◦/s through a 180◦ range. The use of

synchrotron X-rays enabled a full µ-CT scan to be acquired in 6 minutes. The 1500 X-

ray projections captured at each scan were reconstructed using TomoPy [61] resulting

in 2D images which stack to form a 3D image with dimensions 2560 by 2560 by 1240

pixels, and a pixel size of 1.3 µm. The exterior surface of the specimen was painted to

exhibit a black and white speckle pattern which was optically imaged at each tensile

increment, in order to compute (using VIC-2D) the macroscopic strain experienced by

the specimen. The reconstructed tomography images acquired just before failure were

visually inspected in order to identify the region that contained the ductile fracture

zone, which was traced back to the tomography images at the unloaded state shown

in Figure 4.4A using slice-by-slice 2D image correlation. The time lapse tomography

images of the ductile failure zone were then inspected to identify the location of

damage initiation, which was determined to be the region shown in Figure 4.4C. The

microscopic strains in the matrix at this region were computed using a DVC algorithm

which makes use of fast Fourier transform based cross-correlation in conjunction with

an iterative deformation method [82] that was conducted on the tomography images

at the unloaded state and at 30% of the macroscopic failure strain using a subset

size of 64 pixels and a subset spacing of 4 pixels. In analyzing the DVC results,

locations of high εzz strain were defined as voxels with computed strain in the 99.7th

percentile of the distribution of εzz. Finally, the tomography images at this region

were further inspected in a 2D slice-by-slice comparison between the unloaded state,

30%, and 50% of the macroscopic failure strain to identify the locations of micro-

void nucleation during damage initiation within the microstructure, which were then

post-processed in 3D using the three detection approaches described below.
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4.2.2 Simulation details

Fibers were detected using an iterative and supervised 2D and 3D combined al-

gorithm [28] that was extended with a condensed data approach in order to reduce

artificial discontinuities (which only occur to 3% of the fibers). The condensed data

approach developed in this work identified the endpoints of each fiber, and organized

the information into a matrix which contained the metadata for each fiber, shown in

Figure 4.2.

Figure 4.2. A schematic representation of the condensed data pro-
cedure, which converts 3D matrix data (high memory demand) to
meta-data format, which reduces the file size by approximately 99%.

The condensed file, which offered a file size reduction of 99%, allowed for more com-

putationally efficient analysis. The condensed fiber data was then processed through

mathematical matrix operations in order to identify fibers with overlapping end-points

that have matching orientations, as shown in Figure 4.3.

Fibers with touching endpoints and matching orientations may contain artificial

discontinuities. These fibers were inspected by visual observation of the tomography

images at the corresponding fiber locations in order to confirm if there is a true dis-

continuity, or if the segments should be connected to form a single fiber. Inspections

to the 3D data and stitching to the fibers were conducted in ModLayer [83].

Porosity manufacturing defects (and in later loading steps, nucleation of micro-

voids) were detected using a combination of Weka machine learning segmentation [62]



51

Figure 4.3. A schematic representation of using condensed fiber data
to determine which fibers may contain artificial discontinuities.
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and manual correction using ModLayer [83]. The specimen’s free surface was detected

through 2D image processing of each tomography slice using an in-house MATLAB

algorithm that utilized the intensity gradient at the free surface, which can be seen

in Figure 4.4A, and an initial guess of the approximate center and radius of the

cylindrical specimen. This region was then adjusted by mapping the intensity values

from a range of [0, 1] to a range of [0.4, 0.9], converted to a binary image using a

threshold of 0.655 of the median intensity of the image (which accounts for X-ray

energy fluctuations), dilated by a disk structural element with a radius of 4, and

finally adjusted to fill any holes in the edge region. The detection of the fibers, pores,

and the free surface of the quadrant containing the ductile fracture zone can be seen

in Figure 4.4B, with the simulated region’s free surface, fibers, and pores shown in

Figure 4.4C, 4.4D, and 4.4E, respectively.

The voxels (which were 1.3 µm in size) corresponding to porosity manufacturing

defects were removed from the rendered 3D volume as shown in Figure 4.5A and

4.5B, and the remaining matrix and fiber features were meshed using tetrahedral el-

ements directly from the voxelated microstructure shown in Figure 4.5C and 4.5D.

This procedure was conducted in ParaView, and resulted in uniform and ideal tetra-

hedral elements and perfect bonding between the fibers and the matrix, as shown

in Figure 4.5E, which can be generally assumed for fiber reinforced thermoplastics

where the fibers have been pre-treated [74]. 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 [84, 85]. The meshed matrix elements were simulated to include nonlinear plas-

ticity through a multilinear isotropic hardening model [86]. The positive X, negative

Y, and negative Z surfaces were constrained using roller boundary conditions, and

the positive Z surface was displaced in the positive Z direction by 7.8 µm, match-

ing the displacement experimentally observed by the microstructure at 50% of the

failure strain. The microstructural region shown in Figure 4.4C, which was analyzed

using finite elements, contained 7.56 million nodes and 44.5 million elements, and was

solved using ABAQUS in 92.5 hours utilizing 300 processors and 1.92 TB of memory.
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Figure 4.4. The sequence of post-processing the reconstructed tomog-
raphy images in (A) to achieve high fidelity feature detection shown in
(B), which includes specimen edge detection, porosity manufacturing
defect detection, and individual fiber detection in 3D, as well as the
instantiated model (C), the 368 fibers within the model (D), and the
manufacturing porosity defects within the model (E).

In analyzing the results of the simulation, hydrostatic stress hot-spots were defined

as agglomerations of at least 1000 connected matrix elements that were all in the

99.997th percentile of hydrostatic stress, slightly higher than the DVC analysis due

to the finer mesh size.
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Figure 4.5. The procedure used to mesh the instantiated model where
(A) shows a fiber in red, a porosity manufacturing defect in blue, and
the matrix in grey, (B) shows the removed manufacturing pore, (C)
an (D) show the voxels meshed using tetrahedral elements, and (E)
shows a meshed fiber in the matrix.
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4.3 Results

4.3.1 The role of porosity manufacturing defects and the ductile fracture

zone

The specimen was loaded in tension until fracture, and the in-situ X-ray µ-CT

images allowed for the observation of the fibers, porosity manufacturing defects, as

well as the tracking of microstructural damage events that led to final fracture. Each

fiber detected in the cylindrical specimen is shown in Figure 4.6A, with a green outline

highlighting the region of the specimen which experienced ductile fracture that led to

final fracture, shown in Figure 4.6B. Manufacturing defects in the form of preexisting

large pores were detected in the center of the specimen as can be seen in Figure 4.6C,

with preexisting small pores present closer to the free surface. As the specimen was

loaded and ductile fracture occurred, it was found that these large pores did not

significantly coalesce and grow leading to final fracture as expected in typical ductile

fracture [87]. Instead, a large void nucleation event occurred near the free surface of

the specimen circled in Figure 4.6D, which - just before fracture - finally coalesced

with the preexisting large pores leading to final fracture shown in Figure 4.6E. This

shows that while porosity manufacturing defects have historically been viewed as

a major detriment to a composite’s strength [88], in this discontinuous reinforced

thermoplastic, a variety of complex microstructural features exist which can be more

detrimental to the overall mechanical performance. In this composite specimen, it

was found that these features existed at the critical region near the free surface circled

in Figure 4.6D, which was analyzed in more detail to detect the exact locations of

damage initiation, and simulated through a finite element model to compute the

stresses and strains.
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Figure 4.6. Shown in (A) are the fibers detected within the gauge
section of the specimen at 0 load where each fiber is individually de-
tected and assigned a fiber ID, and where the green outline indicates
the location of ductile fracture observed experimentally, which is also
shown in the tomography images just before fracture in (B). Preex-
isting porosity, micro-void nucleation, and eventual void coalescence
in the ductile fracture zone are shown in (C) at 0 load, (D) at 96% of
failure, and (E) just before failure.
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4.3.2 Experimental micro-void nucleation during damage initiation

Experimentally, five locations within the critical region showed evidence of micro-

void nucleation during damage initiation and have been visualized at the unloaded

state in Figure 4.7A and at 50% of the macroscopic failure strain in Figure 4.7B,

with a sample of the DVC results overlaid in Figure 4.7C. Two of the five locations

consisted of T-type intersections, where at least one fiber was well aligned with the

loading direction and interacted with fiber(s) that were highly misaligned with the

loading direction. One region consisted of two well aligned fibers with slightly over-

lapping end-points, where a micro-void nucleated at one fiber end-point, but not both.

Another region consisted of two fibers highly aligned with the loading direction that

had nearly touching end-points, which resulted in micro-void nucleation between the

end-points and a coupled early fiber breakage in a neighboring fiber shown in Fig-

ure 4.7D-4.7G. Lastly, one case of micro-void nucleation consisted of two well aligned

fibers with end-points near a small fragment of glass fiber, all of which are shown

in Figure 4.7B. It is important to note that the locations of micro-void nucleation,

while always relating to fiber tips, were not confined to one single configuration of

fiber tips, but instead included a few different configurations.

4.3.3 Simulated heterogeneous stresses and strains in the microstructure

The results of the finite element simulation of the exact microstructure experimen-

tally analyzed, which has been visualized in Figure 4.8A and Figure 4.8B, showed that

there was in fact a large degree of heterogeneity in the strains and stresses. As ex-

pected, the ductile thermoplastic matrix experienced most of the deformation as can

be seen by the strain plot in Figure 4.8C, while the fibers, acting as the toughening

constituent in the composite, experienced most of the stress in the specimen, shown

by the stress plot in Figure 4.8D. The hydrostatic stress was computed by

σhyd =
σxx + σyy + σzz

3
(4.1)
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Figure 4.7. The fibers that interacted with the micro-void nucleation
events (A) at the unloaded state with grey spheres at the locations of
simulated matrix hydrostatic stress hot-spots, and (B) at 50% of the
macroscopic failure strain with the experimentally determined micro-
void nucleation shown in red, with (C) an overlay of a sample of the
DVC εzz strain hot-spots. The coupled micro-void nucleation and
early fiber breakage is shown in (D) and (E) at the unloaded state,
and in (F) and (G) at 50% of the macroscopic failure strain.
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Figure 4.8. An overview of the cropped simulation results (cropped to
visualize away from the boundary conditions) of the specimen region
shown in the tomography images of (A) which were post-processed
for feature detection shown in (B). The heterogeneous strain in the
loading direction (εzz) is shown in (C), the heterogeneous stress in the
loading direction (σzz) is shown in (D), the heterogeneous hydrostatic
stress (σhyd) of the matrix is shown in (E), and the agglomerations of
matrix elements in the 99.997th percentile of hydrostatic stress, with
the fibers they interact with, are shown in (F).

and was found to be normally distributed in the matrix, visualized in Figure 4.8E, with

an average hydrostatic stress of 10.83 MPa and a standard deviation of 15.96 MPa.

While there were scattered regions within the matrix whose elements experienced high

hydrostatic stress (sometimes in a single line of elements and other times isolated only

to the side of a fiber at a corner of a 3D voxel), only large agglomerations, referred to

as hydrostatic stress hot-spots, were of interest because they ensured that the region

of high (99.997th percentile) matrix hydrostatic stress was not artificially induced

from meshing effects, and are shown in Figure 4.8F.
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4.4 Discussion

The matrix hydrostatic stress hot-spots computed in the simulation have been

overlaid onto the experimental results in Figure 4.7A as transparent black spheres

within the microstructure. These simulated hydrostatic stress hot-spots correlated

directly to the five locations of micro-void nucleation experimentally observed in the

microstructure during damage initiation, shown by the red regions in Figure 4.7B. Of

the five cases of hydrostatic stress hot-spots in the matrix and their corresponding

micro-void nucleation events, two were of interest because of their unique behavior.

The first case of interest was a location that experienced coupled micro-void nucle-

ation and fiber breakage. Fiber breakage occurring at 50% of the macroscopic failure

strain of 5.77%, experimentally observed in Figure 4.7D-4.7G, is atypical in these

composites [74]. Specifically, the green fiber shown first at the unloaded state in Fig-

ure 4.7D, and then at 50% of the failure strain in Figure 4.7F, was the only fiber that

broke in the critical region at this early loading condition; yet this fiber was simu-

lated to experience (prior to micro-void nucleation) only 45% of its ultimate tensile

strength [84] at the same loading condition observed experimentally. When overlay-

ing the simulation results, it can be seen that a matrix hydrostatic stress hot-spot

was in contact with the fiber at the location of fiber breakage, which experimentally

resulted in micro-void nucleation in the matrix next to the fiber, followed by early

fiber breakage shown in Figure 4.7E and 4.7G. This provides evidence that high hy-

drostatic stress can be used not only as a metric to describe and predict micro-void

nucleation during damage initiation, but also - in certain cases - describe micro-void

nucleation coupled with other damage mechanisms.

Another case of micro-void nucleation that was of interest consisted of two fibers

that were well aligned with the loading direction which interacted with a small frag-

ment of a glass fiber that was approximately spherical, which was also experimen-

tally verified by the DVC analysis shown in Figure 4.7C. The experimentally-based

DVC analysis showed that the highest strain values were localized in the region of
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micro-void nucleation, which corresponded spatially to the hydrostatic stress hot-

spot predicted by the finite element model. Typically, engineers are not interested in

fragments of fibers with aspect ratios close to one because they contribute almost no

load bearing capability when compared to their longer cylindrical neighbors present

in the microstructure [26,45,47]. Therefore, techniques and algorithms to detect and

characterize fibers are typically not suitable for l/d ≤ 1, which can be easily con-

fused with noise [15, 26]. In this work, the fragment of glass was manually observed

in the in-situ tomography images, detected as a fragment of a fiber, included in the

microstructural simulation, and proved to be a region of high hydrostatic stress and

a region of corresponding micro-void nucleation, as was seen in Figure 4.7A, 4.7B,

and identified more closely in Figure 4.7C. This provides evidence that while short

fragments (even as short as l/d = 1) in the presence of long fibers can be ignored in

elastic stiffness predictions, as they do not strongly influence the elastic properties,

they can strongly influence damage initiation past the elastic regime and therefore

must be included and considered in strength predictions.

4.5 Conclusion

In general, this work coupled experiments and simulations to show that large

porosity manufacturing defects do not consistently play a role in initiating and prop-

agating damage, and that additional microstructural features, like T-type configu-

rations and overlapping fiber tips, play a critical role in the microstructure’s overall

resistance to damage initiation. The experiment, which tracked approximately 92,000

fibers, as well as manufacturing and damage induced porosity, identified the critical

region of the material that led to failure. A high fidelity model (comprised of 44.5

million elements) was created of this sub-region, in which 368 fibers were instanti-

ated. The results showed that the 5 experimentally observed locations of micro-void

nucleation corresponded with the 5 highest regions of hydrostatic stress, which sub-

stantiates the use of the hydrostatic stress metric to explain and predict micro-void
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nucleation in the microstructure of fiber reinforced thermoplastic composites, prov-

ing a long standing hypothesis of the role of stress triaxiality in damage initiation

for thermoplastic matrix composites. Lastly, this work showed that although small

fragments of fibers, which are almost negligible in size compared to the average fiber

length, can be ignored during elastic mechanical property predictions, they must be

included in the damage initiation and strength predictions of these composites.
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5. DAMAGE PROGRESSION: CRACK PROPAGATION

A version of this chapter was published in [pending publication] and is reproduced with
copyright permission under license [pending publication]. Imad Hanhan and Michael
D. Sangid. Damage propagation in short fiber thermoplastic composites analyzed
through coupled 3D experiments and simulations. DOI: [pending publication].

5.1 Introduction

Short fiber composites have become popular in many engineering applications due

to their relatively low cost of manufacturing, especially for complicated 3D geome-

tries. The microstructure of these composites, 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 param-

eters [32–34] and strongly influences the mechanical performance [37–41]. Therefore,

researchers have developed techniques and tools to not only predict the microstruc-

ture of these composites based on their manufacturing parameters [47, 89, 90], but

to also try and predict the mechanical response using these microstructural parame-

ters [45, 59,67].

However, predicting the complete mechanical behavior of these short fiber com-

posites 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 [67, 68], before damage initiation or progression has

occurred. These anisotropic elastic properties can be predicted using fiber volume

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 composites, using phenomenological damage parameters

and/or homogenization [69–71].
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Within the microstructure of thermoplastic composites when loaded past the elas-

tic regime, damage initiation is usually observed in the form of micro-void nucleation

in the thermoplastic matrix, specifically at fiber tips, which early works have shown

through in-situ scanning electron microscopy [74,75]. In understanding and predicting

this behavior, 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 [73]. For damage initiation,

a recent work used coupled 3D experiments and simulations to show that micro-void

nucleation during damage initiation is related to localized high hydrostatic stresses

in the matrix at fiber tips [91]. However, it is unclear how micro-voids evolve during

damage progression, especially in 3D.

One historically observed behavior during the early stages of damage progression

is debonding of the fiber and the matrix [92]. 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 [93]. These fiber pre-treatments create a chemical reaction at the

surface of the fiber 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 [94]. The development of such fiber treatments has proven to be very successful,

making debonding extremely unlikely (occurring only in the early loading sequence

for a small fraction of fibers which may have had unfavorable bonding conditions) as

has been shown through fractography [74,95]. With well bonded fibers, debonding is

not typically observed during damage progression. Instead, due to strong adhesion to

the fiber, interfacial microcracking of the matrix along fiber sides is the first observed

behavior during damage propagation, and it occurs late in the monotonic loading

sequence (at about 75% of the failure load) [74]. This is hypothesized to be a result

of a shear stress concentration along the fiber side [74].

A second 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’
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matrix microcracking, which activates to connect and coalesce micro-voids and inter-

facial matrix cracks [74]. 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 cracking which is not necessarily fiber

interface mediated. This observed mechanism has been described more broadly as

mode γ cracking [96] and fiber avoidance cracking [97,98], or more specifically by its

shape, such as penny [99], conical [100,101], conoidal (a mix of conical and flat) [102],

and helicoidal [102]. In this work, this form of matrix cracking, that is not fiber

interface mediated, will be simply referred to as conoidal matrix cracking.

A third behavior sometimes observed during damage progression is fiber break-

age. In general, fiber breakage is not a common occurrence in short fiber reinforced

thermoplastic composites and is either not observed [74] or considered to be rare [76].

While uncommon, some fiber breakage events have been documented for these ma-

terial systems, and are generally characterized as either (1) transverse breakage of a

fiber that is well aligned with the loading direction (which is well understood), or (2)

longitudinal breakage of a fiber highly misaligned with the loading direction, which

is less common and not well understood [21].

From a prediction standpoint, interfacial matrix cracking along a fiber, 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°) [101]. However, there has not been a clear and com-

prehensive explanation of the interaction of interfacial cracks and conoidal cracks,

especially in 3D for a thermoplastic matrix, other than they might be accelerated by
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shear stress [97, 103]. 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 tomography (µ-

CT) experiment (shown in Figure 5.1) with a 3D finite element method (FEM) sim-

ulation of the exact microstructure, including all fibers, all manufacturing induced

pores, and non-linear behavior in the thermoplastic matrix, in order to compute the

stresses in the microstructure and compare them to the behavior of damage propaga-

tion. Specifically, locations of damage initiation within the ductile fracture zone were

tracked as the material was loaded, and processed through robust image processing

and segmentation procedures to extract each individual fiber and pore [91]. The

experimental 3D behavior of matrix cracking was analyzed for regions of interface

mediated matrix cracking, as well as conoidal matrix cracking. The finite element

simulation, which contained over 7 million elements, computed the full stress field

and allowed for a direct comparison to the experimentally observed matrix cracking

within the microstructure.

This paper will first describe the material, followed by the experimental proce-

dure and its corresponding tomography post-processing. The methods of the FEM

simulation will then be described, followed by the results and discussions of three

damage propagation mechanisms active during damage propagation. The behavior

of the material during damage propagation, which occurred between 0.75εf (75%

of the macroscopic strain to failure) and 0.85εf (85% of the macroscopic strain to

failure), was analyzed for regions of damage coalescence which eventually led to ma-

jor ductile failure in the ductile fracture zone. Through the coupled experiment

and simulation analysis, this work determined the active mechanisms during damage

propagation, and provided insight on the physical phenomena that govern interfacial

matrix cracking and conoidal matrix cracking. Lastly, fiber breakage was analyzed
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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 explored in this analysis. 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 re-

sponse past damage initiation and propelling engineers towards strength and failure

prediction of these short fiber composites.

5.2 Materials and Methods

5.2.1 Composite Material

The material used in this work was a polypropylene matrix reinforced with 30%

by weight E-glass fibers which are approximately 10 µm 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. 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.

5.2.2 Experimental Details

An in-situ tomography study was conducted at the the Advanced Photon Source

at Argonne National Laboratory using the assembly shown in Figure 5.1A. 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
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Figure 5.1. 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
µm radially).
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Figure 5.2. 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) 0.5εf , with a blue box indicat-
ing 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 micro-void nucleation, and site 6 was
early debonding.
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Figure 5.3. An overview of the coupled experiment and simulation,
where (A) is the region of interest for the damage propagation anal-
ysis at 0 load, (B) is the tracked region at 0.5εf that contained sites
of damage initiation which grew significantly and coalesced in (C)
at 0.85εf . Simultaneously, (D) shows the simulation of the region of
interest from 0.5εf to 0.85εf , where the displacement boundary con-
ditions match exactly the experimental results from (A) to (C). The
detected fibers are shown in (E), and the voids present at 0.5εf can
be seen in (F), where the three largest voids are the sites of damage
initiation.
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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 µ-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 µm in

about 6 minutes. The 1500 X-ray projections acquired during each tomography scan

were reconstructed using TomoPy [61] resulting in 2D images which stack to form a

3D image, as shown in Figure 5.1B.

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 dis-

placement rate of approximately 0.001 s−1, holding the cross-head displacement, and

acquiring an in-situ tomography 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 (Figure 5.1C) and the extraction

of microstructural features, including each fiber (Figure 5.1D). The exterior of the

specimen was painted with a black and white speckle pattern and monitored using

an optical camera at each increment in order to allow for the computation of macro-

scopic strain through digital image correlation which was conducted using VIC-2D. A

total of 58 scans were acquired between the unloaded state and final fracture, which

occurred at 5.77% macroscopic strain.

5.2.3 Experimental Post-Processing

The tomography images acquired at 0.99εf (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 [74]) was

determined [91]. Using six face 2D cross-correlation in MATLAB, the ductile fracture

zone was traced from 0.99εf back to the microstructure at 0.85εf , 0.7εf , 0.5εf , 0.3εf ,

and 0 load.

The 3D tomography images at each load step were adjusted first using median

scaling [104], followed by three general procedures: fiber detection, porosity detection,
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and free surface detection. Fiber detection was conducted using a combined 2D/3D

iterative approach developed by Agyei and Sangid [28]. The algorithm iteratively en-

hances and segments each 2D image in the stack of reconstructed µ-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 [28]. The seg-

mentation of the fibers was inspected and corrections to the automated segmentation

were conducted using ModLayer [83].

Fibers in the experimental analysis, which played a role by interacting with dam-

age events within the ductile fracture zone, were rendered in ParaView using a cylin-

drical fit of the detected fibers to aid in visual interpretation. These can be seen in

Figure 5.2A and Figure 5.2B at the unloaded state and at 0.5εf , respectively. An

in-depth 3D reconstruction of the surface of certain fibers of interest was conduced

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 [83].

The manufacturing induced porosity in the unloaded state, as well as micro-voids

that nucleated after loading, were detected using Weka machine learning segmenta-

tion [62] and manually corrected using ModLayer [83]. This procedure aided in the

3D interpretation of damage events as can be seen in Figure 5.2B.

The specimen’s free surface was determined through 2D image processing of each

tomography slice using an in-house MATLAB algorithm that utilized the intensity

gradient at the free surface, and an initial estimate of the approximate center and

radius of the cylindrical specimen [91]. 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 [91].

Through analysis of the 3D tomography data from the unloaded state to 0.5εf , six

sites of damage initiation were found and were tracked throughout loading. Of the six

total sites of damage initiation, sites numbered 1-5 were associated with micro-void
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nucleation, and site 6 exhibited early debonding, all shown in Figure 5.2. A region

of interest which contained damage initiation sites 4-6 (blue box in Figure 5.2B) was

chosen for the damage progression analysis because it was experimentally observed to

(1) contain coalescence of all three damage initiation sites between 0.5εf and 0.85εf ,

(2) led to the formation of the largest void at 0.85εf which also reached the free

surface, and (3) eventually led to catastrophic failure (outlined in red in Figure 5.1C

just before fracture). This smaller region of interest within the ductile fracture zone

is shown at the unloaded state, 0.5εf , and 0.85εf (through 6 face 2D cross-correlation

tracking) in Figure 5.3A, B, and C, respectively.

5.2.4 Simulation Details

The experimental post-processing procedures were used to also instantiate a 3D

model of the exact microstructure in the region of interest at 0.5εf (after damage

initiated but before it progressed and coalesced) which includes the free surface shown

in Figure 5.3D, the fibers shown in Figure 5.3E, as well as pores and nucleated micro-

voids shown in Figure 5.3F.

Prior to meshing the microstructure, each voxel which corresponded to a void

in the material was removed in ParaView, and the remaining voxels were meshed

using tetrahedral elements directly from the voxelated microstructure which results

in tetrahedral elements with ideal and uniform geometry [91]. This meshing procedure

was conducted in ParaView, and resulted in perfect bonding between the fibers and

the matrix, which has been shown to be accurate for fiber reinforced thermoplastics

where the fibers have been pre-treated [74, 91]. 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 [84,85]. The meshed matrix elements were simulated to include nonlinear

plasticity through a multilinear isotropic hardening model based on experimental and

simulation data in Ref. [86].
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Figure 5.4. The coupled simulation and experiment results, where (A)
shows the simulation result with the 99th percentile matrix shear stress
(YZ) overlaid, (B) shows the coupled simulation and experiment at
0.5εf with the simulated maximum principal stress overlaid, and (C)
and (D) show the 3D experimental results at 0.75εf and 0.85εf , re-
spectively. A different view of the same data with intersecting oblique
planes (in order to capture both events which do not occur in the same
plane) is shown in (E), with the corresponding tomography images at
those planes shown in (F), (G), and (H) at 0.5εf , 0.75εf , and 0.85εf ,
respectively, where the dashed box contains the region of high shear
stress that did not lead to damage, and the dashed circle contains the
region of high shear stress emanating from a micro-void which led to
damage progression.
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The experimental six face cross-correlation used to track the exact volume of to-

mography images between the unloaded state and 0.85εf was used to apply boundary

conditions to the meshed microstructure at 0.5εf . This corresponded to roller bound-

ary conditions on the +X, -Y, and -Z surfaces, and displacement boundary conditions

of 9.7 µm on the -X surface, -5.2 µm on the +Y surface, and 20 µm on the +Z surface.

The simulation contained approximately 7.42 million elements, and was solved using

Abaqus on 160 parallel processors and 512 GB of memory in 35 hours.

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

σhyd =
σxx + σyy + σzz

3
(5.1)

and the maximum principal stress was computed by solving the eigenvalue problem

[σji − λδij]T n̂j = 0 (5.2)

where σji is the stress tensor, δij is the Kronecker delta, λ1, λ2, and λ3 are the

principal stresses (eigenvalues) and n̂1, n̂2, and n̂3 are the principal directions (eigen-

vectors) for the principal stresses, respectively. The maximum principal stress, S1,

was then computed by max(λ1, λ2, λ3) 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.

5.3 Results and Discussion

Using the microstructural data at the unloaded state, it was found that the av-

erage weight based fiber length is approximately 300 µm and that fibers are moder-

ately aligned with the loading direction forming an average angle of 40.4° with the Z

axes [15,28]. From the time-lapse in-situ tomography data, it was found that damage

initiation sites 4, 5, and 6 (Figure 5.2) coalesced into a large void that reached the
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Figure 5.5. The coupled simulation and experiment results, where (A)
shows the simulation result with the 99th percentile matrix hydrostatic
stress overlaid, (B) shows the coupled simulation and experiment at
0.5εf with the simulated maximum principal stress overlaid, and (C)
and (D) show the 3D experimental results at 0.75εf and 0.85εf , re-
spectively.

free surface. The experimental analysis, which tracked the microstructure as dam-

age propagated, revealed that coalescence either occurred through interfacial matrix

cracking along a fiber edge, or conoidal matrix cracking, and appeared to emanate

from sites of damage initiation, not from existing manufacturing pores in the region of

interest. Additionally, an unlikely event of longitudinal fiber breakage of an in-plane

fiber was documented within the ductile fracture zone and was observed to occur

between 0.75εf and 0.85εf .

5.3.1 Interfacial Matrix Cracking

Experimentally, portions of the damage profile were determined to be interfacial

matrix cracking along a fiber edge if the damage exhibited an elongated shape and was

along the edge of a fiber, as determined by 3D visualization and oblique slicing of the

tomography data in ParaView. The simulation of the region of interest revealed that

there were certain fiber-matrix interface regions which experienced very high matrix

shear stress (99th percentile), as shown in Figure 5.4A. Specifically, this was found to
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Figure 5.6. The coupled simulation and experiment results, where
(A) shows the simulation result with the 99th percentile matrix hy-
drostatic stress overlaid, (B) shows the coupled simulation and exper-
iment at 0.5εf with the simulated maximum principal stress overlaid,
and (C) and (D) show the 3D experimental results at 0.75εf and
0.85εf , 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 0.5εf , 0.75εf , and 0.85εf ,
respectively.
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be the case for shear stress in the YZ, σY Z , due to the boundary conditions discussed

in Section 5.2.4 which imposed the largest compression along the X direction leading

to high shear activity in the YZ plane. In order to ensure this was not a mesh effect,

only agglomerations of matrix elements along the edge of a fiber (which met the high

shear stress criteria) were considered.

The analysis found a few agglomerations of high matrix shear stress along fibers.

Consider the bottom fiber shown in Figure 5.4A, which is a misaligned fiber forming

an 80° angle with the loading axes. A region of matrix material along this fiber

contained 866 agglomerated matrix elements all within the 99th percentile of matrix

σY Z . Experimentally, this same region was observed to contain interfacial cracking,

shown circled in Figure 5.4B-H.

However, not all matrix regions of high shear stress along misaligned fibers led to

interfacial cracking. This can be seen in the top fiber shown in Figure 5.4A, which

is also a misaligned fiber, forming an 85° angle with the loading axes. A region of

matrix material along this fiber contained 4950 agglomerated elements all within the

99th percentile of matrix σY Z , but in this case did not result in interfacial matrix

cracking as can be seen outlined in a square in Figure 5.4B-H.

One of the main differences between the lower case which led to interfacial cracking

(circled) and the upper case which did not lead to interfacial cracking (boxed), as

shown in Figure 5.4, is that the region of high shear stress that led to interfacial

cracking was emanating from a micro-void in the material (damage initiation site 4 in

Figure 5.2). The presence of the micro-void increased the maximum principal stress,

S1, in the matrix along the fiber edge, as shown circled in Figure 5.4B (where the

arrows represent the directions of S1), which instigated the matrix cracking along the

lower fiber.

This can be contrasted to the upper case of high matrix shear stress which was

not emanating from an existing micro-void and experienced relatively lower values

of matrix maximum principal stress along the interface. This region of isolated high

shear stress did not contain signs of damage shown in Figure 5.4D and H, while the
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region of high shear stress emanating from a micro-void led to continued interfacial

matrix cracking along the lower fiber edge, leading to coalescence of all three sites of

damage by 0.85εf .

5.3.2 Conoidal Matrix Cracking

Another active mechanism during damage propagation that was observed experi-

mentally was matrix driven conoidal cracking. The damage profile was characterized

as matrix conoidal cracking (through 3D analysis and oblique slicing of the tomog-

raphy 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 matrix cracking

was also connected to the micro-void at the lower fiber discussed in Section 5.3.1 near

damage initiation site 4. The results of the simulation in this region contained 4038

agglomerated matrix elements all experiencing high hydrostatic stress (99th percentile

of hydrostatic stress in the matrix), as shown in Figure 5.5A. This agglomeration of

matrix elements, while in close proximity to other fibers, was not along the edge of a

fiber.

Instead, these matrix elements with high hydrostatic stress were emanating from

the micro-void, and therefore, these elements were also experiencing high maximum

principal stress, as shown in Figure 5.5B. Experimentally, this same region showed ev-

idence of conoidal matrix cracking which occurred by 0.75εf as shown in Figure 5.5C,

and by 0.85εf coalesced into one void shown in Figure 5.5D. This experimental anal-

ysis 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 is related to hydrostatic stress emanating from a

micro-void.
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Another location within the microstructure that exhibited conoidal matrix crack-

ing is shown in Figure 5.6A and 5.6B. This location, labeled as site 5 in Figure 5.2,

exhibited a complicated fiber microstructure with highly misaligned fibers interact-

ing with well aligned fibers during damage propagation. The simulation revealed

1163 agglomerated matrix elements experiencing high matrix hydrostatic stress (99th

percentile matrix hydrostatic stress) shown in Figure 5.6A and sliced in Figure 5.6E.

Similar to the previous conoidal matrix cracking case, this location was also em-

anating from a micro-void and experienced high maximum principal stress as shown

in Figure 5.6B. By 0.75εf , this region showed damage progression in the form of

conoidal matrix cracking, which was part of the large coalesced void by 0.85εf . This

region was particularly interesting because it was very close to the free surface of the

specimen shown in Figure 5.6F. By 0.85εf , this location of damage coalesced with the

other locations of damage described in this work, and reached the free surface even-

tually leading to catastrophic brittle failure as the ductile fracture zone eventually

transitioned to brittle fracture [91].

5.3.3 Fiber Breakage

Fiber breakage in general has not been considered a common occurrence in short

fiber thermoplastic composites. Furthermore, when observed, it is usually a transverse

break of a well aligned fiber [21,91]. Out of the nearly 400 fibers in the ductile fracture

zone, only one fiber breakage event occurred by 0.5εf (shown in Figure 5.2 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 micro-void nucleation [91].

However, this analysis showed that between 0.5εf and 0.85εf , 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 0.5εf and 0.85εf , four were transverse

breaks of well aligned fibers, and one was a longitudinal break of an in-plane fiber.
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The longitudinal break occurred at a fiber that was 241 µm long and was aligned

almost perpendicular to the loading axes, forming an angle of 86° with the loading

direction (Z).

The longitudinal fiber break of the nearly in-plane fiber can be seen in Figure 5.7A,

B, C, and D at the unloaded state, 0.5εf , 0.75εf , and 0.85εf , respectively, where the

longitudinal break can be observed at 0.85εf . 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 [84,86]. Therefore, the matrix near the interface would be expected

to fail first.

The simulation result showed that this fiber experienced a high shear stress gra-

dient shown in the insert of Figure 5.7B. 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 (Figure 5.8A) likely due to environ-

mental damage of the E-glass fiber [44]. The damage can be seen in the tomography

images at the oblique slices shown in Figure 5.8B, 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 di-

rection), 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
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Figure 5.7. Experimental data of the damaged in-plane (XY plane)
fiber shown at (A) the unloaded state, (B) 0.5εf , (C) 0.75εf , and (D)
0.85εf where a longitudinal fiber breakage event has occurred, as well
as an image of the simulated fiber experiencing a high shear stress
gradient in its plane (XY plane).
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Figure 5.8. The experimental data rendered at the unloaded configu-
ration of an in-plane fiber (A) which was damaged during the injection
molding process as can be seen circled, with accompanying tomogra-
phy 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.



84

in-situ tomography images, as was seen in Figure 5.7. With a strong bond to the

matrix, it is therefore hypothesized that the highly misaligned fiber broke longitudi-

nally 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 0.5εf

and 0.85εf , as was shown in Figure 5.7D.

5.4 Conclusion

This work analyzed specific damage events that occurred in a short fiber reinforced

thermoplastic. Specifically, the specimen studied in this work was an injection molded

polypropylene that was reinforced with 30%, by weight, 10 µm 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 conducted in-situ where X-

ray µ-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 determine 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 0.5εf . There were six

independent sites of damage initiation: one site of micro-void nucleation coupled

with fiber breakage [91], four sites of micro-void nucleation at fiber tips [91], and one

site of debonding of a highly misaligned fiber which occurred likely as a result of low

adhesion with the matrix (since it was observed early in the loading sequence).
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Three of the six total locations of damage initiation (two micro-void nucleation

sites and the one debonding location) were experimentally observed to coalesce into

one connected void which reached the free surface by 0.85εf through either fiber-

interface matrix cracking or conoidal matrix cracking. To understand the complex

growth of cracking which caused large coalescence in the three sites of damage, a FEM

simulation was conducted of the exact local microstructure as extracted through the

three detection techniques described in this work. This region within the ductile frac-

ture zone had a volume of 117 by 176.8 by 183.3 µm, 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 million elements,

was conducted to replicate the experimental boundary conditions experienced by the

region.

The coupled experimental and simulation analysis revealed that high shear stress

along a fiber edge does not necessarily result in interfacial matrix cracking, but that

high shear stress along a fiber edge that is also emanating from a site of micro-void nu-

cleation results in interfacial matrix cracking. Furthermore, the analysis showed that

conoidal matrix cracking was found at locations of high hydrostatic stress emanating

from sites of micro-void nucleation. Additionally, five fiber breakage events were ex-

perimentally documented: four typical transverse fiber breakage events of well aligned

fibers, and one unlikely longitudinal fiber breakage event of a highly misaligned fiber.

The longitudinal fiber breakage event was further examined by extracting the exact

morphology of the fiber at the unloaded state, which revealed that the fiber was dam-

aged during the injection molding process, which likely led to its unexpected fracture

behavior.

Overall, this work has provided clarity into the 3D damage propagation events

of short fiber reinforced thermoplastics by providing insight into the physical phe-

nomena that govern their micromechanical behavior. This includes the role of shear

stress and hydrostatic stress in the evolution of micro-voids which nucleated during

damage initiation. Specifically, using the criteria of high shear stress at the presence
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of a nucleated micro-void with relatively high maximum principal stress, the path of

interfacial matrix cracking can be predicted. Additionally, using localized high hydro-

static stress near a nucleated micro-void coupled with high maximum principal stress,

conoidal matrix cracking behavior can also be predicted. This understanding will al-

low engineers to increase their predictive capabilities of the mechanical response of

these materials past the elastic regime and well into the damage propagation regimes,

and eventually towards strength predictions and robust material qualification.
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6. CONCLUSIONS

This work focused on studying the microstructural behavior of a short fiber reinforced

thermoplastic. Specifically, the material studied in this work was an injection molded

polypropylene that was reinforced with 30%, by weight, 10 µm diameter E-glass fibers

which were pre-treated to promote adhesion between the fibers and the matrix. The

first major contribution of this work was a MATLAB based image processing tool

that was created and is available for free download. The tool, named ModLayer,

provides the capability of viewing successive slices of a reference 3D image and an

adjustable 3D image, and allows for comprehensive microstructural feature detection.

This tool is especially useful in correcting the multi-class segmentation of features

that may arise from noise or erroneous artifacts in imaging techniques which are

often too difficult to capture through standard automatic segmentation procedures.

Using automated image processing algorithms and ModLayer, the microstructure of

three total specimens were analyzed in this work. Two specimens were analyzed in

order to compare microstructural characterization techniques, and one specimen was

tested in-situ to study microstructural damage initiation and propagation behavior.

The first phase of this project focused on comparing non-destructive X-ray to-

mography with destructive optical microscopy for their capabilities in detecting mi-

crostructural features. The X-ray tomography images were acquired at Argonne Na-

tional Laboratory using synchrotron X-rays. The 3D image set was then analyzed

for fiber volume fraction, fiber orientation distribution, fiber length distributions, as

well porosity volume fraction. Destructively, the specimen was analyzed by section-

ing, mounting in acrylic, successively polishing, and plasma etching. This allowed

for a direct comparison between X-ray tomography and optical microscopy for poros-

ity volume fraction, fiber volume fraction, and fiber orientation distribution. Since

sectioning and mounting the specimen cuts through the fibers, a separate specimen
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was destructively analyzed for a statistical comparison of the fiber length distribution

through a matrix burn-off technique.

The characterization analysis revealed that using X-ray µ-CT and optical mi-

croscopy results in fiber volume fraction computations that match well. On the other

hand, the porosity volume fraction detected destructively was slightly lower than that

which was detected in the µ-CT images due to pores smaller than 700 µm3 (equiv-

alent to spherical pores with radii less than 5.5 µm) being filled in with polymer

during polishing. For fiber orientation distributions, the Aij fiber orientation distri-

bution determined non-destructively and destructively matched fairly well (differing

no more than 6° on average with respect to each Cartesian coordinate axes) with

the non-destructive approach reporting a slightly higher alignment due to its abil-

ity to capture curvatures of 3D fibers in the injection molding flow direction. The

average fiber length computed non-destructively and destructively matched within

13.8 µm. This phase of the project contributed necessary information for engineers

and researchers to identify the advantages/disadvantages of both approaches and un-

derstand the quantitative differences in microstructural characterization when using

each method in order to confidently qualify composite materials.

The second phase of the project focused on analyzing damage initiation behav-

ior through a coupled experiment and simulation analysis that was conducted on a

pristine glass fiber reinforced polypropylene specimen. Specifically, the experiment

was an incremental tension test that was conducted in-situ where X-ray µ-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 cor-

relation of the speckled surface of the specimen during the in-situ experiment). By

analyzing the microstructure at the unloaded state, 30%, and 50% of macroscopic

failure, locations of damage initiation were found and analyzed.

Experimentally during damage initiation, it was found that large porosity manu-

facturing defects do not consistently play a role in initiating and propagating damage,

and that additional microstructural features, like T-type configurations and overlap-



89

ping fiber tips, play a critical role in the microstructure’s overall resistance to damage

initiation. A high fidelity model (comprised of 44.5 million elements) was created of

a sub-region within the ductile fracture zone, in which 368 fibers were instantiated.

The results of the coupled simulation analysis showed that the 5 experimentally ob-

served locations of micro-void nucleation corresponded with the 5 highest regions of

hydrostatic stress, which substantiates the use of the hydrostatic stress metric to

explain and predict micro-void nucleation in the microstructure of fiber reinforced

thermoplastic composites, proving a long standing hypothesis of the role of stress tri-

axiality in damage initiation for thermoplastic matrix composites. Additionally, this

work showed that although small fragments of fibers, which are almost negligible in

size compared to the average fiber length, can be ignored during elastic mechanical

property predictions, they must be included in the damage initiation and strength

predictions of these composites.

Lastly, the third phase of the project focused on analyzing damage propagation

via matrix cracking through another coupled simulation. Experimentally, regions of

matrix cracking were segmented into either interfacial matrix cracking or conoidal

matrix cracking (sometimes referred to as fiber-avoidance cracking) by analyzing the

microstructure at 50%, 75%, and 85% of the macroscopic strain to failure. The

coupled simulation analysis revealed that high shear stress along a fiber edge that

is also emanating from a site of micro-void nucleation results in interfacial matrix

cracking. Furthermore, the analysis showed that conoidal matrix cracking was found

at locations of high hydrostatic stress emanating from sites of micro-void nucleation.

Separately, a longitudinal fiber breakage event was examined 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.

Overall, this work has provided clarity into the 3D damage initiation and prop-

agation events of short fiber reinforced thermoplastics by providing insight into the

physical phenomena that govern their micromechanical behavior. Using these results,
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locations of micro-void nucleation within the microstructure can now be predicted,

and the propagation of these micro-voids through different forms of matrix cracking

which leads to catastrophic failure can also be predicted. This understanding will

allow engineers to increase their predictive capabilities of the mechanical response of

these materials past the elastic regime and well into the damage propagation regimes,

and eventually towards strength predictions and robust material qualification. By do-

ing so, component level testing can be supplemented by computer simulations. For

example, this can be done without necessarily conducting X-ray µ-CT. Consider the

fact that there currently exist commercial tools which can simulate the injection mold-

ing process and predict the microstructure of a final injection molded part [47, 90].

Small perturbations within the microstructure due to injection molding variability

can also be simulated, and the resultant microstructures can be used to supplement

large scale component-level testing using the criteria that was determined in this

work through the coupled experiments and simulations. The four major research

contributions of this work (image processing tool development, comprehensive char-

acterization of the microstructure, the role of hydrostatic stress in damage initiation,

and the roles of shear and hydrostatic stress in damage propagation) bring scientists

and engineers four steps closer to high accuracy strength prediction and low cost

qualification of discontinuous fiber reinforced thermoplastic composites.
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[51] Jérôme Lux, Christine Delisée, and Xavier Thibault. 3D Characterization of
Wood Based Fibrous Materials: an Application. Image Analysis & Stereology,
25(1):25, 2011.

[52] Muhammad Tausif, Brian Duffy, Sergei Grishanov, Hamish Carr, and
Stephen J. Russell. Three-dimensional fiber segment orientation distribution
using X-ray microtomography. Microscopy and Microanalysis, 20(4):1294–1303,
2014.

[53] Hellen Altendorf and Dominique Jeulin. 3D directional mathematical morphol-
ogy for analysis of fiber orientations. Image Analysis and Stereology, 28(3):143–
153, 2009.
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A. ALGORITHM FOR DESTRUCTIVE OUT-OF-PLANE

ANGLE ANALYSIS

Figure A.1. Reference and target fiber matching algorithm outline.


