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Abstract

Advanced ceramics such as alumina serve a critical role as a structural
material in many applications (e.g., light-weight turbine blades, ultrasonic
cutting, and body armor). To improve their performance in these applica-
tions, it is important to understand how microstructural features affect the
mechanical response of ceramics under loading. X-ray computed tomography
(XCT) is well-suited to characterizing the microstructure of advanced ceram-
ics since it can non-destructively visualize micron-scale internal features. By
coupling XCT characterization to mechanical testing, this thesis aims to in-
vestigate the effects of processing induced pores and internal cracks on the
material behavior of intact and damaged alumina.

In the first part of this thesis, XCT characterization is combined with
uniaxial compression experiments to study intact alumina, where the ma-
jor processing-induced defects are pores. Quantitative XCT measurements
of pores in AD85 alumina showed low variability across a range of pore char-
acteristics, with median pore size values ranging from 16.0 pm to 17.2 um over
ten samples. In terms of spatial distribution, analytic comparison against ran-
domly distributed points showed that the spacing between pores was highly
regular. Voronoi tessellation showed that while spacing is mostly independent
of pore size, smaller pores exhibited greater variability in spacing. Mechanical
testing results were found to vary depending on strain rate, with greater scat-
ter at quasi-static rates than dynamic strain rates. The coefficient of variation

for compressive strength and failure strain decreased from 10.28% and 10.23%
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at quasi-static to 5.20% and 4.17% at dynamic rates. Based on the low scat-
ter in general pore characteristics between the 10 samples, the differences in
variability between quasi-static and dynamic properties are attributed to vari-
ability in testing conditions (e.g. misalignment of platens) and the activation
of a greater number of pores in dynamic compression.

In the second part of this thesis, a similar approach was used to study
the behavior of pre-damaged alumina. XCT was used to characterize internal
crack networks in pre-damaged alumina, focusing on crack characteristics such
as surface area and crack orientation. Quasi-static and dynamic compression
experiments showed that crack damage led to a reduced stiffness and rate of
lateral expansion during the early stages of loading. With further compression,
elastic properties were found to increase towards intact levels. Shortly before
failure, the crack growth was found to increase the lateral strain rate and re-
duce the stiffness. Digital image correlation (DIC) coupled with high-speed
imaging was used to observe the localized deformation mechanisms activated
during loading, including lateral crack closure, axial crack opening and closing,
and inclined crack sliding. The dynamic compressive strength of the damaged
alumina decreased with increasing crack surface area, however, quasi-static
strength results did not differ significantly between intact and damaged spec-
imens. In-situ visualization of the dynamic compression experiments revealed
that the damaged specimens exhibited a mixed fracture mode that included
axial splitting and failure along pre-existing cracks.

In summary, this thesis presents: 1. Improved characterization of mi-
crostructural defects through XCT for the design, manufacturing, and mod-
eling of advanced ceramics; and 2. Insights into the evolution of mechanical
properties, deformation mechanisms, and fracture behavior of damaged ceram-

ics.
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Chapter 1

Introduction

1.1 Motivation

Advanced ceramics are light-weight structural materials that are ideal for
protection against ballistic threats because of their low density, high hardness,
and high strength. In particular, alumina (AlyO3) was one of the first advanced
ceramics to be employed in personnel protection systems during the Vietnam
War due to its wide availability and low cost[1], and it continues to be widely
utilized in composite body armors today. Acting as the strike face material
in personnel armor systems, alumina is subjected to high rates of deformation
and complex stress-states, which ultimately lead to fracture and fragmentation
during an impact event[2]. Consequently, extensive research has been focused
on understanding the dynamic behavior of alumina and other advanced ceram-
ics with the goal of improving ballistic performance[3-5]. To this end, a range
of laboratory-based experiments (e.g., split-Hopkinson pressure bar) have been
developed to probe the mechanical response of advanced ceramics under well-
defined loading conditions. In recent years, advancements in high-speed imag-
ing and image processing have made it possible for these experiments to be
visualized in-situ and characterized with greater depth. Alongside experimen-
tal studies, material models have also been developed to incorporate relevant
physics and predict the dynamic response of advanced ceramics[6-8]. Cen-
tral to these efforts are microstructural characterization studies[9, 10], which
facilitate investigations into the physical mechanisms responsible for the ob-

served mechanical behavior and contribute critical microstructural parameters
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for computational models. To further our understanding of the factors that
govern the performance of ceramics, it is important to improve and integrate

material characterization and testing techniques.

1.2 Thesis Objectives

The objective of this thesis is to investigate the effects of microstructural
features, namely defects and cracks, on the mechanical behavior of aluminum
oxide. X-ray computed tomography (XCT) is used to characterize the mi-
crostructure of intact and damaged aluminum oxide, focusing on quantitative
measurements for internal pores and cracks. Following microstructural charac-
terization, in-situ high-speed imaging is combined with uniaxial compression
experiments to explore the mechanical response of alumina. The microstruc-
tural and mechanical characterization data generated in this thesis are then
linked to gain insights into structure-property relationships for intact and dam-

aged alumina.

1.3 Thesis Goals

The goals of this thesis are summarized as follows:

1. Develop an analysis framework for quantitative characterization of in-
ternal pores and cracks from XCT scans of intact and damaged alu-
mina. Emphasis is placed on utilizing the three-dimensional information
accessible through XCT in this analysis. For intact alumina, the char-
acteristics of interest include pore size, shape, orientation, and spatial
distribution. For damaged alumina, the characteristics of interest include

crack surface area, volume, and surface orientation.

2. Characterize the strength, stiffness, and failure strain of intact and dam-
aged alumina at quasi-static and dynamic strain rates through uniaxial

compression experiments coupled with high-speed photography.

3. Study the effects of pre-existing crack structures on the deformation of
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alumina under uniaxial compression, focusing on the evolution of me-

chanical properties, localized strains, and fracture behavior.

4. Study the relationships between XCT measurements of microstructural

features and the mechanical behavior of intact and damaged alumina.

1.4 Contributions

The contributions of this thesis are summarized as follows:

1. This thesis extends the scope of quantitative material characterization
through XCT by introducing new characterization metrics for microstruc-

tural inhomogeneities and internal crack networks.

2. This thesis presents new microstructural and mechanical characteriza-

tion data on intact and damaged alumina.

3. This thesis presents new insights into the effects of crack damage on

material behavior.

1.5 Thesis Structure

This thesis is organized as follows:

e Chapter 1 introduces the motivation for studying aluminum oxide and
outlines the thesis objective, thesis goals, contributions, and thesis struc-

ture.

e Chapter 2 details a study focused on the characterization of defect pop-
ulations through XCT and the mechanical variability of intact alumina.
This study, titled “Microstructural and Mechanical Characterization of
Variability in Porous Advanced Ceramics using X-ray Computed To-
mography and Digital Image Correlation”, was published in Materials
Characterization in September 2019[11].



e Chapter 3 documents a study on the behavior of damaged alumina, in
which XCT is applied to characterize internal cracks in pre-damaged
alumina, and DIC is used to characterize the local deformation features
caused by crack structures. This study, titled “Deformation Mechanisms
and Evolution of Mechanical Properties in Damaged Advanced Ceram-
ics”, was published in the Journal of the European Ceramics Society in

February 2020 [12].

e Chapter 4 summarizes the outcomes and implications of this research

and outlines directions for future work.

e Appendix A provides background on the split-Hopkinson pressure bar

apparatus used for dynamic compression experiments in this thesis.



Chapter 2

Microstructural and Mechanical
Characterization of Variability in
Porous Advanced Ceramics us-
ing X-ray Computed Tomography
and Digital Image Correlation

Calvin Lo?, Tomoko Sano®, James D. Hogan®
®Department of Mechanical Engineering, University of Alberta, AB T6G
2R3, Canada
®Weapons and materials Research Directorate, Army Research Laboratory,

Aberdeen Proving Ground, MD 21005, USA

Abstract

This paper explores microstructural and mechanical variability in porous
ceramics, combining advanced X-ray computed tomography (XCT) and
digital image correlation (DIC) techniques to characterize an alumina
material. The results show low variability in microstructure, with median
pore size values for this alumina ranging from 16.0 pm to 17.2 pm across ten
samples. Spatial analysis showed internal pores are regularly distributed, and
though spacing was found to be largely independent of pore size, the
variability in spacing was shown to be greater for smaller pores. Mechanical

results show a strain-rate dependence and greater scatter at quasi-static
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rates, with the coefficient of variation for compressive strength and failure
strain decreasing from 10.28% and 10.23% at quasi-static to 5.20% and
4.17% at dynamic rates. In view of the consistency demonstrated in the
microstructure, the difference in variability between the quasi-static and
dynamic mechanical properties is attributed to variability in testing
conditions (e.g. misalignment of platens) and the activation of a greater
number of pores in dynamic compression. In summary, these results motivate
the use of new spatial characterization parameters via XCT for links to
manufacturing, the integration of realistic microstructures into
computational models, and focus on the role of defect distributions in

dynamic compressive failure events.

Keywords: X-ray computed tomography microstructure digital image

correlation defect variability




2.1 Introduction

Advanced ceramics commonly serve as critical structural components in
body armor[4], tooling[13], and prosthetic[14] applications. To optimize the
processing of advanced ceramics for these applications, it is important to con-
sider the role of microstructural defects in the brittle failure process. Mi-
crostructural defects such as pores or secondary phase inclusions can arise
due to incomplete densification or the use of excess sintering aids[15]. Under
compressive loading, like in impact, these pre-existing defects serve as stress
concentration sites[16], degrade bulk material properties[17], and have a sig-
nificant influence on fragmentation behaviour[18]. Physics-based models have
been developed to account for the effects of internal defects on the mechanical
properties[19, 20] and dynamic failure[21-23] of brittle materials.

To accurately capture the effects of pre-existing flaws, defect characteristics
are required as model inputs. However, while average defect size, volume
fraction, and number density are common model inputs, parameters relating to
defect orientation and spatial distribution have received limited consideration
in theoretical and characterization studies. Furthermore, most single value
characterization parameters are limited in that they do not account for the
variability in defect characteristics. Owing to a lack of 3D characterization
data in advanced ceramics, 3D models often rely on the use of data from 2D
characterization studies, and microstructural inputs in computational models
are frequently idealized in the absence of characterization data.

X-ray computed tomography (XCT) is well-suited for the 3D character-
ization of inhomogeneous microstructures in advanced ceramics. XCT is a
visualization technique that relies on the contrasts in x-ray attenuation within
a material to image internal features. Past defect characterization studies typi-
cally utilized optical or scanning electron microscopy to image microstructural
features [24, 25]. However, microstructural flaws are distributed throughout
the volume of the material, and traditional imaging techniques require either
very thin samples or serial sectioning of the sample to observe internal flaws

[26]. In addition, 2D characterization tools are limited in their ability to fully
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capture the size or geometry of 3D features. In contrast, XCT can visual-
ize internal features non-destructively and access 3D geometries. With the
availability of current computed tomography systems, it is possible to resolve
microstructural features on the scale of microns across scan volumes on the
scale of cubic millimeters. As a result, there has been an increased focus on
the use of XCT for the quantitative characterization of microstructures in a
variety of materials in recent years (e.g., boron carbide [27], composites [28],
and titanium alloys [29]).

With this in mind, this paper is motivated by the works of Li et al.[30, 31],
whose efforts focused on methods for 3D characterization of inhomogeneous
microstructure, and Graham-Brady[32], whose modeling work highlighted the
effects of defect spatial distributions on the variability of the strength of materi-
als. Building on the works of the motivating papers, this paper will explore the
pore characteristics and mechanical behaviour of aluminum oxide (Al;O3), an
advanced ceramic that has commonly been used in armor components. XCT
was applied to characterize the pores, with a focus on improving methods
for interpreting 3D data that can be generalized to future ceramic systems.
Characterization parameters relating to pore size, morphology, orientation,
and spatial distribution were evaluated to assess microstructural variability
across multiple samples. Following pore characterization, compression exper-
iments were performed at quasi-static and dynamic strain rates to determine
the link between mechanical and microstructural variability. This paper will
conclude by discussing the results in the context of manufacturing, compu-
tational model parameters, and rate-dependent failure mechanisms in brittle
materials. The improved characterization techniques and mechanical results

presented will advance the development of advanced ceramics.

2.2 Experimental Method

2.2.1 Material

XCT characterization and compression experiments were performed on

AD85 alumina from CoorsTek Inc.(Vista, California, US)[33]. Table 2.1 shows
8



manufacturer values for AD85 material properties. Previous microstructural
characterization performed by the authors on AD85 have shown that the dom-
inant form of meso-scale defect in AD85 microstructure are isolated intergran-

ular pores[34].

Table 2.1: Material properties for AD85 alumina as reported by
CoorsTek Inc.[33]

Material p (g/cm?®) o, (GPa) E (GPa) v
ADS5 (AlOy)  3.42 1.93 221 0.22

This material was selected because the pore sizes observed in AD85 are
compatible with the resolution of the XCT scanner used for this study, and
alumina is a common armor material. Figure 2.1A shows a schematic of the
specimen, specifying the geometry and load direction. Ten cuboidal specimens
measuring 2.3 mm by 2.7 mm by 3.5 mm in size were machined from different
locations on multiple CoorsTek Inc. ADS85 tiles. The small size of the specimen
was chosen to accommodate the strength of the Kolsky bar used for dynamic
compression, as well as the synchrotron x-ray source used for high resolution
imaging. The cuboidal shape was chosen so that a flat sample surface could
be visualized during compression experiments (as shown in Figure 2.1B) for
2D digital image correlation measurements, as will be discussed later in the
Mechanical Testing section. The samples were cut from the tile with the long
dimension of the sample parallel to the shortest dimension, or thickness, of

the tile.

2.2.2 X-ray Computed Tomography Analysis

2.2.2.1 X-ray Computed Tomography Scans

Microstructural characterization was performed using X-ray computed to-
mography. All following microstructural analysis is performed using the digital
reconstruction of defects visualized through XCT. XCT scans of the samples
were carried out at the Biomedical Imaging and Therapy (BMIT) beamline
at the Canadian Light Source synchrotron facility (Saskatoon, Saskatchewan,
Canada). Synchrotron radiation is ideal for high resolution computed tomog-

raphy due to its high intensity, which produces a high signal to noise ratio. The
9



3.5mm

+ _/2.3 mm

Figure 2.1: A) ADS85 alumina sample dimensions with hot pressing direction
along the long edge. B) Speckled sample under dynamic compression experi-
ment lighting taken using the Shimadzu HPV-X2.

scans were carried out at the 05B1-1 POE-2 endstation[35] using a monochro-
matic beam. All images were captured using the ORCA-Flash 4.0 camera
in conjunction with the Hammamatsu AA60 detector. For each specimen,
3001 projections were taken over 180° of rotation, and 799 tomograms were
reconstructed. Each scan has a voxel size of 3pm. Figure 2.2A shows a re-
constructed cross-section of the AD85 microstructure in a representative scan
(ADS85 01). A low-pass Gaussian filter was applied to the sinograms to remove
ring artifacts. Dark speckles in the scan represent pores while the gray area
represents the alumina grains. Individual grains cannot be resolved at this
scale. The scan volume was large enough to encompass the entire sample,
however, edge effects distort features near the corners and edges of the spec-
imen. To avoid the distorted regions, only the central volume consisting of a
cylinder with a height of 2.1 mm and a diameter of 2.7 mm was considered for

analysis of pore size, shape, and spatial distributions.

2.2.2.2 Image Segmentation and Filtering

All image segmentation and data analysis was performed on MATLAB
(2018a, Natick, US). The first step of the analysis was to apply image seg-
mentation to identify the pores in the XCT scans. The segmentation process

divides pixels in the scans into foreground (1’s) and background (0’s) pixels,
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(A)

Figure 2.2: Schematic of reconstruction process showing A) XCT scan of AD85
at 3 pum; B) binary cross-sections of segmented pores; C) 3D rendering of
reconstructed defects.

generating binary images where foreground pixels represent pore area. Due
to a difference in X-ray attenuation, the void in a pore will show up with a
different range of grayscale values from the adjacent alumina grains. This con-
trast in grayscale values can be used to isolate pores, or any other discernible
features, by grayscale thresholding. The choice of the grayscale threshold will
affect the accuracy of the segmentation, and over-segmentation of pores in this
step of the process can introduce noise into characterization results later. To
minimize noise from possible over-segmentation, segmentation was performed
using adaptive local thresholds. Unlike global thresholds, which are typically
chosen based on the intensities of pixels in the entire image, locally adaptive
thresholds are computed based on the mean intensity of pixels in the neigh-
borhood of each pixel. Rather than dividing all pixels into foreground and
background by a single global threshold, this method uses a local threshold
for each pixel to make the determination between foreground and background.
Segmentation by locally adaptive thresholds is more robust to scan artifacts
and contrast changes than global thresholds because it takes into account lo-
cal grayscale contrasts[36]. There is insufficient contrast in the XCT scans in
this study to differentiate between the glassy phase from the alumina grains,
so there is no risk of locally thresholding microstructural constituents other
than pores. Figure 2.2B shows the binary segmented cross-sections, where
the black background represents alumina grains and the white dots, the fore-

ground, represents pores. The binary images resulting from segmentation were
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then combined into a 3D matrix, and connected components analysis (using
26 connectivity) was performed to identify individual three-dimensional pores.
Figure 2.2C shows a rendering of a set of 3D reconstructed pores, which is the
culmination of the segmentation process and connected components analysis.
The microstructural analysis in the following sections are carried out using
these sets of digitally reconstructed pores.

Sampling limitations related to the voxel must be considered when per-
forming analysis on XCT reconstructions. The voxel is the three-dimensional
analog of the pixel, and it defines the smallest volume that can be represented
digitally. However, this is not the same as the smallest resolvable volume. For
every three-dimensional object reconstructed from XCT scans, pixels from
multiple cross-sections must be combined to reconstruct the volume. Conse-
quently, a lower limit on the number of voxels required to adequately represent
a single object should be set to exclude from the analysis features that can-
not be properly resolved. In addition, applying a minimum volume limit will
eliminate noise generated from over-segmentation, which are typically small
in size and randomly located in space. For these reasons, the total set of re-
constructed pores for each specimen in this study were filtered by a minimum
of 8 voxels, a resolution limit consistent with those used in the literature [29,

37, 38].
2.2.2.3 Ellipsoid Representation of Pores

In past optical microscopy and SEM characterization studies [24, 26], the
pore size was typically defined as the equivalent diameter, which is the di-
ameter of a circle with the same area as the observed pore. This idea can
be extended to three dimensions and the equivalent diameter can be defined
as the diameter of a sphere with the same volume as the reconstructed de-
fect. However, this definition does not adequately characterize the length
of non-spherical pores, where the span of the pore will differ depending on
the direction. Furthermore, the characteristic length of interest in micro-
mechanical models is often the longest length spanned by a general defect[39],
which may be underestimated by this method. Defect morphology is also often
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characterized by sphericity, which compares the ratio of the defect circumfer-
ence to area, or surface area to volume in three-dimensions. Both charac-
terization definitions essentially model defects as circles, or spheres in three-
dimensions, but defects in ceramics can take on a variety of shapes. For
instance, graphitic inclusions in boron carbide have been found to be disk-like
in three-dimensions[18], and Carniglia[19] has commented that intergranular
pores in polycrystaline ceramics typically have moderate to high aspect ratios.
For these types of defects, a spherical definition will not accurately capture the
defect size or shape. This is an important consideration as theoretical works
have shown that the pore shape has a significant effect on the macroscopic
compliance[40, 41], and past investigators have emphasized the importance of
incorporating pore geometry when modeling the effects of porosity on mechan-
ical properties[19, 42].

Based on qualitative assessments of the XCT scans and digital reconstruc-
tions in this study, the majority of pores in AD85 alumina are closed, non-
overlapping, and have a convex shape. The reconstructed pores are therefore
well-suited to ellipsoidal representation. To fit an ellipsoid to the reconstructed
pore, we compute the co-variance matrix of the (x,y,z) coordinates of the vox-
els that make up the reconstructed pore. The eigenvalues of the co-variance
matrix represent the principal axis lengths of the fitted ellipsoid, and the eigen-
vectors represent the orientation of the principal axes. In the equation for a
general ellipsoid,

xo® |y’ ?

20
?+b_2+?:1 (2.1)

where xq, yp,and 2 are the local coordinate axes for the ellipsoid, the principal
major semi-axis lengths, in decreasing order, are defined as a, b, and c. Note
the local coordinate axes for the ellipsoid are distinguished from the global
coordinate axes used in the general XCT analysis because the ellipsoid may be
oriented such that the principal axes are not aligned with the global coordinate
system. Using a fitted ellipsoid, the characteristic length of the pore would

then be defined as the major axis length, defined as 2a. This definition is more
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flexible for determining the characteristic length of flaws that are not spherical
in shape.

In addition, the ratio of the principal axis lengths provide information on
the shape of the flaw. For instance, if the major axis length is much larger
than the minor and intermediate axis lengths (a>>basc) then the pore shape is
needle-like (example shown later in Figure 2.4A when discussing shape results).
It is important to note that the digital representation of pores by discrete cubic
voxels can bias the morphology of the reconstructed pore, especially when the
pore is resolved by a small number of voxels. When the pore size is similar to
the voxel size, the pore shape cannot be adequately represented. Therefore, a
volume cut-off of 125 voxels was used in this paper to filter pores for morphol-
ogy analysis to ensure only resolvable pore morphologies are included in the
analysis. This limit is consistent with those used in the literature [29, 38].Note
that the methods in this paper were developed for convex pores or inclusions,
which may be reasonably approximated by ellipsoidal representation. Failure
in other materials may be controlled by defects at different scales (e.g. disloca-
tions[43] or stacking faults[44]), which currently cannot be imaged using XCT,
or defects of different morphologies (e.g. closed cracks), which require different
representations, and so the methods in this paper may not be transferable to

those systems.

2.2.2.4 Microstructural Anisotropy

Anisotropy in the microstructure has been shown to develop in sintered
ceramics[45-47], and it can have an effect on anisotropy in mechanical proper-
ties[48]. Microstructural anisotropy can arise from preferred directionality in
the (i) pore orientation and (ii) spatial distribution of pores. The first type of
anisotropy refers to the orientation of individual pores, and it can be charac-
terized by the orientation of the major axis of the fitted ellipsoid. Preferred
directionality in pore orientation can be detected by examining the distribution
of major axis orientation for all pores. The second type of anisotropy refers
to banded dispersions, in which pores exhibit tighter spacing in a specific di-
rection[49, 50]. This type of anisotropy can be identified by examining the
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angle between nearest neighbor pores. The orientation between nearest neigh-
bors is characterized by the vector that joins the centroids of nearest neighbor
pores. For a set of pores that are isotropically distributed, all angles should
be equally likely, but certain angles are expected to dominate for banded or
aligned dispersions. Using these methods, anisotropy in the microstructure

can be quantified through XCT and linked to mechanical property anisotropy.

2.2.2.5 Spatial Distribution of Pores

The study of the spatial distribution of defects, including investigating the
nearest neighbor spacing between defects, is motivated by the role of inter-
defect spacings on fragmentation[16, 18], strain-rate dependency[51, 52], and
strength[32] in advanced ceramics. Characterization of spatial distributions
may also shed light on the formation of process-induced defects and links to
manufacturing parameters. The spatial distribution of defects is commonly
characterized by scalar metrics such as number density or volume fraction.
Defect density can be quantified through XCT reconstructions by taking the
number of defects identified through connected components analysis and di-
viding by the total reconstructed voxel volume. Volume fraction, or in this
case, porosity, can be quantified by considering the ratio of foreground voxels,
which represent pore volume, to the total number of voxels, which represent
the total sample volume. However, these scalar metrics do not provide any
information on the type of spatial distribution observed, nor do they account
for local variations in spacing. For example, while a random distribution of
defects may share the same global density as a clustered distribution, local
defect density will differ dramatically.

Such fluctuations in defect spacing have been linked to an increased vari-
ability in compressive strength in brittle materials[32], as well as a greater
dependence on porosity for strength and stiffness[53]. Ultimately, density is
an indirect and limited measure of defect spacing. With access to the spatial
coordinates of individual defects through XCT reconstructions, deeper spatial
analysis is possible. This section will outline nearest neighbor and tessellation
methods for analyzing spatial relationships.
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Nearest neighbor distance distributions have been used to classify the type
of spatial distribution observed in inhomogeneous microstructures[50, 54, 55].
This classification is based on comparisons between the observed nearest neigh-
bor distribution and that of a Poisson process. Using reconstructed XCT data,
the observed nearest neighbor distance between pores can be computed by
taking the distance between the centroidal coordinates of a pore and its near-
est neighbor. The Poisson process models a randomly located distribution of
points in which the location of each point is independent of the locations of

all other points. Two ratios are used to classify the observed distribution:

2= 5 22)
R = m (2'3)

where 7 and s? are the mean and variance of the nearest neighbor distance for
the observed pores, and E(T) and E(s?) are the expected mean and variance
of the nearest neighbor distance for the Poisson process. Physically, the @
and R ratios quantify the deviation of the observed nearest neighbor spacing
from that of a random distribution. To obtain the expected mean and vari-
ance in nearest neighbor distance for a three-dimensional Poisson process for
comparison, the following analytical expressions have been developed [30, 50,

54]:

E(F) = 0.893 (ET—VN) (2.4)
E(s*) = 0.105 (?jr—va (2.5)

where N is the number of points and V is the volume of the region of interest.
The following guidelines for interpreting the two ratios have been given by
Bansal and Ardell[55] as:

Q =~ 1, R = 1: random distribution

Q > 1, R < 1: regular distribution
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Q < 1, R < 1: clustered distribution

Q < 1, R > 1: clusters in a random background distribution
Note that the Poisson distribution models points while the observed defects
have finite volume. As the size and volume fraction of the defects increase, the
defect spacing will naturally deviate from that of a point distribution. There-
fore, the above criteria are only valid for small pores with volume fractions less
than 5% [55]. The pores in alumina under analysis in this paper were found
to have volume fractions of approximately 4.1 + 0.1% on average, so the com-
parison is valid. The data that is generated through this analysis will be used
to characterize the global defect distribution pattern in AD85 alumina. For
materials where the secondary phase particles are present in higher volume
fractions, the spacing comparison can be made against randomly simulated
microstructures with the same size distribution, like in Yang et al.[56].

Local spatial characteristics in AD85 microstructure can be analyzed through
Voronoi tessellation. Voronoi tessellation has been used to analyze spatial
distributions in many applications, including astronomy[57], biology[58], and
ecology[59]. In terms of material science, Voronoi tessellation has been applied
to investigate the spatial distributions of particle reinforcements in compos-
ites[54, 56] and defects in metals[30, 31, 50]. Given a set of points in a volume,
Voronoi tessellation is a method for discretizing the volume into polyhedrons,
where the geometry of the polyhedrons are determined based on the distances
between points. Each discretized polyhedron, known as a Voronoi cell, en-
velopes one point. The faces of the cell are made up of planes bisecting the
shortest lines between adjacent points such that each cell contains the space
that is closest to its associated point than any other point. To apply this
method using XCT data, the centroids of the reconstructed pores can be used
as seed points for generating a tessellation. The geometry of the cells also de-
fine unique near neighbors for each pore; cells sharing faces are counted as near
neighbors, and each pore is therefore surrounded by a finite set of uniquely
defined neighbors. The strength of this method is that it extracts spatial infor-
mation for each individual pore, including cell volume, local volume fraction

(ratio of pore volume to cell volume), mean near neighbor distance, and num-

17



ber of near neighbors. As a result of each pore being associated with a cell,
spatial properties of the Voronoi cell can be linked to the characteristics of the

individual pore, such as size, shape, or orientation.

2.2.3 Mechanical Testing

Quasi-static uniaxial compression experiments were performed using a Ma-
terial Testing System (MTS) 810 load frame. The specimens were compressed
along the longest dimension (3.5 mm). Loading was carried out using dis-
placement control at a constant rate of 3.5 x 107> mm/s, which corresponds
to a nominal strain rate of 1 x 1073s™!. However the actual strain rate is
approximately an order of magnitude lower owing to the compliance of the
load frame, and this is known for these experiments because digital image cor-
relation was used to explore strain in the sample (methods presented later).
Due to the high hardness of alumina, the specimens can indent into the load
frame’s compression platens under loading, leading to a non-uniform stress
distribution. To prevent indentation and provide a hard surface for uniform
stress distribution, tungsten carbide platens jacketed in titanium were inserted
between the specimen and the load frame’s compression platens. The speci-
men and tungsten carbide platen interfaces were lubricated with high-pressure
grease to allow for free lateral expansion during loading. A Promon U750 high
speed camera capturing 630 by 750 pixels at 100 frames per second (FPS)
was used to visualize the sample surface during the quasi-static compression
experiments.

Dynamic compression experiments were performed on a Kolsky bar appa-
ratus. The incident and transmitted bars were made of maraging steel with
a stiffness of 200 GPa and a density of 8100 kg/m®. All bars were 12.7 mm
in diameter. Again, tungsten carbide platens jacketed in titanium were used
to protect the bars from indentation, and specimen-platen interfaces were lu-
bricated with high pressure grease to allow for free lateral expansion. Note
that the tungsten carbide platens are impedance matched to the incident and
transmitted bars to minimize wave reflections at interfaces. The triangular

incident pulse was created using a cylindrical maraging steel striker 304 mm

18



in length in conjunction with a tin pulse shaper measuring 3.175 mm in diam-
eter and 1 mm in thickness. This provided a rise time of 230 ps and we found
that good stress-equilibrium was obtained in our specimens (discussed later
in Figure 2.7). The surface of the specimen was visualized using a Shimadzu
HPV-X2 ultra-high-speed camera recording at 500,000 FPS with a 1000 ns ex-
posure time. In total, 128 frames spanning 400 x 250 pixels were captured for
each experiment. At these frame rates, we were able to capture failure and
post-peak fragmentation process.

Digital image correlation (DIC) was applied to in-situ recordings of ex-
periments to obtain deformation measurements on specimens in quasi-static
and dynamic compression experiments. DIC is a computer vision method
that tracks speckle patterns on surfaces to compute deformation fields. The
two-dimensional DIC technique is well established and has been applied to
study the behaviour of a variety of materials (e.g., composites[60], aluminum
foams[61], and mild steels[9]). See Pan et al.[62] and Dong et al.[63] for dis-
cussions on DIC theory and experimental design. Due to the small size of
the specimens in this study, it was challenging to produce a speckle pattern
suitable for DIC measurements. Conventional methods such as commercial
spray can paints or rollers produce speckles that are too coarse for samples
of this size. An airbrush with a 0.15 mm nozzle set capable of producing
speckles with diameters on the order of microns was found to generate a suffi-
ciently fine speckle pattern (i.e. 5-10 pixels per speckle). One of the challenges
to capturing at high frame rates, as required for capturing the dynamic ex-
periments in this study, is producing adequate illumination on the specimen
surface for low exposure times. To increase the reflectivity of the specimen
surface, high gloss metallic paint was used to create the speckle pattern (see
Figure 2.1B). In addition, a ring light consisting of a high power LED array
from REL Inc. was used to provide increased illumination on the specimen
surface. DIC analysis was performed using the commercial software VIC-2D
(v6 2018) from Correlated Solutions (Irmo, South Carolina, US). The region
of interest was discretized into 27 x 27 pixel subsets with a step size of 7

pixels. Correlation analysis was carried out using the zero-normalized sum of
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squared differences correlation criterion and the optimized 8-tap interpolation

scheme[64]. Strains were computed from the displacement fields using the en-

gineering strain tensor. The computed strain histories were matched to the

stress histories to produce stress-strain curves. Quasi-static stress informa-

tion was obtained from the load cell in the MTS load frame. Dynamic stress

information was obtained using the transmitted bar strain gauge signal using:
Ao

o(t) = EA—BGT(t) (2.6)

where o is the stress (Pa) in the specimen, ¢ is time (s), F is the Young’s
Modulus (Pa) of the transmitted bar, Ay is the specimen cross-sectional area
(m?), Ap is the transmitted bar area (m?), and er(t) is the strain from the

transmitted gauge.

2.3 Experimental Results

2.3.1 Pore Size Distribution

First we begin by presenting the pore size distribution in AD85 alumina.
Shown in Figure 2.3 is the cumulative distribution of the pore size for 10 sam-
ples that eventually were tested in both quasi-static and dynamic compression
experiments. For a given major axis length, the cumulative distribution de-
fines the probability that the pore size is less than or equal to that major axis
length. In this study, the cumulative distribution was computed empirically
using:

Py =13 10 <) 2.7)

n-
where [ is the major axis length, [; is the total distribution of major axis
lengths, n is the total number of pores, and F'(I) is the empirical cumulative
distribution function, which approximates the true cumulative distribution
function for large n. The function I has a value of 1 when [; < [, and 0

otherwise. Used in combination with the summation, I indicates the number

20



AD85_01
. 08 ADS5 02|
g AD85_03
= 08 AD85_04 ||
= 07k AD85_05| |
2 0 AD85_06
B AD85_07
= 06 -
R AD85_08
- 0.5 - ADS5 09| |
o AD85_10
.2
‘=04 -
<
= o3k i
=)
g
= 02 -

1
S

C

011

10’ 102
Major Axis Length (pm)

Figure 2.3: Cumulative distribution function plot of the major axis length for
all 10 AD85 samples.

of pores with a major axis length less than than [. In total, there are between
16,540 and 19,091 pores reconstructed for each sample in this study.

The large number of pores quantified in this study is a key advantage of
XCT analysis when compared the 565[65] or 1000[24] pores that are character-
ized through SEM or optical microscopy in other alumina studies. Given the
large number of pores observed, the empirical cumulative distribution func-
tion is a good approximation of the theoretical distribution. From Figure 2.3,
we observe that the pore size distribution remains mostly constant across all
10 samples, with median (50th percentile) values ranging from 16.0pum to
17.2um. In all cases, pores smaller than 36.5 pm represent more than 90% of
the defect population. Beyond 70 um, the distribution ends in a long tail, indi-
cating reduced frequency for larger defects. The largest pores in each sample
range from 148 to 367 pm, which are 10-25 times larger than the median pore
size. The distribution is therefore dominated by smaller pores, and large pores
are infrequent. Overall, the pore size distribution is well controlled in ADS&5
alumina, especially considering that the samples come from different locations

across multiple tiles.
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2.3.2 Pore Morphology

To characterize pore morphology, we analyze the principal axis lengths of
the fitted ellipsoids. The intermediate axis lengths of the fitted ellipsoids are
plotted against the corresponding minor axis lengths for sample AD85 01 in
Figure 2.4B. These results are similar for other samples considered in this
study. Both lengths are normalized by the major axis length. The contour
represents normalized frequency, with warmer colors representing higher fre-
quency and cooler colors representing lower frequency. The ratios of the two
normalized lengths serve as useful descriptors of the shape of the ellipsoid.
Points that fall on the diagonal line are pores with equal intermediate and
minor axis lengths. Therefore, the upper right corner characterizes spherical
pores (a=b=c), and the bottom left corner characterizes high aspect ratio,
needle-like pores (ax>b~c). Flat disc-like pores, in which the major and inter-
mediate axes are much longer than the minor axis (axb>c), are represented
by the upper left corner of the plot. In the pore data set for ADS85, few
data points occupy this region of the plot, so the pores tend to be rounded
rather than flat. All of the above limiting cases are shown schematically in
Figure 2.4A. The wide spread of the points in Figure 2.4B indicates that the
pores can take on a wide range of shapes, while the concentration of points
near the center shows that there is a preferred shape for the pores. Based on
the location of the high frequency region, the majority of pores are slightly
prolate spheroids. To give a quantitative measure of the general pore shape,
the center values of the normalized intermediate and minor axis lengths in the
high frequency region are (0.73, 0.62) in Figure 2.4B. This trend is observed
consistently as the center normalized intermediate and minor axis lengths are

0.75 £0.04 and 0.64 £0.05 for all ten samples.

2.3.3 Microstructural Anisotropy

The orientation between nearest neighbors and the angles of individual
pores were examined to identify anisotropy in the microstructure. Orientation

in 3D is described using the two angles 6 and ¢ (see Figure 2.5A for orien-

22



)

0.9
0.8
0.7
0.6
0.5
0.4

Normalized Density

0.3

0.2

0.1

A=B>»C A>»B=C

Normalized Intermediate Axis Length (B/A

0 \ . . .
o 01 02 03 04 05 06 07 08 09 1

Normalized Minor Axis Length (C/A)

(A) (B)

Figure 2.4: A) Examples of the limiting cases for AD85 pore shapes that can be
presented using general ellipsoids. B) Intermediate axis length plotted against
minor axis length. Both lengths are normalized by the major axis. Color bar
shows normalized density.

tation definition). The orientation between nearest neighbors is shown in a
normalized polar histogram in Figure 2.5B. To show only unique angles, the 6
distribution was collapsed to between 0° and 180°. The solid black line at 90°
in the # plane indicates the direction of the long dimension of specimen, which
is parallel to the thickness of the tile from which the specimen is cut. Both the
0 and ¢ distributions span the whole range of possible angles, showing that
near neighbors can take on a variety of orientations. In the ¢ distribution,
the frequency for most angular bins are between 1.7% and 2.4% of the total
distribution, with no distinct preference amongst the angles for higher or lower
frequencies. In the # distribution, the majority of the angular bins that are less
than 60° and greater than 120° exhibit frequencies at or below 2%, while an-
gular bins between 60° and 120° consistently show frequencies above 2%. For
a set of randomly distributed pores, all orientations between nearest neighbors
should be equally likely. Therefore, it is expected that one third of the near-
est neighbor pairs would have an orientation between 60° and 120°, however,
38.5% of the pores were found to have a 6 angle between 60° and 120°. In terms
of spacing, this shows that there is an increased frequency in nearest neighbors
along the thickness of the tile. This preference is observed consistently in all

10 samples, which suggests that the anisotropy in spatial distribution is global
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in AD85 alumina. Because the exact manufacturing process for this material
is not known, it is difficult to identify the cause of this anisotropy. However,
based on comparisons of ultra-sonic characterization data in the literature,
Chang et al.[66] have theorized that uniaxial forming processes, such as hot
pressing, cold pressing, extrusion, or pressure casting, can induce anisotropic
pore distributions in which the pore density is greater along the pressing di-
rection. Other characterization studies have linked anisotropic grain growth in
alumina to uniaxial pressure when elongated powder particles are used[45, 46,
though none have directly characterized the pores. Ultimately, this anisotropy
is expected to have little effect on the mechanical behaviour of the material,

as the deviation from an isotropic distribution is small.

Figure 2.5: A) Spherical coordinate convention for orientation. B) AD85 near-
est neighbor orientation polar histogram. C) AD85 pore major axis orientation
polar histogram. The blue and orange represent the ¢ and # distributions, re-
spectively. The black line at 90° represents the long dimension of the sample.

Figure 2.5C shows the normalized polar histogram for the major axis ori-
entation for sample AD85 01. In both the ¢ and 6 distributions, all angular
bins have frequencies between 1.7% and 2.5%, with no clear preference for
any set of angles. Based on these distributions, the major axes of pores in
ADS5 are determined to be oriented randomly. The processing that causes
slight anisotropy in the spatial distribution of pores does not appear to cause

observable anisotropy in the orientation of individual pores.

2.3.4 Spatial Distribution of Pores

To assess the spatial distribution of pores, we first examine the nearest

neighbor distribution. The nearest neighbor distance was found to be well
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represented by a normal distribution with a mean spacing of 23.1 pm and a
standard deviation of 4.2pum. The low standard deviation shows that the
nearest neighbor spacing is tightly controlled. Comparisons of the observed
distribution against the spacing in the Poisson point distribution provided an
average of () = 1.21 £0.06 and R = 0.37 £0.03, respectively. This indicates
that the mean spacing is greater than that of a random distribution while the
observed variance in spacing is much lower than that of a random distribu-
tion. Taken together, these parameters indicate that the defects are generally
regularly distributed.

Beyond global patterns, Voronoi tessellation was applied to investigate
local spatial characteristics in the microstructure. Figure 2.6 shows a scatter
log-log plot of Voronoi cell volume as a function of pore size. The contour
indicates normalized frequency, with cooler colors indicating lower frequency
and warmer colors indicating higher frequency. The cell volume, which can be
thought of as the region of influence around a pore, is plotted against pore size
to investigate the relationship between size and spacing. Between cell volumes
of 1.8 x 10* ym?® and 1 x 10° pm?3, there is a tight concentration of data points
in Figure 2.6 for all pore sizes. The horizontal band in Figure 2.6, outlined by
the dashed lines, indicates that the average spacing between defects is largely
independent of size, and the consistent cell volume is in agreement with the
regular distribution predicted by the nearest neighbor method. The scatter
about the band is the greatest near a pore size of 14 ym and decreases gradually
as pore size increases. This shows that the spacing around pores becomes more
regular as the pore size increases. Of the pores that deviate from the band,
most exhibit larger cell volumes than those in the band. Since larger cell
volumes represent pores that are farther from near neighbors, this suggests
that the sparser regions are typically occupied by smaller defects, while the

majority of defects exist in higher density regions.

2.3.5 Mechanical Testing

A key advantage of DIC strain measurements is the access to spatial dis-
tribution of strains, which allows for evaluation of stress equilibrium and con-
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Figure 2.6: Log-log plot of Voronoi cell volume as a function of pore major
axis length in AD85. Contour shows normalized density. Dashed lines indicate
boundaries to the high frequency band where the majority of data points lie.
The inset is a visualization of Voronoi tessellation where the red dots are seed
points.

firmation of a good Kolsky bar experiment. Others have checked for stress
equilibrium by comparing the front face stress, computed using the incident
and reflected waves, to the rear face stress, computed using the transmitted
wave[67]. To illustrate the process of checking for stress equilibrium in our
experiments, Figure 2.7 shows the stress and strain histories for a dynamic
compression test matched up in time. A range of strain profiles are shown,
each representing a different area of interest (AOI) on the surface of the sam-
ple as indicated by the inset in Figure 2.7. The average strain history was
computed by averaging the strain over the entire surface, and this strain is
used later in stress-strain plots in Figure 2.8. The stress, computed from the
transmitted bar signal, is a measure of the bulk response of the specimen,
while the strains are computed from only one surface, with more local mea-
surements being accessible through DIC. Therefore, while agreement between
strain profiles from different regions is representative of good equilibrium on
the sample surface, agreement between the normalized stress and strain curves

in Figure 2.7 serves as a further indicator of stress equilibrium in the sample.
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Figure 2.7: Strain profiles from DIC are matched up to the stress profile
computed from the transmitted gauge. The inset shows the area of interest
(AOI) each strain profile is computed from. The red strain profile is the average
of the entire face.

Greater agreement was found between the different AOI’s for the dynamic
tests than for the quasi-static tests in this study. One advantage of using
smaller specimens is that the surface to volume ratio increases, so the surfaces
that are imaged during the compression experiments are more representative
of the bulk behaviour. In most dynamic tests, chipping was observed at the
edges and corners of the sample as the strain accumulated, but typically the
sample surface remained plane and nominally intact by the time peak strain
is reached. For the test shown in Figure 2.7, chipping occurs at the top left
corner of the sample, leading to a destabilization of the strain field in AOI 1
at 180 to 200ps. This is responsible for the fluctuations in the AOI 1 strain
profile near the peak strain, and, in general, strain profiles deviate the most
near the peak strain. Following peak strain, the sample surface remains plane
and intact for up to 4 frames before significant cracking and fragmentation
occurs. These framing rates therefore allow for some strain measurements of
the post-peak relaxation of the material.

The combined quasi-static and dynamic stress-strain curves across all ex-
periments are shown in Figure 2.8. The strain rates in all experiments were

computed using a linear fit of the strain-time profile obtained through DIC.
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Figure 2.8: Stress-strain curves for the quasi-static (solid line) and dynamic
(dashed line) compression experiments of AD85 alumina.

The strain rates ranged from 2.0 to 2.2 x 10~*s7! in the quasi-static experi-
ments and 6.8 to 8.9 x 10's™! in the dynamic experiments. The stiffness was
obtained by taking the slope of the stress-strain curves. Table 2.2 shows the
peak compressive strength, stiffness, and failure strain for all experiments. In
this study, the quasi-static strength was found to be 2.24 +0.23 GPa. Ar-
rowood and Lankford[16] have reported a similar compressive strength of 2.14
GPa for cylindrical AD85 specimens of a comparable size (6.36 mm diameter
by 13.36 mm in length) tested at a strain rate of 1.1 x 107*s™!. With the
increase in strain rate in the dynamic tests, the compressive strength increases
to 3.04 +0.16 GPa, and the failure strain also increases from 1.01 +0.10% at
quasi-static to 1.29 +0.05% in the dynamic tests. This rate-dependent be-
haviour is well documented in ceramics[68, 69]. The stiffness was measured
to be 224 £12 GPa in the quasi-static tests and 235 £6 GPa in the dynamic
tests. Though the loading technique is slightly different between the two rates,
the stiffness is consistent within scatter. Both the strength and stiffness are
comparable to the manufacturer values in Table 2.1.

To quantify the variation across the two strain rates, we examine the coef-
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ficient of variation (COV), a relative measure of variation which is defined as
the ratio of the standard deviation to the mean. Summarized in Table 2.2, the
COV for stiffness, strength, and failure strain are 5.30%, 10.28%, and 10.30%
in the quasi-static tests. The corresponding COV values are 2.54%, 5.20%,
and 4.17% in the dynamic tests. The low COV values show relatively low
variability in the mechanical properties. In general, it was found that greater
peak stress corresponded to greater stress equilibrium in the specimen, which
points to one source of variability in the mechanical results. Comparing the
variability in properties between two strain rates, it can be seen that the COV
values in the dynamic tests are roughly 50% lower than those in the quasi-static

regime. The implications of these results are discussed next.

Table 2.2: Summary of stiffness, strength, and failure strain in
quasi-static (QS) and dynamic (DYN) compression experiments with
coefficient of variation (COV).

Sample Stiffness (GPa) Strength (GPa) Failure Strain
QS1 230 2.583 1.10%
QS 2 241 2.311 1.02%
QS 3 227 2.087 0.87%
QS 4 212 1.901 0.91%
QS5 209 2.306 1.13%
QS Average 224 2.238 1.01%
QS Standard Deviation 12 0.230 0.10%
QS COV 5.30% 10.28% 10.23%
DYN 1 239 2.855 1.21%
DYN 2 241 3.146 1.29%
DYN 3 234 2.844 1.26%
DYN 4 237 3.230 1.37%
DYN 5 224 3.109 1.31%
DYN Average 235 3.037 1.29%
DYN Standard Deviation 6 0.158 0.05%
DYN COV 2.54% 5.20% 4.17%

2.4 Discussion

This paper presents microstructural and mechanical characterization re-
sults on ADS85 alumina, focusing on variability in the internal pore distri-

bution and mechanical properties. Meso-scale internal pores were visualized
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using XCT, and a number of methods for intepreting 3D digital reconstruc-
tions have been applied to characterize the pore distribution. The mechanical
response of the scanned material has been probed at quasi-static and dynamic
rates. In the discussion section, we explore the microstructural characteri-
zation methods and their applications in the context of manufacturing and
computational model parameters, then we assess the variability observed in

the AD85 microstructure and uniaxial compression results.

2.4.1 Manufacturing

This study contributes to a growing body of work focused on the utiliza-
tion of XCT as a 3D quantitative characterization tool[27, 29]. While spatial
and contrast resolution in XCT have advanced to allow for the visualization
of microstructural features, characterization requires methods for intepreting
the reconstructed 3D data. The methodology presented in this paper can be
applied to characterize pores or secondary phase particles in a range of materi-
als, including composites, advanced ceramics, foams, and certain metal alloys.
In all of these materials, it is important to control the spatial heterogeneity
in the microstructure for the development of enhanced mechanical properties.
The XCT spatial characterization methods presented serve as powerful indi-
cators of spatial heterogeneity, allowing for the characterization of the type of
spatial distribution as well as the extent of variability in spacing. Using these
methods, manufacturing parameters or processes can be linked to the spatial
characteristics of the resulting microstructure. Since XCT is non-destructive,
manufacturing parameters and spatial distributions can further be linked to
mechanical properties of the characterized material, ultimately enhancing our
understanding of the relationships between processing, structure, and prop-
erty.

As an example, consider the regularity in pore spacing found in ADS85.
X-ray diffraction analysis of AD85 performed by the authors in Sano et al.[34]
has identified Mg,Si04 as a secondary phase in the microstructure, which in-
dicates that magnesia and silica were introduced as additives during sintering.
Gavrilov et al.[70] investigated the microstructure of alumina co-doped by mag-
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nesia and silica and linked Si/Mg ratios less than unity to greater uniformity
in the microstructure. These findings, based on qualitative analysis of SEM
images of the microstructure in the Gavrilov study[70], are consistent with the
spatial homogeneity characterized in the alumina in the present study. Using
the R and QQ parameters from nearest neighbor comparisons and Voronoi tes-
sellation, not only can we confirm uniformity in the microstructure, but we
can also quantify the degree of uniformity relating to, for example, different
ratios of Si/Mg. This example shows how the XCT characterization methods
presented can be utilized in the optimization of processing parameters for the

manufacturing of materials.

2.4.2 Parameters for Computational Models

Recent studies are making efforts towards introducing distributions of de-
fect characteristics where computational models describing the properties or
failure of porous materials have traditionally employed single parameter de-
fect characteristics such as average defect size or defect density. Paliwal and
Ramesh[8] incorporated flaw size and orientation distributions in their model
for interacting flaws. Graham-Brady[32] investigated the use of Monte-Carlo
simulations as a method for introducing spatial variability into failure models.
Levy and Molinari[23] implicitly modeled variability in microstructure by as-
signing fracture activation thresholds from different probability distributions
to the defect population. However, despite theoretical efforts to incorporate
variability and distributions of microstructural characteristics, experimental
observations of these characteristics are limited in the literature, and simula-
tions in the above studies are commonly performed using assumed or ideal-
ized distributions. The characterization methods and results presented in this
study are aimed at filling this gap in characterization data, particularly for
the characteristics that have received little attention, such as defect spacing
and morphology. Where density is a limited representation of defect spacing,
the Voronoi tessellation method presented provides direct measurements of
distributions of average spacing around individual pores. Ellipsoid represen-
tation allows for the quantification of pore morphology as well as orientation
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(via major axis orientation) and size distributions. Since all of these char-
acterization tools can be applied simultaneously to the reconstructed defects,
multiple characteristics can be assigned to an individual pore (i.e., it is possi-
ble to know the size, shape, orientation, and average spacing around a given
pore). Therefore, defect characteristics no longer form disjointed descriptions
of a single defect population. Instead, the various characteristic distributions
that describe a defect population can be incorporated wholesale, and links be-
tween characteristics can be analyzed. As an example, the Voronoi tessellation
results for AD85 (Figure 2.6) has shown that larger pores typically occur in
denser regions while smaller defects experience greater variability in spacing.
When incorporated into a model, these relationships provide a higher fidelity

representation of the true microstructure than general characteristics.

2.4.3 Variability in Microstructure and Properties

XCT analysis in this study has shown that modern advanced ceramics can
be produced with very consistent microstructures. The microstructure of the
material under investigation has shown low variability across a range of charac-
terization parameters based on pore size, spatial distribution, orientation, and
morphology. The pore size distributions shown in Figure 2.3 are nearly iden-
tical across all specimens, with median pore size values ranging from 16.0 pm
to 17.2pm across ten samples, and so the defect size is well-controlled. In
terms of spacing, the coefficient of variation for the mean nearest neighbor
distance, computed using ten specimens, was found to be 5.7%, indicating
low variation in interpore spacing. Nearest neighbor classification based on
the R and Q parameters also consistently indicated regular spacing across all
samples. Other qualitative characteristics such as the preferred orientation in
nearest neighbors and the prolate spheroidal morphology of pores have been
repeatably observed in multiple samples. The low variability observed in the
microstructure suggests that the mechanical properties should also exhibit low
variability. In particular, given the regularity in pore spacing, and therefore
the absence of pore clustering, the scatter in strength is expected to be low.
The low coefficients of variation for strength, failure strain, and stiffness in
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this study confirm that there is a low level of mechanical variability across the
10 specimens, although there is a difference in variability at the quasi-static
and dynamic strain rates.

The discrepancy in the mechanical variability between the two strain rates
may in part be attributed to variability in testing conditions (e.g. misalign-
ment of platens). Adams and Sine[71] have emphasized that for advanced ce-
ramics, where the tensile strength is much lower than the compressive strength,
minor deviations from parallel loading can introduce tensile stresses that cause
the specimen to fail well before the compressive strength is reached. More re-
cently, Swab et al.[72] showed that significantly higher quasi-static strength
values than are typically reported for boron carbide can be obtained through
the use of dumbbell shaped specimens in well-controlled experiments. While all
the tests were conducted using identically processed specimens, the parallelism
or coaxial alignment of the platens in the MTS load frame used in the quasi-
static experiments are different than those of the incident and transmitted bars
in the dynamic experiments. Analysis of the strain fields obtained through
DIC revealed that the level of stress equilibrium in the sample varies from
test to test, and in general, specimens that reached greater peak stress tended
to exhibit a higher level of agreement between strain profiles obtained from
different regions. This may partially explain the lower variability observed in
the dynamic tests, as the stress equilibrium in the dynamic experiments was
found to be qualitatively superior than in the quasi-static experiments.

At the same time, the mechanism that is responsible for the rate-dependence
of strength in ceramics may also contribute to the difference in variability be-
tween the two strain rates. For brittle materials under compression at quasi-
static rates, it is often noted that failure is caused by the activation and growth
of micro-cracks from the ”weakest link” defect[73, 74]. Typically, the critical
defect is assumed to be the largest defect in the specimen because the stress
required to initiate a micro-crack decreases with increasing defect size. During
dynamic compression, the high loading rate may exceed the growth rate of the
micro-crack from the critical defect, and as a result, a greater proportion of

the defect population may be activated[3, 75]. The growth and interaction of
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the total set of micro-cracks eventually lead to macroscopic failure of the spec-
imen[8, 76]. Therefore, while quasi-static failure is thought to be controlled by
the size of the critical defect, dynamic failure may have a greater dependence
on the overall defect distribution. Based on the XCT measurements of pore
size in the present study, even though the size distributions are similar across
all samples, the extreme ends of the size distribution can vary significantly.
The maximum pore size in the 10 specimens were found to range from 148 to
367 pm, so the largest pore quantified in one specimen may be over 50% larger
than the largest pore in another specimen. Consequently, the larger scatter in
the quasi-static properties may in part be explained by the greater variation
in the maximum defect size in the samples, while the lower variability in the
dynamic properties may be attributed to the consistent pore size distribution

for sizes less than 36.5 pm across all samples.

2.5 Conclusion

Defect characterization is central to the development of improved advanced
ceramics. In the present study, XCT and DIC were used to explore the mi-
crostructure and mechanical response of AD85 alumina. The microstructure
was found to be consistent across multiple characterization parameters based
on pore size, spatial distribution, orientation, and morphology. Spatial analy-
sis methods based on nearest neighbors and Voronoi tessellation were applied
to characterize the inter-pore spacing as highly regular and size independent.
The characterization methods and results presented can be applied in the de-
sign of tailored ceramic microstructures and as improved computational model
inputs. Uniaxial compression tests were performed to characterize the me-
chanical response of AD85, and the variability in the mechanical properties
was found to be greater at quasi-static rates than at dynamic rates. The lower
variability in the dynamic mechanical properties is attributed to the greater
equilibrium achieved in the Kolsky bar tests as well as to the activation of a

greater number of pores during loading.
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Abstract

We investigated the uniaxial compressive behavior of damaged and intact
alumina using quantitative X-ray computed tomography (XCT) analysis
coupled with digital image correlation (DIC) for mechanical characterization.
Internal three-dimensional crack characteristics such as crack surface area
and orientation were quantified using XCT to assess the level of damage.
From the quasi-static and dynamic stress-strain results, the primary effects
of crack damage is to reduce the initial stiffness and the rate of lateral
expansion in damaged alumina. With increasing axial strain, crack closure
was found to lead to a recovery of elastic properties, in some cases to intact
levels, in the damaged specimens. Near the failure strain, the mechanical
response is characterized by a higher rate of lateral expansion and a loss of

stiffness due to new crack growth. Localized deformation mechanisms related
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to the crack structure, including lateral crack closure, axial crack opening
and closing, and inclined crack sliding, were visualized in-situ, and the
localized strains on the imaged surface from DIC were found to coincide
directly with the reconstructed crack network from XCT. Dynamic
compressive strength was found to decrease with increasing crack surface
area while quasi-static strength was found to be comparable for damaged
and intact specimens. High-speed imaging also revealed differences in
fracture behavior between damaged and intact alumina under dynamic
compression, with damaged specimens exhibiting a mixed fracture mode that

included axial splitting and failure along pre-existing cracks.

Keywords: X-ray computed tomography microstructure digital image

correlation damage ceramic crack
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3.1 Introduction

Advanced ceramics are commonly used to protect against ballistic threats
due to their high hardness and compressive strength. In these applications,
ceramic armor may be expected to defeat multiple ballistic projectiles[77], com-
monly referred to as “multi-hit” capability. During an impact event with a high
speed projectile, the ceramic material immediately in front of the projectile of-
ten becomes comminuted, and extensive cracks develop and propagate across
the surrounding region[2]. In-situ visualization of edge-on impact experiments
have shown that the rate of damage propagation in brittle materials, such as
glass or ceramics, far exceeds the penetration velocity of projectiles[78]. Other
studies focusing on the propagation characteristics of failure fronts in brittle
materials include work by Bourne et al.[79, 80] and Partom[81]. Flash x-ray
photography of long rod penetration experiments with glass have also shown
that penetration is outpaced by the failure front, and the projectile penetrates
into damaged material[82]. Johnson and Holmquist[83] have emphasized the
important role of parameters relating to damaged and failed materials for ac-
curate impact modeling. As a result, an understanding of the behavior of
damaged advanced ceramics, as well as the transition from intact to damaged
material behavior, is critical to the development of improved impact models
and protection products with increased multi-hit resistance. This is explored
in this paper.

The lack of model parameters for damage models has motivated numer-
ous studies focused on the behavior of damaged brittle materials[84-86]. A
common approach in the literature has been to pre-damage the ceramic, fol-
lowed by compression testing on the pre-damaged specimens[87, 88]. Following
this approach, quasi-static confined compression experiments have been per-
formed on a range of damaged brittle materials, including SiC-N[89], boron
carbide[88], borosilicate glass[87, 90-92], and soda lime glass[93]. Typically,
damage in these studies was introduced through thermal shock cycles[88], me-
chanical load-unload cycles[90], or a combination of both[90]. In their study,

Zurek and Hunter[94] performed high strain rate confined compression exper-
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iments on pre-damaged TiBs specimens using a split-Hopkinson pressure bar
(SHPB). The TiB; specimens were pre-damaged through a flyer plate impact
experiment in order to simulate the damage achieved through shock compres-
sion. In an alternative approach, Chen and Luo[95] employed two consecutive
compressive waves in a modified SHPB setup to characterize the dynamic be-
havior of damaged alumina[96] and silicon carbide[97] under confinement. In
this technique, the first wave is used to pre-damage the ceramic in-situ under
dynamic compression, and the second wave is used to probe the strength of
the damaged ceramic. Effort was made to vary the level of damage in all of the
above studies (e.g. modifying the number of thermal shock cycles, mechanical
loading cycles, shock pressure, or compressive pulse amplitude) to access dif-
ferent damage levels, and microscopy was often used to confirm the presence
of cracks where possible. However, limited information exists on quantitative
measurements of internal damage[98] and on the uniaxial compressive behav-
ior of damaged ceramics, a configuration which is more favorable for in-situ
visualization as compared to triaxial confined compression where the specimen
surface is covered.

In this paper, we combine microstructural characterization and in-situ visu-
alization to explore the compressive behavior of pre-damaged advanced ceram-
ics. We apply X-ray computed tomography (XCT) to characterize the internal
crack networks of pre-damaged alumina in order to quantify the damage level
prior to testing, including crack surface area and orientation. Following dam-
age characterization, quasi-static and dynamic compression experiments were
performed to probe the mechanical response of pre-damaged specimens. The
dynamic experiments were visualized in-situ using an ultra-high-speed camera
to observe the failure process, and digital image correlation was employed to
perform spatial strain measurements that allowed for the observation of local-
ized deformation features in the experiments. Finally, the crack characteristics
are coupled with the experimental results to connect local deformation mech-
anisms to the evolution of mechanical properties in damaged ceramics. This
work builds on prior work by the authors where a similar approach has been

applied to pre-damaged boron carbide[99] and intact alumina[l1].
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3.2 Experimental Method

3.2.1 Material and Specimen Preparation

The characterization and experiments in this study were carried out on
AD995 alumina from Coorstek Inc. (Vista, California, US), with a manu-
facturer specified density of 3.90 g/cm3, Young’s Modulus of 370 GPa, and a
Poisson’s ratio of 0.22. Alumina (AlyO3) was chosen as a model advanced ce-
ramic as it is commonly utilized in body armor applications, and has been well
studied in the literature [100-102]. The “995” refers to a nominal composition
of 99.5% Al,Os, with the other 0.5% being comprised of silicon dioxide[34].

Cuboidal specimens measuring 2.3 mm by 2.7 mm by 3.5 mm were ma-
chined from as-received AD995 tiles. The dimensions of the specimens were
selected to accommodate both the size of the SHPB used for dynamic compres-
sion and the scan volume of the synchrotron X-ray source used for computed
tomography scans. The cuboidal shape was chosen so that a flat surface can
be visualized during the compression experiments for digital image correla-
tion analysis and tracking of deformation evolution during testing, as will be
discussed later in the Mechanical Testing section.

To introduce pre-damage to the specimens prior to the compression exper-
iments, each specimen was subjected to thermal shock cycles. Using a butane
blow torch, each specimen was heated to above 750°C and then quenched
in room temperature water. The number of thermal cycles, ranging from 1
to 8, was varied from specimen to specimen in order to introduce a range of
damage levels amongst the different specimens. Cracks caused by the ther-
mal cycles can be observed in the XCT scan of a pre-damaged specimen in
Figure 3.1A, as discussed in more detail in later sections. While the thermal
cycles were sufficient to cause internal cracking, all pre-damaged specimens

remained structurally intact after thermal cycling.
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Figure 3.1: (A) XCT scan of AD995 alumina. Due to the high resolution of
the scan, small features are difficult to observe under low magnification. A
magnified view of the center of the specimen is included on the right to show
the internal crack. (B) 3D reconstruction of internal crack network showing
the extent and inter-connectedness of the crack network. The red box outlines
the boundary of the scan volume.

3.2.2 X-ray Computed Tomography
3.2.2.1 X-ray Computed Tomography Scans

X-ray computed tomography was used to characterize the internal cracks in
the pre-damaged specimens. Currently, XCT is capable of visualizing features
at sub-micron scales[103], however, there is a trade off between resolution
and scan volume; with increasing resolution, scan volume decreases. For this
study, it is important to have the resolution high enough to resolve internal
cracks, which have crack widths on the order of several microns, but also a
scan volume large enough to encompass the test specimen and avoid sampling
issues. A partial scan may not accurately capture a representative level of
damage since the cracks are not necessarily uniformly distributed throughout
the volume of the samples. Based on these considerations, the specimens
were scanned with a resolution of 1.75 pm and a scan volume spanning 2.196
mm by 3.413 mm by 3.413 mm, which is approximately 93% of the total
specimen volume. All XCT scans were performed using the Skyscan micro-CT
system on the 05ID-2 POE-2 endstation[104] at the Biomedical Imaging and
Therapy (BMIT) beamline at the Canadian Light Source synchrotron facility
(Saskatoon, Saskatchewan, Canada). Ring artifacts were removed using a low-

pass Gaussian filter[105]. Figure 3.1A shows a reconstructed XCT scan for a
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pre-damaged AD995 specimen. Macroscopic cracks can clearly be seen in the
magnified view, and SEM has confirmed that the small dark features in the

XCT scans are internal pores[11].

3.2.2.2 Image Segmentation and Post-processing

To reconstruct the crack networks digitally, the first step is to apply image
segmentation to isolate the cracks in the XCT scans. During image segmenta-
tion, the pixels that represent the features of interest, in this case, cracks, are
segregated to form binary images where foreground pixels (1’s) represent crack
area and background pixels (0’s) represent other constituents. Note that the
small unconnected pores are not to be included in the reconstruction because
they are present in the intact material. Cracks are the only form of struc-
tural damage considered in this study. An entropy filter[106] is applied to
the grayscale image to enhance the crack edges in the scans, and then locally
adaptive thresholding[36], computed using the mean intensity of the grayscale
values in the neighborhood of each pixel, is applied to segment the grayscale
image.

Following segmentation, a number of 2D filtering and processing operations
are required to remove noise and other microstructural constituents from the
binary image. Non-physical features may be introduced to the binary im-
age due to over-segmentation or scan artifacts, and these are typically in the
form of salt and pepper noise[107]. Owing to the grayscale difference between
the pores and the surrounding alumina grains, the pores also become seg-
mented into the foreground. In addition, due to local variations in the scan
contrast, the crack area may not be fully segmented, leading to gaps in the
binarized crack network. To distinguish crack area from pores and point-like
over-segmentation noise, all of the objects in a binary image are filtered based
on a combination of object area, aspect ratio, and extent. Eztent is the ratio
between the object area and the area of the bounding box. For the pores and
point-like noise, the area is small, and both the extent and the aspect ratio are
expected to be close to unity. In contrast, long connected cracks are expected
to have a larger area, a lower aspect ratio, and a lower extent. These filters
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are applied in combination using logical ‘AND’ to prevent the exclusion of
unconnected crack areas which may be small but have a low aspect ratio.
After post-processing, the binary images are combined into a 3D binary
matrix, and connected components analysis is performed (using 26 connec-
tivity) to identify the 3D objects formed by the 2D binary slices. From the
XCT scan in Figure 3.1A, it can be seen that the cracks are on the scale of
the specimen and are much larger in volume than individual pores. Therefore,
the reconstructed 3D volumes were filtered based on volume to further remove
any pores or noise that were not removed during 2D filtering. As mentioned
previously, the crack area in each XCT scan may not be fully segmented, and
this can lead to gaps in the 3D reconstructed crack network. To fill out the
gaps and complete the crack network, morphological closing was applied to the
3D binary matrix. Morphological closing[108] involves the dilation of a binary
matrix by a structuring element followed by the erosion of the dilated matrix
by the same structuring element. It is attractive in this application because
it systematically dilates the binary object, closing any gaps, and then erodes
the dilated object to return the object to its original size with the gaps closed.
A spherical structuring element was used to preserve the shape of the crack
network. A render of the final reconstructed crack network for one specimen
can be seen in Figure 3.1B. The red box indicates the boundary of the XCT
scan volume. It can be seen that the cracks are largely planar, span much of
the sample, and are well connected. For each specimen, connected components
analysis revealed that the reconstructed objects are few in number but large

in volume, which confirms that the cracks are mostly connected.

3.2.2.3 Crack Characterization

Due to the complexity, interconnectedness, and randomness of the crack
networks in the pre-damaged specimens, the effects of crack damage may be
assumed to be isotropic, in which case a scalar damage metric would be appro-
priate. Scalar metrics for characterizing cracks include crack density, volume,
and surface area. Landis[98] and Oesch et al.[109] have investigated crack
surface area and volume as scalar damage metrics in in-situ XCT investiga-
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tions of concrete. Crack density, typically used to consider micro-cracks[8],
is not applicable in this study since the cracks are large and interconnected.
With increasing thermal cycles, the cracks become more interconnected and
the number of cracks actually decrease. Based on analysis of individual scans,
crack widths range from 3pm at the thinner range to 70 pm for the larger
cracks. Given the resolution of the scans, it is difficult to distinguish between
a closed crack and a crack width less than 3jum. However, due to the X-ray
attenuation at the free surface, these thin cracks can still be distinguished by
their grayscale contrast. Therefore, crack volume measurements may be over-
estimated by the inclusion of closed or thin cracks. While closed cracks may
not contribute to the total crack volume, they are expected to have an effect
on the mechanical response. As a result, surface area may serve as a better
crack characteristic in this type of specimen configuration in comparison to
crack volume because it can be accurately quantified for thin cracks.
Alternatively, anisotropic local deformation related to the internal cracks,
such as frictional sliding or crack closure, will depend on crack orientation|[39,
110]. Traditional definitions for crack orientations are based on the crack
normal, which is easy to compute for idealized planar cracks. However, three-
dimensional cracks may branch off, reconnect, and curve, as shown in Fig-
ure 3.1B. This complicates the process of determining a crack normal, as the
reconstructed cracks in these types of specimens are well connected and sel-
dom planar. The crack network must be discretized for the quantification of
crack normals. To do this, we apply the Marching Cubes algorithm[111], a
technique for generating an isosurface from a three-dimensional binary matrix
that is commonly used to visualize XCT data[112]. Marching Cubes produces
a mesh comprised of triangles, from which the crack orientation can be com-
puted. Using the vertices of the triangles, we can calculate both the surface
normal vector and surface area of the triangle. Once the surface vectors are
known, the orientation of the crack surface with respect to any direction can
be computed. The orientation of interest in this study is the angle between
the loading axis of the specimen (along the 3.5 mm dimension) and the surface

normal vector. Since the area of individual triangles are also known, the area
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contribution of surfaces with a given orientation can be quantified. The total
crack surface area can then be computed by summing over all triangles. Note
that the triangles do not all have the same area. To give an idea of the level
of discretization, Marching Cubes generates over 2,000,000 triangles for the

mesh of one specimen’s crack network.

3.2.3 Mechanical Testing

A Material Testing System (MTS) 810 load frame was used to carry out
quasi-static uniaxial compression experiments. Samples were compressed along
the longest dimension (3.5 mm) using displacement control at a constant rate
of 3.5 x 1073 mm /s, which corresponds to a nominal strain rate of 1 x 1073 s71.
Based on digital image correlation measurements (methods presented later),
the actual strain rate in the quasi-static experiments is lower by an order of
magnitude due to the compliance of the load frame. To maintain a uniform
stress distribution and prevent indentation, tungsten carbide platens jacketed
in titanium were used at the interface between the compression platens and
the ceramic samples. High-pressure grease was used to lubricate the platen-
ceramic interface and facilitate free lateral expansion. The specimen surface
was visualized at 100 frames per second (FPS) at a resolution of 850 by 850
pixels using a Promon U750 high speed camera. This frame rate is insuffi-
cient for capturing the fracture process in the quasi-static experiments. Intact
specimens were also tested to serve as a reference to the damaged specimens.

A split-Hopkinson pressure bar (SHPB) was used to perform dynamic uni-
axial compression experiments. All bars in the SHPB have a diameter of 12.7
mm and are made of maraging steel with a stiffness of 200 GPa and a density
of 8100kg/m®. The incident and transmission bars measure 1000 mm and
910 mm, respectively. As in the quasi-static tests, titanium jacketed tungsten
carbide platens and high pressure grease were used at the platen-ceramic in-
terface. The tungsten carbide platens are impedance-matched to the incident
and transmitted bars to reduce wave reflection at the interfaces. The incident
pulse was created using a 304 mm striker with a tin pulse shaper measuring
3.175 mm in diameter and 1 mm in thickness. This setup produces a trian-
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gular pulse with a rise time of 230 ps. During the compression experiments, a
Shimadzu HPV-X2 ultra-high-speed camera was used to visualize the surface
of the specimen at 500,000 FPS with an exposure time of 500 ns. A total of 128
frames measuring 400 by 250 pixels was recorded for each experiment. This
frame rate is capable of capturing the failure and post-peak fragmentation
process.

Digital image correlation (DIC) was used to make strain measurements at
both quasi-static and dynamic rates. Two-dimensional DIC is an established
method for strain measurement and has been applied to study the mechanical
response of a range of materials (e.g., composites[60], aluminum foams[61], and
mild steels[9]). DIC is a computer vision method that tracks speckle patterns
on surfaces to compute deformation fields[62, 63]. Experimental challenges
relating to the application of DIC in this study include the generation of a fine
speckle pattern required for small specimens and adequate lighting for filming
at high frame rates. To address these challenges, an airbrush with a 0.15 mm
diameter nozzle was used to produce a fine speckle pattern (i.e. 5 to 10 pixels
per speckle) appropriate for DIC measurements. A high power LED array
from REL Inc. was used to illuminate the specimen surface during dynamic
experiments, and high gloss metallic paint was used to create the speckle
pattern to enhance surface reflectivity. VIC-2D (v6 2018) from Correlated
Solutions (Irmo, South Carolina, US) was used to perform the DIC analysis.
The specimen surface was discretized into 27 x 27 pixel subsets with a step
size of 7 pixels. The zero-normalized sum of squared differences correlation
criterion and the optimized 8-tap interpolation scheme[64] were used to carry
out correlation analysis. Strains were calculated using the engineering strain
tensor.

Stress-strain curves were produced by matching the computed strain pro-
files to the stress histories. The peak strain and peak stress were matched in
time through MATLAB to correlate the rest of the strain and stress profiles.
Quasi-static stress data was measured using the load cell in the MTS load
frame while dynamic stress information was computed using the transmitted

gauge signal in the following equation:
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o(t) = Ej_ZGT(t) (3.1)

where o is the stress (Pa) in the specimen, ¢ is time (s), F is the Young’s
Modulus (Pa) of the transmitted bar, A, is the specimen cross-sectional area
(m?), Ap is the transmitted bar area (m?), and er(t) is the strain from the
transmitted gauge. The strain rates in all experiments were computed using
a linear fit of the strain-time profile obtained through DIC. The strain rates
ranged from 1.6 to 2.3 x 107*s7! in the quasi-static experiments and 6.8 to
13.1 x 10's7! in the dynamic experiments. The application of 2D DIC for
characterizing stress-strain behavior is typically based on the assumption that
the surface measurement is representative of the overall strain profile for the
specimen[113]. Given the inhomogeneous nature of cracked specimens, it is not
strictly accurate to match the stress profile to the strain profile for damaged
specimens, as the stress profile is a measure of the overall response to force
while the strain profile is a measure of the deformation on only one surface.
The deformation of each specimen surface is expected to differ depending on
the pre-existing cracks on that surface, so surface measurements may not be
representative of the overall response, unlike in intact specimens. Currently,
there are limited methods for characterizing the development of inhomoge-
neous three-dimensional strains under compressive loading. One method is
to combine XCT visualization with in-situ compression testing[114]. How-
ever, such setups are not easily accessible, and strains cannot be continuously
measured due to the time required to perform XCT scans, during which the
specimen may also relax. In addition, XCT scan times preclude visualization
of ceramics under dynamic compression. For these reasons, we have chosen
to compute the stress-strain behavior of damaged ceramics in this study by
matching surface strain measurements to the stress profiles and emphasize that

it is an approximation.
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3.3 Results

3.3.1 Crack Orientation and Surface Area

First we begin by presenting the crack characterization results. The stacked
bar chart in Figure 3.2 shows the crack surface area quantified using XCT for
each specimen. Specimens are named with the following conventions: quasi-
static tests are denoted by “QS”, dynamic tests are denoted by “DYN”, dam-
aged specimens are denoted by “D” in front of the test number, and intact
specimens are denoted by “IN” in front of the test number. The total crack
surface area for each specimen is divided into segments showing the area contri-
bution of crack surfaces that form different angles with respect to the loading
axis in 10 degree intervals. This is done to illustrate the distribution of crack
orientations within each specimen. Overall, the crack area in each orientation
interval generally increases as total crack area is increased. As well, there
are no major differences between the relative contributions of different crack
orientations across most of the specimens. One exception is specimen DYN
D1, which has a relatively low amount of crack surface area between 0° and
10° and a relatively large amount of crack surface area between 30° and 40°
given its low total crack surface area. The 3D reconstruction for DYN D1
shows that the crack pattern in this specimen is dominated by a large in-
clined crack, which is responsible for the preference for the angles between 30°
and 40°. Cracks with different orientations with respect to the loading axis
are expected to have different effects on the deformation of the specimen, as
will be shown in Section 3.3.3. With these crack measurements, we can con-
nect the damage in individual specimens to differences in mechanical behavior,
such as crack closure transition strains (Section 3.4.1) or compressive strength

(Section 3.4.2).

3.3.2 Quasi-static and Dynamic Compression Experiments

Next, we present the quasi-static and dynamic compression results. The
stress-strain and lateral-axial strain curves for the quasi-static and dynamic
compression experiments are shown in Figure 3.3A and Figure 3.3B, respec-
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Figure 3.2: Stacked bar graph showing the crack surface area for each dam-
aged specimen (D1 to D4). The quasi-static tests are denoted by QS and the
dynamic tests are denoted by DYN. The divisions denote the area contribution
of crack faces with different orientations to the loading axis.

tively. The intact specimens exhibit mostly linear elastic behavior at both
strain rates, as shown by the linear stress-strain and lateral-axial strain curves.
Closer to the failure strain, the intact stress-strain curves deviate from linearity
due to surface chipping, which destabilizes the strain field. From the quasi-
static experiments, the intact AD995 specimens have an average failure strain
of 0.71 £0.05%, peak compressive stress of 2.6 +0.2 GPa, stiffness of 380 420
GPa, and Poisson’s ratio of 0.23 £0.02. From the dynamic experiments, the
intact AD995 specimens have an average failure strain of 1.1% =£0.1%, peak
compressive stress of 3.9 £0.1 GPa, stiffness of 370 +10 GPa, and Poisson’s
ratio of 0.24 £0.03. The rate dependent increase in strength and failure strain
is well-documented for advanced ceramics[68].

Based on the stress-strain data in Section 3.3.2, it can be seen that crack
closure dominates the deformation of damaged specimens at both strain rates
during the early stage of compression. Since the pre-existing cracks in the
damaged specimens are more compliant than the solid material, the cracks
will close over axially before the intact material is compressed. This crack

closure behavior is reflected in the stress-strain curves in Figure 3.3A and Fig-
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Figure 3.3: Stress-strain and lateral-axial strain curves for intact and dam-
aged specimens tested under (A) quasi-static and (B) dynamic compression.
The quasi-static tests are denoted by QS and the dynamic tests are denoted
by DYN. Intact tests are represented using dashed lines and denoted by IN
while the damaged tests are represented using solid lines and denoted by D.
The lateral-axial strain curves for QS D1, DYN D2, and DYN D4 are shown
separately in insets so the evolution of the other curves are not dwarfed by the
large lateral strains.
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ure 3.3B by the low initial stiffness and the subsequent increase in stiffness
as the specimens undergo further compression. As the cracks close, the stiffer
intact material becomes compressed, thereby increasing the overall stiffness
of the specimen. For specimens QS D2, QS D4, DYN D1, and DYN D5 in
Figure 3.3A and Figure 3.3B, the increase in stiffness is accompanied by a lin-
earization of the stress-strain curve after closure, and the recovered stiffnesses,
ranging from 357 to 387 GPa, are maintained until close to failure. This
shows that the intact stiffness may be fully recovered in damaged specimens
following crack closure at these damage levels. The lateral strain curves in the
lower halves of Figure 3.3A and Figure 3.3B are also consistent with the crack
closure interpretation. Since crack volume is expected to dominate much of
the initial axial strain, there should be minimal lateral expansion, and this is
the case for most of the damaged specimens (e.g., QS D2 and DYN D5). For
specimens QS D3, DYN D1, and DYN D3, the initial negative lateral strain
suggests that crack closure can actually lead to contraction in some cases, and
this is likely due to the orientation of the pre-existing cracks in the specimen
(e.g., inclined and axial cracks intersecting at an acute angle). Furthermore,
the axial strain at which the lateral strain begins to increase is consistent with
the axial strain at which the stiffness markedly increases. After the cracks are
closed, the compression of intact material will lead to an increase in overall
lateral strain, which should coincide with the increase in stiffness. Though it
is more difficult to see in the other specimens, this transition can be clearly
observed in Figure 3.3A for specimen QS D4 at an axial strain of 0.48%, and
in Figure 3.3B for specimen DYN D5 at an axial strain of 0.40%. For other
specimens, such as QS D1 and DYN D2, the intact stiffness is never fully re-
covered. Instead, the gain in stiffness from crack closure is believed to be offset
by the loss of stiffness from the growth of pre-existing cracks or nucleation of
new cracks. The large increases in lateral strain shown in the inset on Fig-
ure 3.3A are caused by the opening of axial cracks in specimen QS D1 (as will
be shown visually later in Figure 3.4A), and each sudden increase correlates
with a change in slope for the stress-strain curve.

After crack closure, it can be seen from Figure 3.3A and Figure 3.3B that
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the lateral strains rise faster for the damaged specimens than for the intact
specimens, which indicates that the rate of lateral expansion in the damaged
specimens has exceeded the Poisson’s ratio of the intact material. This shows
that lateral crack opening is contributing to lateral expansion in addition to
the elastic expansion of solid material in the damaged specimens. As well, the
softening of the stress-strain curve near the failure strain is accompanied by a
sharp increase in lateral expansion for several specimens (e.g., QS D4, DYN D2,
DYN D5), indicating catastrophic crack growth leading to macroscopic failure.
While the stages may differ in length for each specimen, all the damaged
specimens exhibit crack closure, followed by an increase in stiffness, and then
a loss of stiffness leading to failure. To the author’s knowledge, this has not
been noted before in the literature.

Where results from the two strain rate regimes for the damaged materials
differ are in the failure strains and in the rate of lateral expansion following
crack closure. Pre-existing cracks may degrade the strength of the specimen
and cause failure at a lower axial strain. At the same time, the compliance of
the cracked regions reduce the overall stiffness of the specimen and allow for
greater axial strains to be achieved. The influence of damage on failure strain
is controlled by these competing failure mechanisms. In the quasi-static tests,
the additional strain from crack closure contribute significantly to the failure
strain, as all of the damaged specimens exhibit greater failure strains than the
intact specimens. In contrast, the failure strains for the damaged specimens in
the dynamic experiments are comparable to or lower than those of the intact
specimens, which suggests that the strength degradation is more critical in
dynamic loading. In general, the dynamic damaged specimens also show an
increased rate of lateral expansion in comparison to the quasi-static damaged
specimens, signaling increased crack opening at higher strain rates and, thus,
different damage accumulation behavior. Taken together, these differences
show that pre-existing damage has a greater effect on the compressive strength

under dynamic strain rates than quasi-static strain rates.
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3.3.3 Localized Deformation in Damaged Ceramics

Next we examine the DIC strain contours computed from the quasi-static
experiments to explore localized deformation features in damaged advanced
ceramics. Crack opening can be visualized in DIC by the development of lo-
calized positive lateral strain. Shown in Figure 3.4A is a lateral strain contour
plot of specimen QS D1, where the opening of a large axial crack can be ob-
served in the figure. This crack opening corresponds to the first large increase
in lateral strain for QS D1 at an axial strain of 0.30% in Figure 3.3A and is
the cause of the relatively low strength of QS D1 (1.88 GPA vs 2.60 GPa).
The second sudden increase in the lateral strain for QS D1, at an axial strain
of 0.34% in the inset in Figure 3.3A, is also connected to the opening of a
second axial crack on the surface. Shown in Figure 3.4B is a lateral strain
contour plot of specimen QS D3, which also has a large axial crack. However,
rather than a region of localized positive lateral strain, this crack is outlined
by a region of negative lateral strain, which suggests that the crack is actually
accommodating the expansion of the adjacent solid material, and the crack
does not open throughout the test. This mechanism may compete with crack
growth and solid material compression, both of which lead to increased lateral
expansion, to reduce the overall lateral expansion of the specimen (i.e., the
axial crack becomes closed).

Figure 3.4C shows the surface of specimen QS D4 visualized through XCT.
By overlaying the XCT scan in Figure 3.1A with the DIC contours, localized
deformation features can be connected to the physical structure of the crack
network. The contrast in this XCT scan has been enhanced through an entropy
filter[106] to highlight the cracks. Specimen QS D4 is used as a representative
sample because it exhibits the different types of localized strains observed for
damaged specimens in this study and demonstrates deformation mechanisms
associated with different crack orientations. Shown in Figure 3.4D is an axial
strain contour plot of QS D4 with the crack pattern overlay. This direct ob-
servation of crack closure shows the localized compressive strains that develop

at lateral and low-angled inclined cracks under uniaxial compression. The lat-
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Figure 3.4: (A) Lateral contour plot of QS D1 showing the opening of a large
axial crack. (B) Lateral contour plot of QS D3 showing a large axial crack
that accommodates the expansion of adjacent solid material. (C) XCT scan
of QS D4 cropped and filtered to show the crack network on the surface of the
specimen. This image is overlaid with surface contours for QS D4 from (D)
to (F) to show the location of localized strains in reference to the crack. (D)
Axial contour plot of QS D4 showing localized compressive strains at lateral
and low-angled inclined cracks. (E) Lateral contour plot of QS D4 showing
the closing of axial and high-angled inclined cracks under compression. (F)
Shear contour plot of QS D4 showing shear strains along inclined cracks. The
white arrows are included to show relative motion of the crack surfaces.
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eral strain contour plot of QS D4 in Figure 3.4E shows negative lateral strains
developing at axial and high-angled inclined cracks. Similar to specimen QS
D3, the expansion of the nearby intact material effectively closes the axial and
high-angled cracks. Under compressive loading, inclined crack surfaces may
slide against each other following crack closure, as noted in micro-cracks based
micro-mechanical models[39, 115]. This frictional sliding behavior can be ob-
served through the shear contour plot shown in Figure 3.4F. White arrows
have been added to Figure 3.4F to show the relative motion of the crack sur-
faces. Negative shear develops along crack surfaces inclined towards the right
edge of the specimen, and positive shear develops along crack surfaces inclined
towards the left. These are all examples of how cracks with different orien-
tations can cause localized strains to develop and influence the macroscopic
mechanical response of the specimen.

Beyond the spatial variation in strains, DIC was also used to track the
evolution of local deformation through time to explore the effects of crack
orientation on localized axial and shear strain. Figure 3.5A shows the XCT
scan of specimen QS D4 overlaid with 7 regions where the local strains were
queried. The 7 regions correspond to a range of different structural features,
including solid material, axial cracks, inclined cracks, triple junctions, and
lateral cracks. Figure 3.5B shows the temporal evolution of axial strain at
each of these locations. First, we note that the triple junction (region 6), which
has a relatively large crack volume, and the lateral crack (region 7), which is
perpendicularly oriented to the loading direction, deform at the greatest rates.
As the angle of the crack with respect to the loading direction is reduced, the
rate of axial deformation is decreased, as shown by the two inclined cracks
(regions 4 and 5) and the axial crack (region 3). Finally, the intact sections
(regions 1 and 2) deform at the slowest rate due to the relatively high stiffness.
It is interesting to note that the deformation rates are initially identical for the
regions of high compliance; the axial strain profiles for regions 6 and 7 evolve
similarly up until a time of 12 seconds, at which point they begin to deviate.
Similarly, the separate regions of intact material (regions 1 and 2) experience

nearly identical strains throughout the entire experiment.
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Figure 3.5: (A) XCT scan of QS D4 showing the regions where axial and
shear strains are queried. The regions of interest include (1 and 2) intact solid
material, (3) an axial crack, (4 and 5) inclined cracks, (6) a triple junction,
and (7) a lateral crack. (B) The evolution of axial strain at the regions of
interest over time. (C) Shear strain development as a function of axial strain

for each region of interest.
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To investigate the evolution of frictional sliding between crack faces, shear
strain is plotted against axial strain at each of these regions in Figure 3.5C.
As expected, there is minimal shear strain at the two intact regions, the lat-
eral crack, and the axial crack. The slopes of the shear-axial strain curves for
the triple junction and the inclined cracks indicate that the axial and shear
strains are coupled. In other words, crack closure and crack sliding occur si-
multaneously under loading. Shear strain at the triple junction is arrested
at an axial strain of 0.9% and does not develop further under additional axial
strain, while shear strain at the inclined crack at region 4 continues to increase
until failure. This may explain the divergence in axial deformation between
the triple junction and the lateral crack: the shear strain at region 4 continues
to accommodate additional axial strain at the triple junction while the lateral
strain is constrained by crack closure. Since a frame rate of 100 FPS is insuf-
ficient for capturing the fracture process of the specimen, it is not possible to
determine which local feature ultimately causes the specimen fail in the quasi-
static experiments. As this is only one view of the specimen, it may also be the
case that failure is caused by a feature that is not visualized on this surface.
In contrast to the quasi-static experiments, where the temporal resolution is
limited and the spatial resolution is high, visualization of the dynamic exper-
iments is limited by spatial rather than temporal resolution. While localized
strain in the dynamic experiments are also observed in the contour plots gen-
erated through DIC, their shapes are not very exact. Therefore, we will not

be performing similar analysis with the dynamic experiments.

3.3.4 Failure Process of Damaged Ceramics

With the Shimadzu HPV-X2 imaging at 500,000 FPS, it was possible to
capture the post-peak failure process during the dynamic compression exper-
iments. Figure 3.6 shows a comparison of the stress-time histories and failure
process for an intact specimen (DYN IN4) and a damaged specimen (DYN D5)
under dynamic loading. Red arrows point to the first surface cracks visualized
in Figure 3.6. For the intact specimen, the first surface cracks initiate at the

right edge of the specimen immediately after peak stress is reached at a time
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Figure 3.6: Stress-time histories of dynamic compression of intact (shown in
black) and pre-damaged (shown in red) AD995 with high-speed video images
showing failure process. Red arrows are used to indicate surface crack initiation
points.

of 144 ps. The cracking spreads along the right edge of the specimen, and a
large axial crack propagates along the top of the specimen. Note that at a
time of 152 ps, the bottom left corner of the specimen still has not moved or
cracked, indicating that part of the specimen is still load-bearing. Finally, at
160 ps, the specimen is fully fragmented and no longer bears any load. It can
be seen that the fragments are long and oriented parallel to the loading direc-
tion, similar to the axial splitting observed for other advanced ceramics. This
fracture behavior is consistent with the failure process observed in high-speed
visualization of SPHB tests on other advanced ceramics (e.g., boron carbide
[10, 116]).

For the damaged specimen, the initial surface damage develops in the mid-
dle of the specimen along pre-existing cracks rather than at the edges. Isolated
cracks begin to grow simultaneously across the specimen surface at a time of
138 s, then coalesce at 144 s, leading to the failure of the specimen. At
154 s, the specimen is fully fragmented. Unlike the axial cracks that domi-
nate the fracture of the intact specimens, the damaged specimen shows a mix
of inclined and axial cracking. The large inclined cracks are attributed to
the opening of pre-existing cracks. Axial cracks can be observed in the top
right and bottom left corners of the specimen at 154 s, which only initiate
after the major inclined cracks have coalesced at 144 ps. Axial splitting was

also observed in the initially crack-free regions of damaged specimens in other
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dynamic tests. Overall, the fragments observed at 154 ps are larger for the

pre-damaged specimens than for the intact specimens.

3.4 Discussion

This paper presents microstructural and mechanical characterization re-
sults on intact and damaged AD995 alumina, focusing on local deformation
features and the effects of crack damage on mechanical response. To quantify
the level of damage in pre-damaged specimens, XCT was applied to charac-
terize the internal crack networks. The mechanical response of intact and
pre-damaged specimens were then probed at quasi-static and dynamic rates.
In the discussion section, we connect physical crack damage parameters to the
degradation of mechanical properties in damaged ceramics, and then discuss
the implications of the results in this paper in the context of ballistic response

and computational modeling of material behavior.

3.4.1 Relationship Between Crack Orientation and Crack Closure

As noted in Section 3.3.2, the stiffness of the damaged specimens increase
with crack closure up until a transition strain, at which point the majority of
the cracks are closed and the stiffness stops increasing. Similar stiffening be-
haviors have been observed in excavated rocks[117], and past investigators have
studied the stress threshold required to close cracks in brittle rocks[118, 119].
In this study we connect crack closure strains to XCT crack measurements.
Based on the contour analysis in Section 3.3.3, cracks oriented between 0° and
40° with respect to the loading axis contribute most significantly to localized
axial strains, as they coincide with the greatest localization of compressive ax-
ial strain. Beyond this range, localized axial strains decrease with increasing
angle with respect to the loading axis, up to a maximum angle of approxi-
mately 60°, above which the inclined and vertical cracks experience similar
axial strains to the undamaged parts of the specimen. Therefore, crack sur-
faces with orientations between 0° and 60° are believed to contribute most

to the crack closure strain. To estimate the transition strain that signals the
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effective closure of pre-existing cracks, we applied a moving window regres-
sion approach[118] to compute the stiffness of the damaged specimens and
defined the transition strain as the first point at which the stiffness stabilizes
at a constant value. This axial strain typically also marks the point at which
the lateral strain linearizes. The estimated transition strains for the damaged
specimens are plotted on Figure 3.7 as a function of the crack surface area for
orientations between 0° and 60° for each specimen. Overall, it can be seen
that the transition strain increases with increasing low-angle crack area, with
the exception of few dynamic tests. For the two dynamic tests with the lowest
crack surface area (DYN D1 and DYN D2), the transition strains are higher
than expected when compared to the quasi-static tests with similar crack area
(QS D1 and QS D2). The dynamic test with the greatest damage, DYN D4,
also shows a much lower transition strain than expected. Despite significant
differences in crack surface area, DYN D4 has a transition strain similar to
that of DYN D3. Deviations from the trend of increasing crack closure strain
with increasing low-angle crack area may be attributed to variations in crack
thicknesses and loading rates. In comparing the crack surface orientation to
the transition strain, we assume that the cracks are of similar thicknesses
across different orientations for different specimens. However, it is possible,
for example, that some specimens have fewer low-angle cracks with greater
thicknesses while other specimens have more low-angle cracks that are thinner
or closed. In these cases, the specimen with the fewer, but thicker, cracks
may experience a greater closure strain. Therefore, a certain level of scatter
is to be expected. As well, under quasi-static compression, the crack surfaces
have time to slide and shift past asperities for maximum closure, but under
dynamic compression, the load is applied so quickly that the cracks may not
have enough time to close completely before failure starts. Consequently, the
scatter in transition strain is expected to be greater for the dynamic regime

than for the quasi-static regime.
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Figure 3.7: Transition strain plotted as a function of the crack surface area
for orientations between 0° and 60° for each specimen. Blue points represent
quasi-static results and red points represent dynamic results.

3.4.2 Relationship Between Crack Surface Area and Strength

The quasi-static and dynamic strength results are plotted against XCT
crack surface area measurements in Figure 3.8. Across the range of crack
damage accessed, there is no clear relationship between crack surface area and
quasi-static strength. The weakest specimen tested in quasi-static compres-
sion, QS D1, has the lowest crack surface area, while the strength of the other
damaged specimens are within the scatter of intact quasi-static strength mea-
surements. From the contour plot in Figure 3.4A; it is clear that the opening
of the axial crack causes QS D1 to fail. This suggests that the extent of overall
crack damage is not as critical for quasi-static compression. Instead, fracture
is likely governed by the most deleterious crack, which would lead to more
stochastic results in the quasi-static regime, as is commonly assumed in the
literature. As noted in Section 3.3.3, even though both specimens QS D1
and QS D3 both have large axial cracks, the effects of the axial cracks on the
mechanical response are dramatically different for the two specimens. Alter-

natively, if the transition from intact to failed material is instantaneous, as
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Figure 3.8: Compressive strength is plotted as a function of total crack surface
area. Blue points represent quasi-static results and red points represent dy-
namic results. Diamonds indicate intact results and circles indicate damaged
results.

assumed by the JH-1 model[120], then it is possible that the range of damage
accessed in this study did not reach the transition point. More data is required
to determine the relationship between crack damage and quasi-static strength.

In contrast, the dynamic experiments show decreasing strength with in-
creasing crack surface area over the damage levels accessed in this study. This
trend is consistent with the JH-2 model[6] assumption that the transition from
intact to failed material is gradual. From the dynamic experiments, it was
found that the damaged specimens exhibited a greater rate of lateral expan-
sion than the intact specimens. This suggests that the presence of pre-existing
cracks leads to an increased rate of damage development, as lateral expansion
is interpreted to be the consequence of crack growth[121]. In addition, the
rate of lateral expansion for damaged specimens was found to be greater at
dynamic strain rates than at quasi-static strain rates, which indicates that
crack growth is more sensitive to pre-existing damage in dynamic compres-
sion. Note also that four of the five damaged specimens tested in dynamic
compression have strength values comparable to, if not higher than, the in-

tact specimens tested in quasi-static compression, showing that the damaged
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specimens still exhibit rate-dependent strength. With increasing damage, the
dynamic strength of the damaged specimens eventually fall below those of the
quasi-static results for comparable damage levels. This suggests that, while
there is a rate-dependent increase in the strength of damaged specimens, the
rate-dependence decreases with increasing damage. The rate strengthening
effect in ceramics is thought to be related to the increased nucleation of new
cracks in intact material[3, 8, 75]. Therefore, with increasing damage, the en-
ergy required to nucleate new cracks likely supersedes the energy required to
grow pre-existing cracks. In the damaged specimens, high-speed visualization
of the dynamic failure process also showed that the solid regions, free of pre-
existing cracks, sometimes exhibited axial splitting. We believe this is caused
by the nucleation of new cracks in the relatively undamaged regions, which
eventually coalesce to form axial cracks. At the same time, the regions of the
specimen with greater local crack damage are expected to fracture along pref-
erentially oriented pre-existing cracks. This suggests that the rate effect may
be related to the amount of crack-free volume within the damaged specimens.

In a similar study by Krimsky et al.[99], damaged boron carbide was found
to be stronger under quasi-static compression than dynamic compression for
similar levels of damage, as quantified by crack surface area. It is possible that
the extent of pre-existing cracks for those specimens exceeded the threshold
for which the rate effect is no longer active; thus, the strength is compara-
ble at both rates. Furthermore, under quasi-static compression, the damaged
specimens in that study experienced significant strength reductions in com-
parison to the intact specimens, indicating a high degree of damage. Note
that the range of internal crack surface area probed in the present study and
by Krimsky et al.[99] are comparable, however, given the differences in mi-
crostructure between the materials investigated in these studies (i.e., boron
carbide in Krimsky et al.[99], and alumina in this study), the same level of

crack damage is not expected to have the same effect on mechanical behavior.
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3.4.3 Ballistic Performance of Damaged Ceramics

In this section, we discuss the mechanical response of damaged ceramics
in the context of ballistic performance. We have shown in this study that the
primary effects of crack damage in ceramics are to reduce the initial stiffness,
initial rate of lateral expansion, and strength under compressive loading. A
high stiffness is thought to contribute to ballistic performance by extending
the duration of the dwell phase[122] and producing larger fragments which
are believed to be more effective at eroding projectiles[5]. For a damaged
ceramic, the low initial stiffness is expected to significantly degrade the dwell
effect during a ballistic impact and may also lead to increased bending of
the ceramic tile, which can cause undesirable fragmentation modes[123]. The
reduced initial rate of lateral expansion due to crack closure is also believed to
be detrimental to ballistic performance as it effectively decreases the confining
pressure from material expansion, and confinement has been shown to be an
important factor for improving ballistic resistance[100, 124]. In the literature,
the effects of compressive strength on ballistic performance have been more
controversial. Some studies have correlated increased compressive strength to
improved penetration resistance[125, 126] while others have assigned it a more
minor role in determining ballistic performance[5, 127].

These observations motivate armor designs that incorporate greater con-
fining pre-stress[128-130]. Increased axial and lateral confining pressure can
serve to close up major cracks that form following an impact, allowing the
ceramic to recover its intact stiffness and retain lateral confinement. In one
study, Anderson et al.[86] conducted long rod penetration experiments on in-
tact and pre-damaged silicon carbide targets confined in aluminum sleeves
and found negligible differences in penetration velocities between intact and
damaged targets. In addition, Horsfall and Buckley[131] conducted ballistic
experiments on alumina tiles with large through-thickness cracks and found
that the ballistic limit velocity was lowered by only 3%. In their experimental
setup, the alumina tile was confined by a composite backing and a frontal spall

shield. The small differences in performance between damaged and intact ce-
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ramics in these studies may be attributed to the confining pre-stress closing
over cracks in the damaged specimens. Taken together, these results suggest
that confinement is key to improving the durability and multi-hit capability

of ceramic armors.

3.4.4 Computational Models for Ballistic Impacts

To simulate ballistic impacts on ceramics, it is necessary to account for
the damaged state of ceramics. For instance, in the Rajendran-Grove micro-
mechanics based impact model[7, 132-134], damage is tracked by increasing
micro-crack density, and stiffness degrades as the material becomes progres-
sively damaged. In the JH-1[120] and JH-2 models[6], both phenomenological
models, damaged is defined as accumulated plastic strain, and the material
strength degrades as the material transitions from intact to failed. The rela-
tionships between damage variables and degradation of mechanical properties
are central to generating accurate predictions in impact models, as past inves-
tigators have emphasized[83, 135-138]. However, little work has been done to
experimentally connect physical measures of damage parameters to the degra-
dation of mechanical properties[99]. In this study, we seek to fill this gap by
providing quantitative characterization of the local and global strains related
to the crack structures. Deformation mechanisms, including crack closure, ex-
pansion into existing cracks, and crack sliding, and their connections to the
evolution of mechanical properties in damaged ceramics have been highlighted
in this paper to elucidate the behavior of damaged ceramics and guide future
model development. In addition, the qualitative observations of the differ-
ences in failure process for intact and damaged ceramics can also be used to
validate model outputs. As an example, consider the damage models in the
JH-1 model[120], which treats the transition from intact to failed as instan-
taneous, and the JH-2 model[6], which was later developed to account for a
gradual transition from intact to failed. The strength results from this study
suggest that the transition is gradual at dynamic strain rates, but may be

instantaneous at quasi-static strain rates.
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3.5 Conclusion

Computational modeling of ballistic events is key to the development of
advanced ceramic armor systems. This requires a clear understanding of the
behavior of damaged ceramics. In this study, we investigated the effects of
damage on the mechanical behavior of alumina, focusing on the connections
between physical crack damage parameters and the degradation of mechanical
properties. XCT was used to quantify internal crack networks, and DIC was
used to characterize mechanical response. We visualized the local deforma-
tion mechanisms related to crack damage, including crack closure, opening,
and sliding, and highlighted their connections to the evolution of global stress-
strain behaviors in damaged ceramics. Lastly, high-speed photography was
used to visualize the difference in fracture behavior between intact and dam-
aged alumina. Altogether, the results generated in this study expand our

understanding of damaged ceramics and support future model development.
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Chapter 4

Concluding Remarks

4.1 Implications

This thesis explored the characterization of intact and damaged aluminum
oxide, focusing on connections between microstructural features and strain rate
dependent mechanical behavior. XCT was applied to visualize processing-
induced pores and internal crack networks in alumina microstructure. To
reconstruct the XCT scans and generate quantitative characterization data,
MATLAB software was developed, taking into consideration the unique re-
quirements of different microstructural features. After microstructural charac-
terization, quasi-static and dynamic compression experiments were performed
to characterize the material behavior. This approach was used to study porous
intact alumina and crack networks in damaged alumina. The main contribu-

tions of this thesis are summarized below:

1. An analysis framework for reconstructing and analyzing XCT scans has
been developed to improve the three-dimensional characterization of mi-
crostructural features in ceramics. The quantitative characterization
metrics incorporated into this framework can be used to optimize the
design of new materials and aid in quality control in manufacturing.
This methodology is also applicable to other materials with pores or sec-

ondary phase particles (e.g., foams, composites, and 3D printed parts).

2. This thesis presents improved microstructural and mechanical charac-

terization data on intact and damaged alumina. The three-dimensional
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defect data, serving as model input parameters, improves the fidelity of
material models, and the stress-strain curves are useful for validating

model predictions.

3. The characterization of damaged alumina in this work contributes to
our understanding of the effects of crack damage on advanced ceramics
and informs the development of future damage models[6]. Damage is
commonly modeled as a homogeneous degradation of elastic properties
in the literature. This work has shown that crack damage in ceramics
can lead to a complex evolution of mechanical properties, cause localized

strains to develop, and modify the fracture process.

4.2 Future Work

Possible research directions for extending the work in this thesis are out-

lined below:

e Improving XCT characterization - In the current framework, only in-
homogeneities with convex, ellipsoidal shapes may be accurately repre-
sented. To improve the applicability of XCT characterization in materi-
als, defect representation should be extended to account for other types
of inhomogeneities (e.g., concave cracks). This may be accomplished by

fitting other shapes to the segmented inhomogeneity.

e Studying process-structure-property relationships - The XCT character-
ization metrics developed for defect populations in intact alumina may
be applied to materials where the processing is known or controlled in
order to study the effects of varying processing parameters on the result-
ing microstructure (e.g., spatial distribution of inhomogeneities) and its

attendant effects on mechanical properties (e.g., strength).

o FExploring different types of crack damage - In this study, XCT was used
to analyze macroscopic cracks that were on the scale of the specimen, but
the same approach can also be used to characterize micro-cracks in brit-

tle materials, which can be applied to validate the physical mechanisms
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in micromechanical models. Rather than using thermal shock cycles to
induce damage, mechanical load-unload cycles may produce cracks that
are more representative of the damage encountered during compressive
loading. Alternatively, 3D printing may offer a another way to con-
trol the crack characteristics. By 3D printing ceramics with pre-defined
cracks with known characteristics, critical micro-crack orientations and

sizes may be isolated and explored experimentally.

Further investigations into the behavior of damaged materials - In this
thesis, and past studies on damaged ceramics[91, 92, 99|, mechanical
testing have been limited to the compressive stress state at strain rates

ranging from 1072 to 103s7!.

Following the approach outlined in , the
behavior of damaged ceramics may be explored further under different
stress-states (e.g., shear and tension) and for intermediate and higher

strain rates (e.g., shock compression).
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Appendix A

Background: Split-Hopkinson Pres-
sure Bar

Dynamic compression experiments are used to probe the behavior of ma-
terial under high rates of loading. In the context of this thesis, dynamic com-
pression experiments refer to uniaxial compressive tests in which the strain
rates range from 10' to 103. During high velocity impact events, interaction
between the projectile and the target can give rise to complex stress states
within the target material. As a result, it is difficult to characterize the ma-
terial response and tease out high rate properties from impact experiments
alone.

In order to simplify the stress state and control the loading conditions, we
employed a split-Hopkinson pressure bar (SHPB) for the high rate compression
experiments in this study. The SHPB produces a nominally uniaxial compres-
sive stress state and is commonly used to investigate the behavior of materials
at strain rates ranging from 10 to 103. This experimental setup has been
used to study a range of different materials, including ceramics[4], foams[139],
and metals[140]. It has also been modified to probe other stress states at dy-
namic strain rates, including tension[141] and shear[142]. Figure A.1) shows
the SHPB apparatus used in this study.

An SHPB apparatus consists of a striker, an incident bar, and a trans-
mitted bar. During an experiment, the test specimen is sandwiched between
the incident and the transmitted bars. Using compressed air, the striker is

launched at the incident bar to produce a compressive wave. This wave trav-
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Figure A.1: Split-Hopkinson pressure bar setup: The incident and transmitted
bars are shown in the foreground. The dynamic experiments were visualized
using the Shimadzu HPV-X2 camera with the K2 DistaMax infinity lens and
the REL Inc LED array ring light.
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els down the incident bar and passes through the test specimen to produce
the desired dynamic loading history. After passing through the specimen, the
wave then travels through the transmitted bar. Using strain gauges mounted
on the incident and transmitted bars, it is possible to record the compressive
wave as it passes through the system. The strain gauges on the incident bar
provides a measure of the compressive wave delivered by the striker. This
is the wave profile that will load the specimen. The strain gauges on the
transmitted bar provides a measure of the compressive wave that has passed
through the specimen. This wave can be used to compute the stress history
in the specimen.

By modifying the striker length, the pressure of the compressed air, and
a pulse shaper, we are able to control the shape of the loading pulse and
the loading rate. A pulse shaper is an object that is placed on the end of
the incident bar facing the striker to attenuate the pulse imparted by the
striker[143]. Depending on the size and material properties of the pulse shaper,
different pulse shapes (e.g., triangular or top hat) can be achieved. In this
thesis, we utilized a tin pulse shaper with a diameter of 3.175 mm and a
thickness of 1 mm to generate a triangular loading pulse, which allowed us to

1

probe strain rates of 60 to 130 s~ in alumina.
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