Revealing Deformation and Damage
Micromechanisms in Composites by X-ray
Computed Tomography and Digital Volume

Correlation

A Dissertation

Presented to
the faculty of the School of Engineering and Applied Science

University of Virginia

in partial fulfillment
of the requirements for the degree

Doctor of Philosophy

by

Brendan P Croom

May 2019



APPROVAL SHEET

This Dissertation
is submitted in partial fulfillment of the requirements
for the degree of

Doctor of Philosophy

Author Signature:

This Dissertation has been read and approved by the examining committee:

Advisor: Xiaodong Li, PhD

Committee Member: Devin Harris, PhD

Committee Member: Helena Jin, PhD

Committee Member: Osman Ozbulut, PhD

Committee Member: Baoxing Xu, PhD

Committee Member:

Accepted for the School of Engineering and Applied Science:

(P83

Craig H. Benson, School of Engineering and Applied Science

May 2019



Abstract

The mechanical performance of composite materials is intricately related to the
arrangement of reinforcing constituents and defects within a matrix material. In particle-
reinforced syntactic foam composites, as well as fiber-reinforced polymer- and ceramic-matrix
composites, damage tends to propagate rapidly from pores, cracks or other intrinsic weak points
in the material, such that composites express strong flaw sensitivity. As conventional, surface-
based experimental measurement techniques cannot access these internal features, it has been
challenging to precisely quantify the influence of defects on the overall mechanical response of
the composite. To address this limitation, a new 3D, quantitative experimental technique based
on in situ X-ray Computed Tomography (XCT) mechanical testing coupled with Digital Volume
Correlation (DVC) has been developed. The in situ XCT volumetric images capture the
composite’s original microstructure as well as damage features that develop under mechanical
loading, while DVC provides local deformation measurements in the vicinity of these key
microstructural features. In this way, the coupled in situ XCT/DVC approach can uniquely
establish the influence of microstructural features on the damage behavior.

This dissertation develops the in situ XCT/DVC technique to study the damage behavior
in syntactic foams, polymer-matrix composites and ceramic matrix composites. First, the
accuracy of DVC in these materials is validated experimentally, numerically and theoretically,
since the microstructures of these materials violate commonly held requirements for accurate
DVC measurement. Next, this approach is applied to study the damage mechanisms in
elastomer-matrix syntactic foams with glass microballoon (GMB) reinforcement. Through
quantitative assessment of the original GMB arrangement, measurements of the deformed GMB

shapes, and the DVC strain fields, we show that the damage is strongly influenced by the original
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arrangement of GMBs. Collapse is favored in tightly-packed, transverse “chains” of GMBs, such
that a striated strain pattern develops in the DVC measurement. Further experiments showed that
this trend held for syntactic foams over a range of GMB volume fractions, suggesting that
damage is explained not only by the global volume fraction of reinforcement but also by the
particle clustering. Next, in situ experiments on stir-processed polymer matrix composites
identified that local metallic particles controlled the compression response and onset of buckling.
Finally, expanding plug tests of braided ceramic matrix composite tubes revealed that damage
initiated at tow overlaps, and was influenced by irregular spacing between adjacent tows. These
experiments demonstrate the ability of in situ XCT/DVC techniques to capture the effects of
local microstructure on damage in composites, and offer new routes to validate numerical and

analytical models of composite performance.
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Chapter I1:
Introduction

L The role of microstructural variation on the performance of composites

By carefully engineering two or more unique constituents into a single material,
composites can achieve unrivaled mechanical properties. Carbon-fiber reinforced polymer matrix
composites have among the highest strength-to-weight ratio of bulk materials, and the addition of
SiC fibers to a brittle SiC matrix creates a strong composite that can operate sustainably at
temperatures above 1200°C. However, in these and other composites, damage and failure can
propagate rapidly from local defects. Indeed, the performance of these materials exhibit very
large statistical variation between specimens and also have pronounced size effects [1,2], which
are both related to the statistical likelihood of flaws being present in the material. This is
manifested in relatively low fracture toughness compared to other high-performance engineering
materials such as steels, although these properties are better than the composite’s individual

constituents: K;- ~ 30 MPa +/m for glass-fiber composites, K, ~ 20 MPa «/m for ceramic

matrix composites, and K;c > 150 MPa +/m for some steels [3—5]. In other words,
microstructural variation is the primary source of the deviation in performance between
composite specimens.

In practical terms, this means that the performance of composites statistically varies
between specimens, and structures must be “over-designed” to account for this variability. This
scenario is commonly encountered in ceramic-matrix composites (CMCs), polymer-matrix
composites (PMCs) and syntactic foams, which serve as the three model materials for the
proposed research. For example, it has been shown that CMCs exhibit strong statistical variation
in mechanical strength, which is often modeled using Weibull statistics [2]. Recent flexural
testing on braided CMCs for nuclear fuel cladding applications have revealed standard deviations

1



of up to 10% of the average tensile strength [6]. Using the reported statistical distribution, a
design stress of 45% of the average strength would still produce failure in 1 in 1000 components.
This requires CMC and other composite components to incorporate large factors of safety in the
design, resulting in heavier, more expensive, less efficient and otherwise lower performance
CMC components.

Some sources of the variation are intrinsic to the composite, such as random fluctuations
in reinforcement strength and flaw distributions in the matrix. On the other hand, some of the
variation can also be attributed to irregular arrangement of reinforcement within the matrix or
other “controllable” microstructural defects. Continuing the example of CMCs, full-field strain
measurements have shown that irregular tow spacing can locally amplify strains and microcrack
density [7-9], and recent simulations have shown that randomness in tow placement reduces
strength by up to 10% [10]. Such features could reasonably be controlled or monitored through
manufacturing quality control processes, thereby condensing the statistical variation in measured
material properties. This would allow lighter, more efficient and more reliable composite
structures and would realize substantial economic benefit.

To help realize this goal, the aim of this dissertation is to develop new 3D quantitative
experimental tools to directly assess the role of microstructural defects on the properties. Such
data can characterize the flaw population and (more importantly) its effect on deformation,
damage and failure. Conventional experimental tools cannot directly resolve the effect of these
internal defects on the deformation and damage behavior. This data is essential to calibrating
continuum-scale damage tools, validating micromechanics models, and designing stronger
composites.

This dissertation presents new in situ X-ray Computed Tomography (XCT) mechanical



testing techniques with coupled image analysis and Digital Volume Correlation (DVC) as a tool
to reveal quantitative relationships between microstructure, deformation, and damage within
three types of model materials, described below. XCT reconstructs a sample’s interior structure
from a series of 2D radiographic projections acquired at many orientations [11], and provides
high-resolution 3D images (tomograms) of the interior structure of engineering materials.
Typical spatial resolutions range from <1 um to 10 um, which compare favorably with the
dimensions of key composite features and damage structures. Correlation of in situ tomograms
using DVC algorithms provides high-resolution, full-field, local and quantitative deformation,
strain and damage measurements, which can be directly superimposed on the underlying
microstructural images to establish high-fidelity microstructure-deformation-damage
relationships. These measurements reveal the source of variation in mechanical performance, and

therefore support the design of higher performance and more reliable composite structures.

2. Overview of model materials

The damage micromechanisms of three model materials are studied with in situ XCT
mechanical testing. These materials include a syntactic foam, a polymer matrix composite
(PMC), and a ceramic matrix composite (CMC). Each material exhibits very unique
microstructures, mechanical properties, and damage mechanisms, so they serve as interesting
case studies for the newly developed in situ XCT / DVC techniques.

The first model material in this dissertation is an elastomer-matrix syntactic foam (Fig.
1.1) filled with hollow glass microballoons (GMBs), which is being developed for use as an
electronic packing material. The stiff GMBs are designed to reinforce the soft matrix, but also

crush at high stress. In this way, the resulting syntactic foam achieves high stiffness and energy



absorption at low density. Additionally, the low thermal expansion and superior dielectric
properties of the GMBs make a unique soft composite with ideal properties for a packaging
material. While the damage mechanisms of syntactic foams with rigid thermoset matrices (e.g.,
epoxy or vinyl ester) have been studied, the effect of a hyperelastic and soft elastomer matrix on
the damage behavior is unknown. Due to the very low compliance, the elastomer matrix is
expected to change the damage behavior. Particular interest is devoted to the role of irregular
GMB clustering on the damage mechanisms, which is shown to significantly alter the strength
and ductility of other types of syntactic foams [12]. As evident in Fig. 1.1, the GMBs are not

homogeneously dispersed, but tend to agglomerate in chains of closely-spaced GMBs.

Fig. 1.1. Structure of elastomer matrix syntactic foams. (a) 3D rendering of syntactic foam
specimen, and (b) XCT cross-section showing hollow GMBs embedded in an elastomer matrix.

The second model material is an injection-molded, chopped-fiber PMC material that has
been joined to an aluminum alloy sheet using a friction-stir blind rivet (FSBR) technique [13,14]
(Fig. 1.2). FSBR 1is a new joining technique that has been developed to support automobile
lightweighting initiatives. This one-sided joining process is compatible with dissimilar materials,
and operates by pushing a rotating blind rivet tool through the two workpieces to form a lap

joint; the particular FSBR joint in question consists of a PMC top sheet joined to an aluminum



alloy bottom sheet. Friction from the rotating rivet softens the composite and metal sheets,
thereby creating a “stir zone” with a distorted local fiber arrangement. Severe plastic deformation
in the metal sheet can also embed metal fragments within the stir zone. Given that the stir zone
experiences the highest stresses such that failure in the lap joint emanates from the rivet hole, it
is imperative to understand how the altered microstructure responds to mechanical loads. In situ
XCT and DVC techniques can uniquely probe the internal response of the stir zone, in contrast to

conventional surface-based techniques.
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Fig. 1.2. Friction stir blind riveting process. (a) Manufacturing sequence, and (b) formation
mechanism of stir zone.

The final model material is a braided CMC tube that is being developed for accident-
tolerant nuclear fuel cladding system. The CMC consists of tows of high-purity SiC fibers that
are braided around a mandrel; the fibers are then coated with a pyrolytic carbon interphase, and
then the preform is densified through chemical vapor infiltration of a SiC matrix. This unique
architecture promotes crack bridging and fiber pullout, which help to toughen the composite
compared to a brittle monolithic ceramic. The cladding tube features a triaxial braid with

balanced axial and hoop properties, with fibers oriented at 0° as well as +60° from the axis. The



final tube geometry has an outer radius of 5.5 mm and a wall thickness of 1.2 mm.

Prior to operation, fuel pellets and pressurized gas are sealed within the cladding. Once
inserted into the nuclear reactor core, the cladding experiences temperature gradients through the
wall thickness, internal pressurization, and radiation-induced swelling. As a result, one of the
primary loading conditions is circumferential. In this dissertation, DVC is employed to study the
damage behavior caused by hoop-direction loading. The hoop stress is generated using a novel
expanding plug test fixture in which a nearly-incompressible elastomer insert is axially

compressed; the plug swells in the radial direction and pressurizes the specimen [15].

3. In situ XCT mechanical testing experiments

The unique ability to resolve the internal microstructure of composites has made XCT an
appealing (yet challenging) technique to perform in situ mechanical testing. With spatial
resolution on the order of 1 um, the XCT technique can comfortably resolve key microstructural
(e.g., pores, fibers, and other reinforcement features) and damage (cracks, fiber kinking,
buckling) features. Modern synchrotron X-ray sources can capture dynamic composite
phenomena with >1 Hz tomography [16—18] (Fig. 1.3), and thus are able to “freeze” transient
damage events in 3D. Slower laboratory XCT systems also exhibit adequate resolution to detect
localized damage, allowing the study of quasi-static events. Many examples of this technique to
study the damage mechanisms of composites are summarized in a recent review article [19],
which demonstrate the viability of in situ studies of mechanical behavior [20-22], composite
processing [23-26], and environmental exposure [27].

The central challenges for performing in situ XCT testing of composites relate to (a)
obtaining adequate contrast, (b) ensuring test fixture compatibility with the XCT system, and (c)

applying controlled loads. These factors must be considered for the design of a successful in situ



experiment.
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Fig. 1.3. Comparison of X-ray Computed Tomograbﬁy acquisition time and spatial resolution
with laboratory (blue), and “white” and “monochromatic” synchrotron X-ray sources (red and
black, respectively). Adapted from [11].

Contrast in X-ray tomography is proportional to the X-ray attenuation in each voxel,
which describes the ratio between the incident and transmitted X-ray flux. X-ray attenuation
within a sample is governed by Beer’s Law

I = I, exp(—ux) (1.1)
which shows the transmitted X-ray intensity / as a function of the initial intensity Iy, the positive
attenuation constant u, and specimen thickness x. The resulting X-ray contrast is therefore
directly attributed to variation in u between constituents; indeed, the reconstruction algorithm
aims to recover u for every voxel in the tomogram. The attenuation constant scales
proportionally to the atomic number Z and the material density, and also depends nonlinearly on
the X-ray photon energy.

The attenuation constants for constituent materials relevant to the model composite
systems have been compiled from National Institute of Standards and Technology reference
tables [28], and are reported in Fig. 1.4. Clearly, the limited difference in density and

composition between reinforcement and matrix materials results in poor contrast for both carbon-
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fiber reinforced polymer, and SiC-fiber reinforced SiC matrix composites (syntactic foams,
which primarily consist of air and PDMS matrix, do not have this constraint). To overcome this,
long scan times with a large number of projections are required to achieve adequate signal to
noise ratios. Especially for laboratory XCT systems, small distances between the X-ray source

and detector are required for good image quality.
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Fig. 1.4. X-ray attenuation constants for relevant constituents in the studied composite materials.
Note that the X-ray attenuation constant for air is u*" ~ 1073 over this range of photon
energies. Data from Ref. [28]

As a consequence of the low contrast between reinforcement and matrix phases in
composites, any XCT loading device must be designed to carefully fit within the small distance
between the X-ray source and detector, and also not obstruct the X-ray transmission. For
laboratory XCT systems, this distance is on the order of 50 mm or less, but in some cases can be
less than 25 mm [29,30]. Additionally, the stage must permit the maximum transmission of the
X-rays through the sample, and have uniform attenuation from all angles. This minimizes scan
time and also eliminates “streaking” artifacts due to irregular attenuation outside the field of

view.



Finally, as with any mechanical testing device, the loading stage should apply well-
characterized loads and deformation to the specimen. While conventional loading devices
include large, stiff and X-ray opaque components to ensure good alignment and frame stiffness,
these are not compatible with the XCT equipment.

With these constraints in mind, several custom loading stages were designed to perform
in situ XCT mechanical testing of composite samples (Fig. 1.5). Each loading device included an
X-ray transparent polycarbonate or Nylon tube to transfer the load between the upper and lower
grips, a miniature tension-compression load cell, and a manually-controlled screw to displace the
top of the sample. The grips and other internal components were designed with a tight tolerance
to the polymer tube, which allowed them to slide freely while maintaining strong axial
alignment. This design was comparable to others described in the literature [31,32]. Several
variations of the stage were developed to accommodate different loading modalities, specimen

geometries and maximum force requirements.




Fig. 1.5. Custom XCT loading stages designed for this dissertation. Stages are designed to apply
(a) uniaxial compression, (b) uniaxial tension, and (c) expanding plug (hoop stress) to various
types of specimens.

4. 3D image-based displacement measurement

The high-resolution 3D images acquired by in situ XCT encode all deformation and
damage within the material, so it is intuitive to process the images to measure the full-field
displacement of the material. Several strategies have been proposed to achieve this, including
particle tracking and digital volume correlation.

Particle tracking (PT) algorithms operate by identifying high-contrast features with
unique geometry and size in the undeformed state, registering the same particles in the deformed
image, and computing the displacement between the two states. Strain fields can be evaluated
from the change in spacing between particles. These techniques have been widely adopted in
biological applications [33—-36], and more recently in the experimental mechanics of solid
materials [37—40].

By nature of the small deformations in many engineering materials, exceptional
measurement sensitivity is demanded of PT algorithms, such that very small displacements on
the order of u < 0.1 voxels and strains on the order of € < 0.01 can be accurately resolved.
However, the accuracy of these techniques is limited, and strongly depends on the quality of
microstructural markers. Recent error analysis has shown that an optimized particle tracking
technique can achieve standard deviation displacement error of g,, = 0.10 voxels for typically-
sized particles with a radius of 3 voxels, and g, = 0.03 voxels for unusually large particles
with a radius of 9 voxels [41]. Strain measurement scales inversely with the spacing between
adjacent particles, and sufficient accuracy is therefore restricted to sparse patterns. Finally, the

accuracy of all particle tracking measurements is observed to be strongly sensitive to the specific

10



tracking algorithm [33].

In contrast, DVC operates by computing the motion of an ensemble of voxels defined by
a cubic subvolume. Each subvolume is sized to contain many high-contrast features (referred to
as “speckles” in DVC nomenclature), and therefore overcomes many of the limitations of
particle tracking algorithms. Specifically, by effectively tracking a large cluster of particles,
superior displacement and strain accuracies are achieved in contrast to registration of individual
particles. Displacement and strain measurement precision routinely exceed o,, < 0.1 voxels and
o, < 0.01 even for materials with small and irregular particles [42]; similar achievements could
not be achieved via PT algorithms. As a result, it has become much more widely adopted within

the mechanics community [42—44].

5. Principles of digital volume correlation

DVC [45] extends the popular two-dimensional Digital Image Correlation (DIC) [46,47]
approach into three dimensions, and uses correlation algorithms to quantitatively track the full-
field displacement between the “reference” and “deformed” states. Displacement is measured in
the local sense by dividing the reference tomogram into subvolumes (typically cubes with sides
of 10-40 voxels in length), and computing the cross-correlation of each subvolume with the
deformed image. As the aim of the algorithm is to register the displacement of each voxel from
the reference subvolume to the deformed state, the quality of this match can be assessed using a

least-squares correlation between the two subvolumes,

2
Xus = Zxes (G(x + u(®) - F(x)) (12)
where F and G correspond to the reference and deformed images, x represents the local

coordinates within the reference subvolume S, and u(x) is the displacement field. The
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correlation is minimized when the displacement field is found (Fig. 1.6a); subvoxel accuracy is
achieved using higher-order image interpolation and efficient numerical schemes such as Gauss-
Newton, etc.

Typically, the deformation is linearized within each subvolume to reduce the number of
parameters to be solved and ensure the problem is appropriately overdetermined,

u(x) = ug + Vu(x — xq) (1.3)
where ug captures the rigid body translation at the subvolume’s center x; and Vu captures the
deformation gradients throughout the subvolume due to deformation and rotation. This
formulation provides convenient access to the material strains in each subvolume, i.e., from Vu.
By repeating this process over all subvolumes, the full-field displacement and strain is found.

Error in the DVC displacement and strain measurements is introduced during both
tomogram acquisition and post-processing (correlation). Most prominently, distortion due to the
cone-beam geometry and thermal drift of the X-ray source can introduce significant strain error
on the order of §¢ > 0.005 [48]; however, these errors can be ameliorated by accounting for the
nonlinear distortion and using appropriate scan recipes [49,50]. Other sources of error due to
image noise, interpolation schemes and the correlation algorithm have been extensively
characterized for conventional DIC, and are described in detail in [51].

5.1.  Inferior speckle patterns and DVC accuracy

In DVC, measurement accuracy depends strongly on the quality of the speckle pattern,
which carries all information about the specimen deformation. While studies specific to the role
of speckle patterns on the accuracy of DVC are limited (indeed, this is a key objective of the
current dissertation), there exists a vast literature dedicated to evaluating the role of speckle

patterns on the effectiveness of the analogous 2D DIC technique. In summary, these analyses
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have shown that speckles should be high-contrast, uniformly sized (typically 3 voxels in
diameter), random, durable, and isotropic [52—56]. For conventional surface-based DIC
applications, appropriate patterns can readily be applied by a number of techniques, including
spray paint, airbrush, transfer printing, or stencil [57]. Colloquially, these requirements ensure
that each subset contains a unique and sufficiently high information content, such that the
correlation algorithm can precisely locate the subset in the deformed image [58]. In fact, the
speckle pattern is the most important tool to improve the DIC/DVC measurement quality
measurement.

However, a key distinction between the preparation of surface-based and volumetric test
specimens is that it is substantially more challenging (or even undesirable) to create high-quality
3D speckle patterns [43]. This limitation is particularly pronounced in composites, whose
microstructures tend to violate these stipulations (Fig. 1.6b-d). In particular, the fiber-reinforced

composites tend to have anisotropic microstructures with low contrast, whereas syntactic foams

have fragile microstructures.

kle patterns. (a) High-quality DIC pattern
enables good subset registration. (b-d) Low-quality DIC patterns due to anisotropy, low contrast
and fragility. All images are generated artificially.
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There is no good way to overcome this limitation. One commonly used approach is to
embed high-contrast particles into the microstructure during the manufacturing process, such as
metallic particles in a polymer-matrix composite [59]. The addition of a significant fraction of
high-contrast particles may substantially alter the microstructure or mechanical properties of the
material, and limit the utility of conclusions about the material behavior. This is particularly
important for studying the damage response of composites, which is already sensitive to defects
and microstructural variation.

Instead, the strategy employed in this dissertation is to accept the deficient speckle
pattern, and characterize its limitations. It is hypothesized that the original composite
microstructures can still provide reliable DVC measurement under certain conditions: it is the
aim of this dissertation to validate DVC for use in such materials, and use this technique to

quantitatively describe their damage mechanisms.

6. Primary research questions

Accordingly, the first research theme in this dissertation is to address the feasibility of
DVC measurement in materials with deficient speckle patterns. This is particularly relevant to
composites, which have carefully designed microstructures that unintentionally violate these
rules. Fiber reinforcement in the CMC and PMCs creates a strongly anisotropic microstructure,
which makes it challenging to accurately compute the displacement along the fiber direction.
Moreover, the fibers and matrix often feature similar compositions (e.g., graphite fibers in
polymer matrix, or SiC fibers in SiC matrix), resulting in low X-ray contrast. Finally, the hollow

glass reinforcement in syntactic foams is designed to collapse under high stresses to absorb
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mechanical energy, which results in a fragile microstructure that becomes severely degraded at
large strains.

Fundamentally, this dissertation aims to identify the key topological characteristics that
enable DVC measurement in composites. For instance, one could imagine worse DVC accuracy
for composites with purely unidirectional reinforcement, than for woven/braided fiber
architectures, than for random-orientation composites. Similarly, DVC accuracy should degrade
with increasing damage to the syntactic foam microstructure. Thus, new error models should be
developed to theoretically explain the DVC accuracy in materials with deficient speckle patterns.
This is explored principally in Chapters 2, 5 and 6, which test the accuracy of DVC in elastomer-
matrix syntactic foams, FSBR-processed polymer matrix composites, and braided ceramic matrix
composites, respectively. DVC is experimentally validated on these materials, and in Chapter 2
these results are also reconciled with theoretical DIC/DVC error models.

The second research theme is to extract the role of heterogeneous microstructure on the
damage micromechanisms of composites, which is achieved by leveraging the capability of
XCT/DVC to simultaneously measure microstructure and local deformation in the composite.
Having shown that DVC can reliably identify the local deformation, the remaining tasks are to
provide quantitative local descriptions of the microstructure and synthesize these measurements
to understand the mechanics of damage in the composites. Standard image segmentation
techniques, which use image contrast and topology to label different microstructural features,
provide a route to extract structural measurements that can be interpreted in context of the DVC
results. In Chapter 3, these techniques are developed to explore the nature of damage in syntactic
foams, which is experimentally shown to be amplified within clusters of GMBs in the matrix;

this finding is further supported by numerical simulation of GMB collapse in a model syntactic

15



foam system. In Chapter 4, a DVC-enabled microstructure tracking algorithm is established to
further quantify the role of GMB clustering on damage, which provides the first experimental
evidence that GMB collapse occurs more rapidly in tightly-packed regions of GMBs. In Chapter
5, in situ mechanical testing shows that micro-buckling damage in FSBR-processed PMCs is
governed by the local fiber orientation and metal impurities embedded in the stir zone. In
Chapter 6, a new in situ expanding plug test is developed to test the failure of braided CMC

tubes under hoop-stress dominated loading, which finds that failure emanates from tow crossover

points and qualitatively correlates with irregular tow arrangement.
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Chapter 2:
Effect of fragile speckle patterns on accuracy of digital volume correlation

L Introduction

Both digital image correlation (DIC) [1] and its three-dimensional analogue digital
volume correlation (DVC) [2] compute the deformation field by tracking the aggregate motion of
neighborhoods of features through a sequence of in situ experimental images (or 3D tomograms
acquired by volumetric imaging techniques). This is achieved by correlating the deformed image
with the original undeformed image, and computing the translation, rotation and deformation of
the image from the reference state into the deformed state. Generally speaking, the sample
should exhibit a high-quality, high-contrast, random “speckle pattern” to ensure the uniqueness
and accuracy of the deformation measurement [3,4]. One of the fundamental assumptions of DIC
and DVC algorithms is that the individual speckles in the pattern be durable to allow them to be
tracked in each image, so they should not substantially change appearance or disappear
throughout the experiment. While such a speckle pattern can readily be applied to the surface of
a specimen using spray paint, toner, or one of many other techniques for two-dimensional or
stereo DIC, it is intrinsically challenging (and often undesirable) to modify the internal
microstructure of three-dimensional specimens to meet these criteria for DVC measurement [5].
Instead, the intrinsic contrast and texture of the microstructure can substitute for a high-quality
artificial pattern.

As aresult, a common deficiency of volumetric speckle patterns is the degradation of the
microstructure under load, which can lead to decorrelation and inaccurate measurements. One
common example is due to the development of damage in the material, which introduces new
contrasting features to the material that were not present in the reference state. This is frequently

encountered in brittle materials that undergo microcracking, such as ceramic matrix composites
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[6-9], plasterboard [10], and graphite [11]. Alternatively, this can be observed in the rupture of
ductile metals, which is commonly preceded by void initiation, coalescence and growth into a
crack [12]. Unless the damage mechanisms are explicitly incorporated into the warping functions
for the DVC algorithms (such as Heaviside DVC [13] or extended-DVC analogous to X-FEM
techniques [ 14]), these features cause the image to violate the principle of “gray-level
conservation” and therefore reduce the quality of the DVC measurement. However, it is
generally acknowledged that DVC measurements will remain reasonably accurate provided the
volume of damaged material remains small compared to the quantity of markers in the speckle
pattern, as is the case in these examples.

Another scenario is the disappearance of individual speckles between the reference and
deformed states, which also deleteriously affects DVC accuracy. This is particularly relevant for
DVC experiments that tend to rely on the intrinsic texture of the material of interest, which may
not be stable at large deformation as in the cases of foams [15-17], bone [2,18] and granular
materials [19,20]. Even in surface-based DIC applications where artificial patterns are easily
applied, the pattern may degrade when painted markers flake off the area of interest or fade with
large deformation. It is currently unclear how this degradation affects DVC accuracy.

Recent in situ X-ray Computed Tomography (XCT) experimental measurements by the
authors have shown that DVC remains viable even in cases of severe damage to the speckle
pattern with only minor losses in accuracy. As reported in Ref. [21], tomograms of syntactic
foams were acquired at increasing levels of uniaxial compression. The syntactic foam consisted
of an elastomer matrix filled with hollow glass microballoons (GMBs), which produced an
archetypal 3D speckle pattern in the undamaged state (Fig. 2.1a). At increasing deformation,

many of these GMBs crushed under mechanical load and eventually disappeared from the
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tomogram (Fig. 2.1b), so a significant fraction of the markers that constituted the speckle pattern
eventually disappeared from the images. Remarkably, accurate DVC measurements were
obtained until 40% of the GMBs had collapsed.

The ability to accurately correlate heavily damaged tomograms challenges our current
assumptions about requirements for speckle patterns. In particular, these findings indicate that
rules about gray level conservation can be relaxed in certain cases to permit measurement of
specimens with fragile speckle patterns. The objective of this paper is to explore the limits of
DVC for materials with fragile microstructures and speckle patterns, and to quantify the effects
of microstructure degradation as well as DVC analysis parameters on measurement accuracy.
Certainly, use of DVC to study fragile microstructure comes at a cost of decreased accuracy, but
how much damage is tolerable? The feasibility of DVC in these scenarios is first explored
through experimental measurements using rigid body motion experiments to capture the effect
on error under real imaging conditions. Later, analysis of synthetic images with controlled levels
of speckle pattern degradation is used to more accurately quantify the effects on DVC accuracy
without influence of additional experimental error sources. Finally, these effects are addressed

from a theoretical perspective to reconcile these trends with existing models of DVC error.
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Fig. 2.1. Virtual cross-sections of compressed syntactic foam during in situ experiment. (a)
Slices from low-resolution for DVC analysis at increasing strain, with insets showing subvolume
size. (b) Slices from the corresponding high-resolution XCT images, showing collapse of GMBs.
Images adapted from experiment in Ref. [21].
2. DVC preliminaries

The basis for all DVC algorithms is the cross-correlation between the reference and
deformed subvolumes. Since cross-correlation measures the similarity between two volumes, the
optimal solution is obtained when each pixel in the deformed volume is mapped to the
corresponding pixel in the reference coordinate, i.e. the displacement field is solved. One way of
achieving this is by using optimization schemes to maximize the zero-mean, normalized cross-

correlation (ZNCC), which is notably insensitive to systematic changes in contrast and

illumination [3]. The ZNCC is computed as,

1 z (F(x) —F G(x+u(x)) - c?)

C X)) =—
ZNCC( ) N or oc
X€ES

2.1)

where F and G correspond to the reference and deformed images, x represents the coordinates
within the reference subset S, u(x) is the displacement field that maps undeformed coordinates
into their deformed state, F and G indicate the average intensities of each subset, and o and o
are the standard deviations of intensities within each subset. In contrast to the other chapters,
Czncc 1s selected for convenience in expressing the correlation strength: a “perfect” correlation
score has the value of C;ycc = 1, whereas fully-decorrelated images have Czycc = —1. As
summarized in Ref. [22], Eq. 2.1 can be mathematically related to the C; s used in other chapters.
2.1.  Notation to describe specimen degradation

The primary concern about correlating images of fragile speckle patterns is that C;ycc
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will decrease as the specimen degrades, increasing the possibility that the optimization algorithm
will identify inaccurate displacement and strain fields due to decorrelation effects. For purposes
of this chapter, unique notation is developed to concisely describe the damaged character of
speckle patterns:

e ¢ — Volume fraction of markers in undamaged state (from 0 to 1)

e «a — Fraction of markers that are damaged (from 0 to 1)

e ( —Residual contrast of all damaged markers (from 0 to 1)

3. Experimental methods
3.1.  Materials

Sylgard GMB specimens were prepared by mixing A16 glass microballoons (3M) into
two-part Sylgard 184 silicone elastomer (Dow Corning) and curing agent. The mixture was
drawn into a cylindrical syringe and cured at room temperature with an accelerator. After curing,
the molded foam was carefully cut into cylindrical specimens with 7 mm height and diameters of
4.8 mm. The diameter of A16 GMBs ranges from 30 to 95 pm within 10-90% distribution, with
a mean diameter of 60 pm. Three specimens were manufactured with nominal GMB volume
fractions of 0.20, 0.30 and 0.46. Since the low-resolution tomograms could not discern GMB
walls from the matrix, the actual void volume fractions were 0.147, 0.225 and 0.422; to allow
generalization to other types of speckle patterns, all results are reported in terms of the void
volume fraction.
3.2.  Rigid body motion experiments

Experimental assessment of the error due to fragile specimens was performed using rigid

body motion experiments during in situ compression of the syntactic foams. Syntactic foam
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specimens were compressed uniaxially using a custom, screw-driven loading stage as reported in
[6,23]. The specimen was deformed between two acrylic platens to minimize reconstruction
artifacts near the specimen edges. Each specimen was compressed in roughly 500 pm increments
until DVC failed to achieve correlation, resulting in 5 or 6 in situ load steps per specimen.

Three tomograms were acquired at each load step. First, one high-resolution tomogram
with voxel resolution of [1.7 um]* was used to quantify the volume fraction of GMBs in the
undamaged state, and the fraction of damaged GMBs in subsequent steps. Second, a low-
resolution tomogram was acquired with voxel resolution of [8.5 um]?, resulting in a typical
speckle diameter of 6-8 voxels that was ideal for DVC analysis. Finally, an additional low-
resolution tomogram was acquired after axially displacing the sample 250 pm. The higher
resolution tomogram was necessary to accurately measure the size and Feret shape (3D aspect
ratio) of the GMBs [24], while the difference in measured displacements and strains between the
pair of low-resolution tomograms enabled an assessment of DVC error. All tomographic imaging
was performed using X-radia MicroXCT 200 with X-ray source parameters 80 keV and 8 W.
High-resolution tomograms were reconstructed from a set of 2401 radiographs between -103°
and 103° rotation with 6.5 second exposure, and the low-resolution tomograms were
reconstructed from a set of 1401 radiographs between -103° and 103° rotation with 7 second
exposure.

Dimensional quantification of the GMBs was performed using Python image processing
scripts and Avizo Fire 9.0. The raw 16-bit high-resolution tomograms were sequentially
smoothed using nonlocal means filters, downsampled to 8-bit images, thresholded and
segmented with standard image processing techniques. The 3D Feret shape (FS, equivalent to the

particle’s aspect ratio) was used to identify the collapse of each segmented GMB, where FS > 1.3
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indicated an ellipsoidal geometry consistent with GMB collapse. In contrast, low FS indicated
spherical geometry of an intact GMB.

Both the mechanical response and the damage behavior are reported in Fig. 2.2 for the
three different volume fractions. The stress-strain curves were typical for elastomeric syntactic
foams [25], which generally exhibit an initially stiff elastic response, a plateau region associated
with GMB collapse at relatively constant stress, and densification of the foam [26]. Both the
elastic stiffness and prominence of the plateau region increased with higher GMB reinforcement,
whereas the syntactic foams with lower GMB volume fraction behaved more like the elastomer
matrix. In the three specimens, appreciable GMB collapse occurred only after reaching the
plateau region, and damage increased approximately linearly thereafter. GMB collapse occurred
more rapidly at higher volume fractions, as particle clustering is known to amplify the GMB
stresses [21,27,28].

The low-resolution tomograms were independently correlated against a single reference
tomogram using commercial DVC code (Vic-Volume, Correlated Solutions) with a subset size
of 29 voxels, and step size of 10 voxels. This subset size was selected to include roughly 33 =
27 speckles per subset for the ¢p = 0.147 specimen, which is a general guideline for DIC/DVC
analysis. A sensitivity study found that step size had no effect on the displacement errors.
Additionally, the step size did not affect the nonlinear dependence between strain error and
damage, but simply scaled the error by a factor of 1/step?; the latter relationship matches the

sensitivity of a central-differences numerical differentiation scheme to noise.
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Fig. 2.2. Mechanical behavior of syntactic foam specimens. (a) Engineering stress vs.
engineering strain curves. (b) Fraction of intact specimens vs. engineering strain.

Strain was computed with a strain filter size of 5 subsets, which was the minimum filter
size available in the software. The strain filter averaged the displacement gradient uniformly
across neighboring subsets, with the aim of decreasing measurement noise compared to
calculation of strain from a single subset. As the objective of this analysis was to identify the
“worst case” DVC strain error due to speckle pattern degradation, the total strain filtering was
adjusted to the minimum possible value in the software; future users could increase strain
filtering to further reduce the effects of speckle pattern degradation at the cost of spatial
resolution. This combination of analysis parameters resulted in a virtual strain gage size of [79
voxels]® = [672 um]®. All analysis was performed with a 4-tap spline-based interpolation scheme
[3]. To measure the error in the DVC-computed strain, the difference in measured strain was
recorded at each subset for the corresponding deformed and deformed rigid body motion

tomograms.

4. Experimental results

To experimentally evaluate the displacement and strain errors, the DVC measurements
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were compared before and after rigid body motion. Since both tomograms were acquired at the
same state of compression and were correlated independently against the same reference
tomogram, they should theoretically exhibit the same strain field. Any differences are attributed
to the various sources of measurement error. In particular, error in the undeformed state (¢ = 0)
reflects the noise floor of the measurement system, while subsequent increases in error as the
syntactic foam is compressed can be attributed to the effects of speckle pattern degradation.
4.1.  Displacement error

The axial displacement field for a syntactic foam specimen with void volume fraction
¢ = 0.225 is presented in Fig. 2.3 at three increasing deformations. While the specimen
exhibited some buckling at the highest loads, the displacement field was predominantly uniaxial
in nature (Fig. 2.3a). After removing rigid body motion from the measurements, it was clear that
the DVC measurements exhibited strong repeatability (Fig. 2.3b). Any differences in the
experimental displacement fields were imperceptible at this level of contrast, even at the largest
deformations.

To highlight any DVC error between the two analyses, Fig. 2.3c shows the difference in

RBM at the same three deformations. For nominal

measured axial displacement Aw = w —w
strains of strain &y = —0.12 and ¢, = —0.24, the resulting DVC error was small in magnitude.
For all subsets the error remained below 0.2 voxels, and in most cases was below .05 voxels. As
confirmed in Fig. 2.3d, the displacement error was only marginally higher at e, = —0.24
compared to £, = —0.12. Additionally, variation in Aw was uniform and random throughout the
specimen, indicating that the error calculation was not affected by distortion artifacts or damage

localization.

However, at the final strain increment of €, = —0.30, the error noticeably increased
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throughout the specimen. Inspection of Fig. 2.3¢ for this deformation identified several
anomalous “hot spots” in the displacement calculation, indicating large discrepancy of Aw >

0.2 voxels between the w and wREM

calculations at these points. Despite this, the majority of the
displacement measurements remained accurate to within Aw < 0.1 voxels, indicating that the
DVC analysis was generally trustworthy despite severe degradation to the speckle pattern. Thus,

DVC may cautiously be used in specimens despite widespread microstructural damage.

w (vx) b wRBM (vx) ¢ Aw=w— wREM d Aw (vx)
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Fig. 2.3. Experimental assessment of axial displacement error for syntactic foam specimen with
¢ = 0.223. (a-b) Measured axial displacement in voxels (a) before (w) and (b) after rigid body
motion (WRBM); (c) difference between measured displacements Aw; and (d) histogram of Aw.
Results are shown at (top) nominal strain &, = —0.12, (middle) ¢, = —0.24, and (bottom) &, =
—0.30. Note that the rigid body motion is removed when plotting wREM

This analysis was repeated on the additional two specimens to compare the error trends as
a function of the syntactic foam microstructure and damage characteristics (Fig. 2.4). These

results loosely identify two key analysis regimes. First, DVC error remained near the noise floor

below a critical level of speckle pattern degradation. These errors were approximately Aw =
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0.03 voxels for ¢ = 0.225 and 0.422, and Aw = 0.05 for ¢ = 0.147. In this regime, DVC
measurements could be considered “stable,” and good accuracy can be guaranteed.

Second, after exceeding a critical level of speckle pattern degradation at @ = 0.3, the
displacement error rapidly increased. In other words, the effects of minor speckle pattern
degradation on DVC accuracy were less significant than other experimental factors, including
the initial speckle pattern quality or imaging noise. Only at severe degradation did this error
source become significant. Thus, these measurements became “unstable,” where accuracy

depended on the local damage state and cannot be generally guaranteed.
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Fig. 2.4. Displacement error as function of (a) engineering strain &, and (b) fraction of damaged
GMBs «a in the different syntactic foams.

4.2.  Strain error

Equivalent analyses were performed to interpret the effects of speckle pattern degradation
on strain measurement accuracy. First, the axial strain fields are presented in Fig. 2.5a. Under
uniform axial compression, the specimen exhibited strong variation in axial strain due to
heterogeneous collapse of GMBs. As was previously discussed in [21] and also observed in
some other syntactic foams [29], this behavior was mechanistically related to the redistribution

of stress around collapsed GMBs and the propagation of damage through the syntactic foam. For
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the specimen with void volume fraction ¢p = 0.225, the intensity of the strain field variation
increased from ¢,, = 0.01 at a nominal strain of £, = —0.12, to &,, = 0.05 at a nominal strain
of g = —0.30. Analysis of the strains after rigid body motion (Fig. 2.5b) showed very little
difference compared to the original analysis, confirming the measurement accuracy.

To more precisely evaluate the error, the difference between measured strain fields,

— RBM
Agzz =&z &z

, was computed at each subvolume (Fig. 2.5¢). Here, while the Ag,, field
exhibited a similar banded appearance, the magnitude of variation in Ag,,was roughly 5 times
smaller than the variation in &,,. This trend was especially true when the specimen was imaged
at low strain with little degradation to the speckle pattern (¢, = —0.12). In the low-strain images,
variation approached the noise floor associated with this particular combination of XCT imaging
and DVC analysis parameters. At higher strains (¢, = —0.30) with more damage, the error
increased marginally, although many subvolumes produced obviously spurious strain values with
|Ae,,| > 0.01; these points appeared as yellow or purple spots in Fig. 2.5¢. This trend was
validated by comparing the histograms of Ae,, in Fig. 2.5d, which showed both an increase in
both standard deviation and number of outliers in each measured strain field. Interestingly, the
increase in strain error occurred rapidly, as error at an intermediate strain of ¢, = —0.24
remained small.

Similar analyses were repeated for all three specimens, and the standard deviation of Ae,,
as a function of the speckle pattern degradation is reported for each load increment in Fig. 2.6.
These trends resembled those for displacement in Fig. 2.4, and also showed that the accuracy of
the DVC strain measurements remained near the measurement noise floor until a critical level of

speckle pattern degradation was achieved. Typical error in this regime of minor speckle pattern

degradation ranged from o,, = 98 e for ¢ = 0.147 and 54 e for ¢ = 0.422, with the
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different speckle pattern densities accounting for the discrepancies between specimens.

In contrast, error in the strain measurement rapidly grew to unacceptable levels once the
speckle pattern degradation reached a critical value. This effect was much more prominent for
strain than for displacement, which can be attributed to the sensitivity of numerical
differentiation schemes (to compute strain) to noise in the displacement signal. Due to volume-
fraction dependent damage mechanisms for the syntactic foams, this transition varied somewhat
between specimens. This transition occurred most rapidly at €, = —0.2 in the high volume
fraction specimen, and later at £, = —0.35 in the low volume fraction specimen.

C Ag,; =g, —eRbM d e,
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-0.30 —0.01 51 000 o0.01
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Fig. 2.5. Experimental assessment of strain error for syntactic foam specimen with ¢ = 0.223.
(a-b) Measured axial strain (a) before and (b) after rigid body motion; (c¢) difference between
measured strain Ag,,; and (d) histogram of A¢,,. Results are shown at (top) nominal strain g, =
—0.12, (middle) e, = —0.24, and (bottom) &, = —0.30.

When measured in terms of damage to the speckle pattern, the results suggested that the

critical level of degradation varied with both the GMB content and the damage mechanisms in
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the syntactic foam. For instance, the low volume fraction specimen exhibited the least resilience
to speckle pattern damage with critical @ = 0.27 before error rapidly increased, which could be
attributed to the sparse speckle pattern. On the other hand, the two specimens with higher
volume fractions exhibited a critical @ = 0.36, indicating the benefit of a denser speckle pattern.
Despite this, error increased faster in the ¢p = 0.422 specimen after the critical transition,

possibly due to enhanced strain localization.
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Fig. 2.6. Strain error as function of (a) engineering strain &, and (b) fraction of damaged GMBs
a in the different syntactic foams.
5. Numerical Methods

While the experimental results clearly showed that accurate DVC measurements could be
obtained despite widespread damage to the speckle pattern, these trends were convoluted by
imaging artifacts such as distortion and other XCT error sources [30]. Additionally,
heterogeneous deformation such as crush-band effects or strain localization [29] could further
bias these measurements.

To address these challenges, synthetic images were generated and then analyzed by DVC
to assess the separate roles of fraction of damaged markers and degraded marker contrast on the

accuracy of DVC strain computations. These two parameters can approximate the degradation of
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many other materials in addition to syntactic foams. For example, while GMBs tend to quickly
collapse and disappear from tomograms, other materials may exhibit a more gradual failure
process in which markers slowly lose contrast. Simulations were performed for many volume
fractions of markers. In this way, the simulation results can be readily adapted to other material
systems.

5.1.  Generation of synthetic images

To establish the effects of pattern degradation on DVC error, artificial images with
increasing levels of degradation and no strain were generated. Synthetic images with prescribed
damage levels were developed through a three-step process of generating an undamaged
reference pattern, degrading selected markers in the pattern, and then adding Gaussian noise to
simulate experimental image conditions. Correlation of the synthetic volumes to the undamaged
reference state using commercial DVC software provided an assessment of errors due to
microstructure degradation.

First, a reference volume of size 1024 X 256 X 256 voxels was generated with bright
markers on a dark background by perturbing the position of markers on a 3D regular grid, similar
to the technique used in [31]. The grid pitch was modified to change the volume fraction ¢
between 0.136 and 0.407 which encompassed representative porosities found in many syntactic
foams and other DVC specimens [25,29,32,33]. Speckles were modeled as modified 3D
Gaussian signals with standard deviations o randomly selected between 1 and 3 voxels,

3
Lspeckie (X) = min (200, 400 exp (Z _(xla—_lec)z>>
i=1
(2.2)

where x; represents the image coordinate, and x{ represents the subpixel center of the marker.
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The intensity of the central region in each speckle was truncated to imitate the uniform intensity
of the hollow GMBs. In contrast to explicitly modeling the spherical particles, the modified
Gaussian profile allowed facile imposition of subpixel displacements and deformations without
relying on downsampling or interpolation filters. The speckles in the deformed images were
analytically translated by 0.5 voxels from their reference position; this subpixel displacement has
been shown to maximize the DVC-measured displacement variance due to image interpolation
[3,31], and provided a more challenging measurement problem than a set of images with no
applied motion.

To efficiently survey the different combinations of & and C that represent various degrees
of pattern degradation, damage was introduced to each pattern by randomly flagging markers for
degradation as a linear function of the x coordinate. In this way, the probability of damage
increased from ¢ = 0.0 at x = 0 to @ = 1.0 at x = 1024 (Fig. 2.7). The residual contrast of each
flagged particle was incrementally decreased from C = 1.0 to 0.0, resulting in several images
with many faint particles and one image with fully deleted particles. Since damage only varied in
the x direction, there existed many data points on each y — z plane to statistically analyze the
effects of marker degradation. The intensities of the 3D volumes were scaled for 8-bit images,
with the dark background assigned an intensity of 25, and the undamaged particles an intensity
of 225; this intensity range allowed noise to be added to the image.

Finally, Gaussian noise was independently added to each image to approximate error in
the imaging conditions. X-ray tomograms typically exhibit higher levels of noise than 2D optical
images, and this noise will limit the accuracy of the strain computation. We quantify noise using
the Noise to Signal Ratio (NSR), defined as

NSR = —Inoise (2.3)

Imax—Imin
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where 0,5 1S the standard deviation of the noise, and I,,,,,, — Lnin 1S the intensity range in the
signal. Our experimental results using laboratory-based XCT equipment yielded tomograms with
NSR of ~3%, whereas tomograms from synchrotron or more modern XCT systems could
produce lower noise levels. A sensitivity study found that error in strain computation due to NSR
remained below 0.0001, which was insignificant relative to the effect of a fragile speckle pattern
(with g, = 0.001 — 0.01). Therefore, simulations were performed with a representative NSR of

3%.

0% <+— a — 100%
Fig. 2.7. Damage gradient in synthetic zero-strain images (a-c) Corresponding 2D slices with (a)
C = 1.0, (b) C = 0.5, and (c) € = 0.0. Insets on right indicate subset size (293 voxels) used in
DVC analysis, and highlight how selected markers gradually faded with decreasing C. ¢p =
0.137. Images are 1024 X 256 voxels in size.
5.2.  DVC analysis

DVC analysis was performed using the commercial Vic-Volume DVC software

(Correlated Solutions) with parameters that matched the experimental error analysis (subset size
of 293 voxels and step size of 10 voxels). These parameters resulted in ~50,000 subsets per
volume, and 529 subsets for a given fraction of damaged markers. Strain measurement was again

performed with a strain filter of size [5]3 subsets, which was the minimum amount of filtering in

the DVC software. Additional analyses were performed with a range of subset sizes to assess the
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sensitivity to this parameter.

6. Numerical results
6.1.  Effect of speckle pattern degradation

Analysis of the zero-displacement simulations clearly revealed that the average marker
volume fraction ¢, the fraction of damaged markers «, and the residual contrast of damaged
markers C strongly influenced the accuracy of the displacement computations, as summarized in
Fig. 2.8. Results are presented for three different volume fractions that corresponded to those
used in the experiments, and error is defined as the standard deviation of the measured artificial
displacement.

Similar to the experimental results, there appeared to exist two domains for displacement
computation. During the initial stable computation regime, the displacement error increased
linearly with respect to a. This continued until a critical damage value was reached, after which
the computation became unstable and error increased rapidly. Below the critical level of speckle
pattern degradation, the error increased gradually with a but remained relatively small; in the
worst-case scenario with ¢ = 0.137 and C = 0.0, the error remained less than 0.2 voxels
throughout the stable DVC regime. The transition into the unstable regime is identified by the
inflection point in the plots, which varied slightly with ¢ and C; values of this transition point
(for € = 0.0) ranged from a = 0.62 for ¢ = 0.137, « = 0.68 for ¢ = 0.217, and a = 0.70 for
¢ = 0.404. The magnitude of error in the stable measurement regime varied with the residual
contrast of the damaged speckles C and the volume fraction of speckles in the image ¢. In
general, error improved with increasing ¢ and C. This was qualitatively consistent with the

experiments, which also found that the high ¢ specimens exhibited a lower noise floor than low
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¢ specimens.
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Fig. 2.8. Effect of speckle pattern degradation and volume fraction ¢ on displacement error. (a-c)
Results for ¢ of (a) 0.137, (b) 0.217, and (c) 0.404. NSR = 3%.

Equivalent analysis on the strain error identified similar nonlinearities in the
measurement precision, as revealed in Fig. 2.9. Specifically, the strain error increased linearly
until a critical fraction of particles had disappeared, which was approximately identical to that
identified in the displacement analysis. This transition point occurred at strain error of =
0.0025 (250 pe); this critical value (at € = 0) ranged from a = 0.48 for ¢ = 0.137, a = 0.60
for ¢ = 0.217, and a = 0.67 for ¢ = 0.404. Below this point, strain error increased linearly

with a. Again, the error decreased with larger ¢ and C.
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Fig. 2.9. Effect of speckle pattern degradation and volume fraction ¢ on strain error. (a-c)
Results for ¢ of (a) 0.137, (b) 0.217, (c) 0.404. NSR = 3%.
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6.2.  Effect of subset size

Using the same synthetic tomograms (for € = 0), the DVC analysis was repeated to
understand the effect of subset size on displacement error. These results are shown in Fig. 2.10,
which highlight the stabilizing benefit of large subset size M on the DVC-measured
displacement. These benefits were especially pronounced at low volume fractions: for ¢p =
0.137, a displacement error of g, = 0.25 voxels was achieved at ¢ = 0.47 for M = 21 voxels,
but at « = 0.78 for M = 31 voxels. In contrast, with a denser speckle pattern of ¢ = 0.422, the
change in subset size from M = 21 to 31 voxels increased the DVC stability from a = 0.62 to
0.88. Thus, an experimentalist can effectively adjust the subset size to compensate for speckle
pattern degradation; of course, this benefit would also come at the cost of the measurement’s

spatial resolution.

1.0 -2 b _C
M
21
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Fig. 2.10. Effects of subset size M on displacement error for ¢ of (a) 0.137, (b) 0.217, and (c)
0.404. C = 0, NSR = 3%.

7. Theoretical analysis

7.1.  Predicting DVC instability due to fragile microstructures

The observed trends with regards to speckle pattern damage, subset size, and speckle
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volume fraction can be reconciled with existing theories of DIC/DVC error. Specifically, the
following can be asserted:

e An increasing fraction of damaged speckles () will increase the mismatch
between the reference and deformed subset, thereby increasing DVC error.

e For constant a, a larger subset will retain more intact speckles in the deformed
subset. Accordingly, the subset size M may be used to improve DVC accuracy in
cases of pattern degradation.

e Similarly, a larger volume fraction ¢ of speckles will increase the number of
intact speckles and improve measurement precision.

In the following section, these deductions are formalized in terms of the Sum of Subset
Squared Image Gradients (SSSIG) criterion proposed by Pan [34]. In Pan’s work, the DVC
displacement error was quantitatively related to the image intensity gradients used for subvoxel
interpolation in each subset. Ultimately, this analysis showed that the standard deviation of

displacement error gy, scales proportional to variance of the image noise D(7) and inversely

with SSSIG
0.5

)
Ty, Z;Eg%)z (2.4)

where X refers to a summation over all voxels in the subset, and G is the deformed tomogram
with damaged speckles.

With some modifications, the SSSIG criterion is shown to accurately predict the DVC
instability associated with severe speckle pattern degradation for a variety of speckle patterns
and DVC parameters. In this analysis, the results from subset-based sensitivity study described in

the section Effect of subset size are used to demonstrate this behavior. Accordingly, their
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comparison is restricted to images with consistent speckle geometry, DVC step size, and image
noise.
The analysis assumes that the images exhibit the following characteristics
e Uniform speckle size, shape and contrast, with non-overlapping speckles
e The average spacing of speckles can be characterized by a wavelength 4
e DVC analysis is performed with cubic subsets of size M
e Consistent, independent noise for each voxel
Given these conditions, SSSIG can be defined precisely by the number of intact speckles

in each subset

aG\?
%s(52) = GiNimtact 2.5)
m\3 . e I
where Niptaer = (1 — @) Ngpeckies and Nopeckies = (7) . G; describes the individual contribution

alspeckle(x)

of each speckle to the SSSIG, G; = ZS( o

2
) , With Igpecpie as defined in Eq. 2.2 above.

Under this model, the DVC displacement error should scale inversely with Ny, ¢4+ for all
combinations of M and ¢ (which is interchangeable with A). This is tested in Fig. 2.11, which
indeed reveals a consistent transition point between “stable” and “unstable” DVC measurement
errors based on Ni,qce- Specifically, o, increased linearly until N0 = 11 — 20 speckles, and
increased rapidly for subsequent deletion of speckles. This threshold was valid for the wide
range of Ngpeckies from 26 and 150 in the undamaged state, and no obvious trends in the critical
Nintact Were identified with respect to either M or ¢. As a result, it is postulated that this

represents the minimum number of intact features for accurate DVC analysis.
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Nintact

Fig. 2.11. Normalized model of DVC error for different combinations of subset size M and
volume fraction ¢.
7.2.  Effect of damage on correlation strength

It is further speculated that the effects of damage on DVC error can be related to the
correlation strength Czycc. This is validated using two sets of 2D synthetic images of size 384>
pixels (Fig. 2.12a), which were generated according to the methods described in the previous
section Generation of synthetic images. In the first set, individual markers were damaged by a
“fading” technique. In the second, the width of the markers was “shrunk” in proportion to the
speckle damage. While both sets of images were identical in the undamaged and fully damaged
states, the intermediate states were somewhat different. The undamaged images included a
speckle fraction of ¢ = 0.26. Half of the markers (a = 0.5) were flagged for damage, while the
other half of the speckles remained unchanged in the degraded images. The contrast C was
reduced incrementally between images, which approximated the collapse of GMBs in the
syntactic foam.

Results of the simulation in Fig. 2.12b indicated that the two damage mechanisms both

reduced Cyycc nonlinearly. Reductions in Czpycc can hinder local optimization schemes from
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successfully identifying the appropriate correlation peak [22,35], leading to spurious
displacement and strain measurements. Indeed, many commercial DIC and DVC software
packages are configured to ignore subsets with poor correlation; in this case, severe decorrelation
due to speckle pattern degradation would prevent any displacement measurement at all!
Remarkably however, Czycc remained above 0.9 for C > 0.5. While arbitrary, this threshold has
been previously used to update the reference image in incremental DIC schemes and preserve
measurement accuracy for large deformations [36,37]. Given that the measurement accuracy
scales with the correlation strength, it seems reasonable that DVC measurements could tolerate

minor degradation to the speckle pattern, but become increasingly sensitive to subsequent

damage.
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Fig. 2.12. Effect of “Fade” and “Shrink” speckle degradation mechanisms on DVC. (a)
Schematic of the two mechanisms, shown with synthetic images of size 25%25 pixels. (b)
Resulting ZNCC scores as function of residual contrast C. @ = 0.5 of speckles were flagged for
damage.

8. Discussion
8.1.  Comparison between experiment and numerical results
Most importantly, these results showed that accurate DVC measurements can be obtained

despite non-trivial levels of degradation to the speckle pattern. This was confirmed using both

experimental tomograms and numerically-generated images with controlled levels of speckle
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pattern degradation. In both cases, DVC error remained small while below a critical level of
degradation (i.e., the stable measurement regime), after which strain error rapidly increased to
unacceptable levels (unstable measurement regime). Thus, the transition between stable and
unstable measurement regimes reflected the degradation of the speckle pattern rather than
peculiarities of the syntactic foams used in experiments. Fundamentally, this appeared to be
related to the effects of speckle pattern degradation on the correlation strength C;ycc. The
nonlinear dependence of C,ycc on degradation allowed Cyycc to remain high after the
disappearance of a small fraction of speckles, but Cyy . rapidly decreased with further
degradation.

Despite this, several key differences were observed between the two analyses. First, DVC
error analysis of the experimental and numerically-generated images revealed different trends
within the stable measurement regime. In particular, the experimental results suggested a
constant error of g, = 0.025 — 0.05 voxels and o, = 50 — 100 pue for all levels of degradation
beneath the critical value, while the numerical images suggested a linearly increasing error
within this range (for constant C). The likely explanation of this trend was that the effective C for
the collapsed GMBs was not constant but decreased throughout the experiment. Initially, the
Feret shape of damaged particles would be small, such that the particle would be pseudo-
spherical and would provide strong residual contrast C in the tomogram. Subsequent loading
would further compress the particles, increasing Feret shape and decreasing C. At small
deformations, the typical C would remain large enough to negligibly affect the error. For
example, from Figs. 2.8 and 2.9 it was shown that displacement or strain error did not
substantially increase with C = 0.5 regardless of the fraction of speckles damaged. This allowed

error to remain low when the GMBs were partially collapsed, but to rapidly increase as the
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damaged particles fully closed.

Second, analysis of the numerically-generated images predicted critical damage levels
that were higher than those observed in the experiment. Plausibly, damage localization in the
experiment contributed to the increased error. Detailed analysis of the tomograms showed that
bands of elevated strain (visible in Fig. 2.5) corresponded to regions with clusters of crushed
GMBs, such the speckle pattern damage would locally exceed the global average and therefore
increase the measurement error. This behavior was caused by particle-to-particle interactions
[38] and local clustering of GMBs [27], and was particularly severe in the high volume fraction
specimens (¢ = 0.422 and to a lesser extent ¢ = 0.225).

8.2.  Implications

The ability to accurately correlate heavily damaged speckle patterns should enable DVC-
based strain measurements in a broad class of materials with fragile microstructures, including
syntactic foams and possibly many other materials. This was previously thought to be impossible
or ill-advised at best, since it would violate the principle of gray-level conservation. In contrast,
our experiments showed that roughly 30-40% of speckles could disappear before strain error
noticeably worsened to o, > 0.01. Intriguingly, adjusting the subset size may be a viable
technique to enable accurate DVC measurements in cases of even more severe degradation. In
particular, analysis of the simulated images suggested that DVC analysis remained stable as long
as each subset contained a minimum of Nj,;4.¢ = 20 speckles. In any case, rigid body motion
experiments are essential to assess the error due to speckle pattern degradation, and should be
included in any experimental protocol where results may be affected by microstructural damage.

The current findings were only obtained for particle-based speckle patterns, where

damage resulted in the disappearance of particles in the pattern. Therefore, it remains unclear
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how other types of speckle patterns and damage mechanisms affect the stability of DVC
measurements. Future work is required to assess this behavior in granular, foam or fibrous
composites, and also materials that undergo different damage mechanisms such as microcracking
or cell collapse. Simulation of these effects using numerically generated images may prove a
cost-effective manner to test viability of DVC measurement in these other materials.

Finally, these results demonstrate the importance of restricting DVC measurement to
scenarios with sub-critical levels of speckle pattern degradation. For the current syntactic foam,
this was achieved by relating damage to the uniaxial deformation, which was found to reliably
correspond to DVC error across multiple samples with identical GMB volume fractions. Similar
testing should be performed on other materials to avoid inaccurate strain measurements.
Alternatively, in the case of super-critical speckle pattern degradation, the spatial distribution of
subsets with large strain error could be used to identify regions of severe microstructural
damage.

It becomes more challenging to define the critical level of speckle pattern degradation
when damage is locally concentrated rather than homogeneously dispersed throughout the
material, which would cause DVC error to increase more rapidly near the location of damage.
While a straightforward but cautious approach would be to manually trim the region of interest
around the damaged regions, this can be tedious and also disposes of many accurate correlation
points. Since the speckle pattern degradation reduces the correlation strength, it may be possible
to introduce automatic screening of each correlated subset. One intriguing avenue for evaluating
the quality of the experimental strain measurement is to implement so-called g-factor DVC,
which assesses the sharpness and uniqueness of the cross-correlation through image quality

factors [35]. Q-factor DVC was originally developed for cases of large deformation, which
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causes round speckles to collapse into ellipses and is comparable to the collapse of GMBs in the
syntactic foam. Additionally, this work can be integrated into the framework for incremental

DIC/DVC techniques [36,37] to indicate when the reference image should be updated.

9. Conclusions

Accurate DVC measurements were obtained during in situ testing of specimens with
fragile microstructures even with widespread damage to the speckle pattern. This was validated
using experiments on three types of syntactic foams with different volume fractions of glass
microballoon reinforcement, as well as analysis of numerically-generated images with controlled
levels of speckle pattern degradation; in both cases, correlation succeeded despite large
proportions of individual markers in the speckle pattern disappearing between the reference and
deformed states up to 20-35% compression and 30-40% damaged speckles. These findings
justify the use of DVC on many types of materials with unstable microstructures, including
syntactic foams, ceramic composites, bone and others. From these analyses, the following
conclusions are made:

e The performance of DVC as a function of speckle pattern degradation was
classified into two regimes. Below a critical level of speckle degradation, DVC
measurement was “stable” and error approached the experimental noise floor. The
displacement and strain errors were constant within this regime, and varied
inversely with the speckle pattern density. Above this critical value, measurement
became “unstable” and error rapidly increased with further degradation to the
speckle pattern.

e In the experiments, the transition from stable to unstable measurement regimes
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typically occurred after 30-40% of the speckles were damaged. This critical value
depended on several factors including pattern quality, marker volume fraction and
the degree of damage localization. In particular, larger volume fractions of
markers tend to stabilize the DVC measurements to accommodate more severe
damage to the speckle pattern.

The experimental trends were qualitatively replicated using numerically-
generated images, which successfully captured the transition between stable and
unstable measurement regimes. However, the numerical analysis tended to
overestimate transition between these two regimes, likely due to subtle
differences in the damage mechanisms between the syntactic foam and the
simulated images. Despite this, numerically-generated images may be used to
preliminarily simulate the viability of DVC measurements in other types of fragile
speckle patterns, such as those found in foams or fiber-reinforced composites.
The effect of damage on measurement error was reconciled with the Sum of
Subset Squared Image Gradients (SSSIG) criterion proposed by Pan [34]. Using
numerically generated images, the displacement error was shown to scale
inversely with the number of intact N;,¢4. Speckles in each subset, and DVC
instability was triggered at roughly constant N;,;,.: for a variety of speckle
patterns and DVC parameters. Accordingly, larger subset sizes may be used to

compensate for sparse speckle patterns or severe pattern degradation.
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Chapter 3:
Damage mechanisms in elastomeric foam composites: Multiscale X-ray
computed tomography and finite element analyses

1. Introduction

Syntactic foams are lightweight polymeric composites reinforced with hollow glass
microballoon (GMB) particles. Under uniaxial compression, the foam deforms in three stages
[1], including a stiff elastic response before GMB collapse, propagating GMB collapse over
relatively constant load, and densification after nearly all GMBs have collapsed. These GMB
deformation mechanisms produce an “S-shaped” stress-strain curve characterized by high
specific elastic stiffness, hysteresis and energy absorption, making syntactic foams promising
lightweight structural materials for many applications. However, a key outstanding challenge in
the design and modeling of syntactic foams is predicting the onset and duration of GMB
collapse, as these two parameters govern the energy absorption of the foam. Here, onset of
damage refers to the “initiation” of the first damage observed within a local subset of GMBs, and
“propagation” refers to subsequent damage to the adjacent particles.

At the heart of the issue is confusion over the precise mechanisms that lead to damage
initiation and propagation due to complex dependency on GMB geometry and mechanical
properties. Changes in the syntactic foam microstructure due to GMB diameter, wall thickness,
volume fraction and interfacial characteristics can have pronounced effects on the mechanical
response and onset of damage [2—5]. Moreover, the performance of syntactic foams is
intrinsically stochastic, since damage initiation depends on the random packing of individual
GMBs [6]. Still, it remains unclear how the interaction between adjacent particles contributes to
damage initiation, and how previously damaged GMBs can influence the propagation of damage

to adjacent particles.
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This has motivated the use of in situ X-ray Computed Tomography (XCT) mechanical
testing to visualize the 3D foam microstructure and damage behavior [7-9], as well as micro-
mechanics finite element models that include detailed representations of GMBs and the matrix
[9,10]. In situ XCT allows for quantitative measurement of individual GMBs and their spatial
arrangement, thus providing an ideal platform for identifying the mechanisms of damage within
the foam. Prior experiments have shown, for instance, that the stiffness of the polymer matrix
regulates the distribution of GMB failure [7]. Stiff polymer matrices such as epoxies induce
damage along local failure bands, whereas rubbery matrices promote more evenly distributed
GMB collapse. The syntactic foam studied in the current work features an elastomeric silicone
(PDMS) matrix that is poorly studied but is believed to cause dispersed GMB collapse [11].

However, both the in situ XCT experiments and micromechanics models suffer the same
limitation due to a restricted measurement volume. Experimentally, the XCT images must
provide sufficient resolution to capture the failure of individual GMBs, limiting the overall field
of view to ~1 mm?. Similarly, the level of detail required in the finite element mesh allows
simulation of only ~100 GMBs before the model becomes prohibitively large. Therefore, while
the high-resolution tomograms may effectively capture the damage initiation behavior, it remains
unclear if the small-scale experimental and numerical results accurately capture the damage
propagation mechanisms in large specimens.

1.1.  Digital volume correlation: Application to syntactic foam

One strategy to overcome this restriction is to employ multiscale in situ XCT mechanical
testing. As in previous experiments, analysis of high-resolution tomograms can directly reveal
the damage initiation and propagation mechanisms within a selected region of interest within the

specimen. Next, quantitative deformation and strain analysis of low-resolution tomograms using
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Digital Volume Correlation (DVC) can test if the deformation patterns observed at high
resolution also hold at larger length scales. A particular advantage of the DVC-based
measurement is the superior displacement resolution of 0.01-0.1 voxels [12], which allows
sensitive measurements to be obtained at large fields of view. Conceptually, DVC strain fields
can detect damage in the composite due to changes in the local composite stiffness before and
after GMB collapse. Therefore, the local strain field reflects the damage mechanisms observed at
high resolution; for example, the formation of crush bands under compression [7] would produce
bands of high axial strain. This chapter employs the DVC framework established in Chapter 1.
1.2.  Organization of chapter

In this chapter, in situ XCT uniaxial compression testing is used to study the damage
mechanisms of elastomeric syntactic foam specimens. In contrast to prior experiments that relied
on qualitative measurements at restricted fields of view, we present quantitative analysis of
damage at multiple length scales. Direct image segmentation and processing of high-resolution
tomograms reveal the mechanics of GMB collapse, and indirect measurements of damage using
DVC-measured strain fields identify the formation of pseudo-crush bands at longer length scales.
From these measurements, a new mechanism is presented to explain the observed damage
initiation and propagation behavior, which is supported by a parametric finite element analysis of

a model syntactic foam system.

2. Materials and methods
2.1.  Sample preparation
Sylgard GMB specimens were prepared by mixing two-part Sylgard 184 silicone

elastomer (Dow Corning) with A16 glass microballoons (3M) and curing agent. The mixture was
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injected into a cylindrical syringe and cured at room temperature with an accelerator. The
diameter of A16 GMBs ranges from 30 to 95 pm within 10-90% distribution, with a mean
diameter of 60 um. The particular Sylgard GMB specimen used in this experiment had a nominal
volume fraction of 35%. After curing, the cylinder specimen was removed from the mold and
then carefully sliced into shorter cylinders with 7 mm height and diameters of 4.8 mm.
2.2.  In situ experiments

In situ compression experiments (Fig. 3.1) of the syntactic foam specimens were
performed inside an X-Radia 520 Versa machine. Tomograms were acquired at the original
undeformed state as well as at global engineering strain increments of 7% up to 50%
compression at two resolutions (high resolution of 1.7 um per voxel, and low resolution of 10
pum per voxel) to simultaneously image the collapse of GMBs with high detail, and also capture
the macroscopic global deformation. Special care was taken to align the high-resolution
tomograms at different loading steps so that the behavior of individual GMBs from the same set
could be tracked. In order to accommodate the specimen’s viscoelastic response, the load was
allowed to stabilize for thirty minutes before acquiring the next tomogram. We note that the
shape of the in situ loading curve differed slightly from the continuous loading curve, which was
tentatively attributed to time-dependent damage and matrix viscoelasticity; these effects were not
due to compliance in the loading stage.

Quantitative image analysis of the high-resolution tomograms provided measurements of
GMB collapse as a function of load (Fig. 3.1a). Standard image processing techniques were
implemented in 3D using Avizo 9.0 software to denoise, segment, label and measure individual
GMBs. The GMBs were classified into intact and fractured based on Feret shape, which

provided a 3D measure of the GMB aspect ratio. Thresholding of the Feret shape (where FS >
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1.5) identified collapsed GMBs. Analysis of these trends showed continued GMB collapse over a
range of compression from 14% to beyond 50%. Wrinkling on the specimen surface at higher
strains also confirmed widespread collapse of GMBs and the presence of crush bands (visible in

Fig. 3.1b-c).

5mm

&o

Fig. 3.1. Summary of experimental results. (a) Measured engineering stress and fraction of intact
GMBs (from high-resolution tomogram) as a function of engineering strain. (b-e) Renderings of
specimen at engineering strains of (b) &, = 0.00, (¢) &, = —0.07, (d) &g = —0.21, (e) &g =
—0.35.

Correlation of the tomograms by Vic-Volume DVC software (Correlated Solutions)
extracted quantitative, full-field kinematic measurements using analysis procedures similar to
[13,14]. Before analysis, all 16-bit tomograms were denoised with a Gaussian filter and then
quantized to 8-bit images. Subset sizes of 253 voxels (250° um) and step sizes of 3 voxels were
selected. Strain was computed with a filter size of 93 subsets, resulting in a virtual strain gage
size of [520 um]>. This resolution was much coarser than the size of individual GMBs, but still
quantified the aggregate compression due to collapse of selected GMBs within each subset.

2.3.  DVC error analysis
The collapse of GMBs and their disappearance from the tomograms violates an

assumption of grayscale continuity that is necessary for accurate DVC measurement [12], such

that damage to GMBs degrades the quality of the DVC strain measurement. This mandated
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judicial interpretation of the DVC-measured strain fields. Therefore, measurement error was
assessed using rigid body motion experiments in both the undeformed and damaged states. In the
reference condition (prior to GMB collapse), the maximum measured artificial strain was
Ae™* = (.003 and the standard deviation in the measured strain field was g, = 0.0005. The
effect of GMB degradation on DVC accuracy was evaluated by correlating the reference
tomogram to two independent tomograms acquired at 28% strain, and then comparing the
difference between the two strain fields for each individual subset. In this state, 40% of the
GMBs were damaged. We observed a maximum strain difference of A¢™%* = .0028 and
standard deviation of g, = 0.0006. Accordingly, all experimental conclusions were drawn from
strain variation Ae > 0.01, and DVC results are not reported for subsequent loading steps.
2.4.  Finite element analysis

Inspection of the experimental tomograms and DVC results revealed that GMBs tended
to cluster along oriented “chains” of closely-packed particles, and also that the proximity and
orientation of neighboring GMBs affected the damage initiation and propagation behavior in the
syntactic foam. Finite element (FE) analysis of a 2D model syntactic foam containing a chain of
five adjacent GMBs was used to further explore this relationship. The analysis focused on the
relevant scenarios for damage initiation and propagation by assessing the stress field while all
GMBs were intact and the redistribution of stress after the central particle had collapsed.
Collapse of the GMB was modeled by deleting its glass walls; this approach was consistent with
the experiment, which showed that the GMB walls shattered after collapse and therefore
eliminated their load-bearing capacity.

Five GMBs were arranged within a Sylgard 184 matrix that was subjected to uniaxial

compressive deformation, as schematically illustrated in Fig. 3.2. The GMBs had a radius 30 um
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and wall thickness of 2 pm, which were representative of the particles used in the experiment.
The particle positions were defined with a center-to-center spacing (R) and orientation (), and
were centrally located within a large, 1.5 mm square matrix to eliminate boundary effects. The
model assumed a perfect interface between the GMBs and matrix using shared nodes; inspection
of the experimental tomograms did not identify any delamination of any intact GMBs at low
strain, although trace amounts of GMBs delaminated at higher strains. The top surface of the
model was compressed axially by 210 pm in the negative Z direction (14% strain); this
displacement was selected arbitrarily to be comparable to the first experimental load step with
observed damage.

Two sets of analyses were performed: first, with all GMBs intact (State 1, Fig. 3.2a), and
also after one was replaced with a void without a glass wall to simulate the collapsed GMB
(State 2, Fig. 3.2b). For each state, the maximum principal stress on the GMBs was computed
over a range of geometries with 70 pm < R < 160 pm and 0° < 8 < 90°. The analyses
excluded smaller separation distances to avoid meshing issues.

All calculations assumed linear-elastic, plane-strain material behavior (Egpyp =
64 GPa,voyg = 0.2, Epatrixc = 2 MPa, Vipgerix = 0.48); note that the small deformations
justified a linear elastic model for the silicone matrix [15]. The mesh was refined near the GMBs
to a size of 1 um (two elements per wall thickness), while a coarser mesh was used further away
(Fig. 3.2c). The model employed quadratic tetrahedral elements with ~13,000 elements and
~40,000 nodes, which accurately captured the stress gradient associated with flexure of the GMB
walls under axial compression (Fig. 3.2d). A mesh sensitivity study showed convergence to

within 0.5%. All calculations were performed in ANSYS R18.1.
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Fig. 3.2. FE model of GMB compression. (a-b) Five GMBs are embedded in a silicone matrix in
(a) State 1 with five intact GMBs, and (b) State 2 with one GMB damaged. (c) Detail of FE mesh
near GMBs. (d) Maximum principal stress on GMB 2 for R = 70 pym, 8 = 60°. (a-b) not to
scale, and wall thickness is exaggerated in (d).
3. Experimental results

To reveal the internal deformation mechanisms of the syntactic foam, central cross-
sections from the in situ tomograms are presented in Fig. 3.3. Macroscopically, the specimen
exhibited a minor barreling effect at increasing compression, but otherwise deformed uniformly
with no bending or torsion (Fig. 3.3a). The visible porosity decreased substantially throughout
the experiment as many GMBs collapsed. Detailed inspection of the low-resolution images (Fig.
3.3b) confirmed the damage to some GMBs, as the cross-sectional shape of pores transitioned
from circular to elliptic; at the highest strains, many of the fractured GMBs had almost fully
collapsed to thickness of a few voxels. However, the limited resolution of 10 um per voxel
prevented understanding of the GMB failure modes.

In contrast, the high-resolution tomograms did capture the detailed morphology of the

damaged GMBs (Fig. 3.3¢), allowing segmentation of the glass walls from the rubber matrix and
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identification of the specific damage mechanisms. The most common failure mode was fracture
of the GMB walls, which created several glass fragments that were visible in the images (inset in
Fig. 3.3c). The broken GMBs collapsed over several loading steps as the global compression
increased, although the curvature of the GMB wall fragments prevented full closure of the

cavity. A trace fraction of GMBs were observed to delaminate from the matrix at high strain.
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Fig. 3.3. Evidence of GMB collapse in in sifu tomograms, acquired at € = —.07, —.14, —.21,
—.35 (left to right). (a) Central slices of low-resolution tomograms. (b) Magnified view of slices
in (a). (c) Corresponding slices from high-resolution tomograms. Scale bars: (a) 2 mm, (b-c) 0.25
mm.
3.1.  Mechanisms of GMB collapse and damage propagation

The tomograms clearly showed that GMB damage was not dispersed uniformly
throughout the matrix, which is confirmed by 3D renderings of the GMBs in Fig. 3.4a. While the

first damaged GMBs at ¢ = —0.14 (not shown) appeared to be isolated and somewhat randomly

located, subsequent damage tended to spread from previously damaged GMBs. As a result, local
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pockets of collapsed GMBs were observed at ¢ = —0.21, but subsequent damage at larger
strains through € = —0.35 resulted in an almost fully-connected network of damaged GMBs.
Inspection the damage at higher magnification in Fig. 3.4b confirmed this trend, and also
highlighted an apparent correlation between GMB orientation and damage propagation. In
particular, damage tended to spread transverse to the axial load (indicated by arrow). Thus, the

pseudo-crush bands grew to span the entire high-resolution field of view.

Fig. 3.4. High-resolution 3D renderings of collapsed GMBs. (a) Showing all intact GMBs in blue
and damaged GMBs in red, and (b) detail of smaller field of view. Arrow in (b) shows path of
damage propagation. Images acquired at ¢ = —.21, —.28, and —.35 (left to right). Scale bar: 0.25
mm

This analysis raised two compelling questions regarding the damage mechanisms in the
syntactic foam. First, what was the mechanism that causes the clustered damage? Second, was
this pattern of heterogeneously distributed damage evident at longer length scales?

To further explore the mechanisms of damage initiation and propagation in the syntactic
foam, a detailed inspection of the high-resolution tomograms was performed (Fig. 3.5). A cross-

section of the reference tomogram clearly showed that the GMBs were not randomly distributed

within the matrix but tended to align in chains of closely-packed GMBs (Fig. 3.5a). Interactions
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between the GMBs and load partitioning resulted in different damage patterns depending on the
cluster orientation.

Two remarkable trends were observed regarding the effects of cluster orientation on local
initiation and propagation of damage in the syntactic foam. This behavior was identified by
tracking the motion of individual GMBs throughout the experiment in Fig. 3.5b-c, which
highlights two representative chains with comparably sized GMBs. Comparable results were
obtained for additional chains.

First, it is shown that the initiation of GMB collapse did not depend strongly on the chain
orientation. In both the horizontal and vertical chains presented in Fig. 3.5b-c, the first collapsed
GMBs were observed at a nominal strain of € = —0.14. Mechanistically, this could indicate that
the first instances of GMB failure were significantly regulated by nearest-neighbor interactions.
For instance, it was speculated that a GMB with a particularly unfavorable combination of radii,
wall thickness and contact with neighboring GMBs would fail first. In fact, all of the GMBs
within Fig. 3.5b-c that had collapsed before ¢ = —0.14 demonstrated close proximity of less
than 3 pm to neighboring GMBs.

However, damage propagated more rapidly in the chains that were aligned transverse to
the axial load rather than aligned with the load. While GMBs in both chains began to collapse
before a nominal axial strain of ¢ = —0.14, the damage propagated more rapidly in the
transverse chain. In this case, all GMBs in the transverse chain collapsed by nominal strains of
e = —0.28, whereas only two of the four GMBs in the axial chain collapsed at the same load.
Additional GMBs within Fig. 3.5¢ that were aligned axially above or below collapsed GMBs

provided further examples of this orientation dependence.

66



=21%  €=28%
Fig. 3.5. Role of spatial arrangement on GMB collapse. (a) Central cross-section from high-
resolution tomogram at zero load. (b-c) Sequence of collapse for (b) “axially arranged” and
“laterally-arranged” clusters of GMBs. Nominal strains in (b-c) are indicated in figure, and the
first sign of collapse in each GMB is marked by “X”".
3.2.  Measurements of long-range collapse using DVC

To evaluate damage propagation over larger length scales, the DVC strain measurements

from the low-resolution, full-specimen tomograms are presented in Fig. 3.6. The axial strain field
&,, showed largely uniform compression of the specimen away from the loaded surfaces on the
specimen (Fig. 3.6a). The axial ¢,, revealed some strain variation in the composite, although the
variation was hard to identify in comparison to the average strain. To more easily visualize the
bands of crushed GMBs, the average global strain was subtracted from the local strain (Fig.
3.6b), resulting in a background-removed axial strain €,,(x,y, z) = €,,(x,y,z) — &,,. In this
way, negative values of &,, indicated locally extreme compression due to GMB collapse. This is
justified since damaged GMBs greatly reduced the local stiffness of the material, so regions of

locally high compressive axial ,, were used to indirectly indicate GMB collapse.

In the background-removed strain fields, prominent strain bands exhibited strong
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preferential orientation that was consistent with previous results in Fig. 3.4b. At a nominal strain
of ¢ = —0.14, these bands were initially small and isolated with widths less than 0.25 mm and
typical £,, = —.01, but continued to grow across the specimen and connect at increasing
deformation. By ¢ = —0.28, the bands had grown in prominence to typical £,, = —.05, and
some were as long as 6 mm. At € = —0.28, the average axial spacing between failure bands was
~500 um (about 8 times the average GMB diameter of 60 um). Compression bands were more
prominent away from the free surface of the specimen, suggesting that constraint has some
effects on GMB collapse.

To confirm that the bands of compressive €,, corresponded to damaged GMBs, the
measured strain field was superimposed on the underlying tomograms (Fig. 3.6¢). These regions
approximately corresponded to the high-magnification images presented in Fig. 3.3c to allow
comparison to the high-resolution tomograms. Strong correspondence between the regions of
high compressive &,, and bands of collapsed GMBs suggested that the DVC results successfully
identified the initiation of damage in the syntactic foam. Regions of faint compressive €,, =
—0.01 appeared at the onset of GMB damage (visible as slight changes in sphericity), and grew
in prominence as the GMBs fully collapsed. These bands appeared to be separated by small

clusters of intact GMBs that were protected by other collapsed GMBs.
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Fig. 3.6. DVC results for tomograms acquired at ¢ = —0.07, —0.14, —0.21, —0.28 (left to
right). (a) axial strain &,,, (b) background-removed &,,, (¢c) magnified view of central region in
(b). Scale bars: (a-b) 2 mm, (¢) 0.25 mm.
4. Finite element results
In agreement with the experimental results, the stress state was found to strongly depend
on the spacing and orientation of neighboring GMBs. Under the premise that the collapse of
brittle GMBs could accurately be predicted by the maximum principal stress, the peak stress
within the GMB 2 (which is adjacent to the central GMB, refer to Fig. 3.2a) is shown as a
function of GMB arrangement in Fig. 3.7. Results are presented for both State 1 with all GMBs
intact (Fig. 3.7a), for State 2 after one GMB was damaged (Fig. 3.7b), and also the change in
maximum principal stress between these two states due to stress redistribution (Fig. 3.7c).
With all GMBs intact (State 1), the maximum stress was experienced when the GMBs

were closely spaced and axially aligned (R = 70 um, 8 = 90°), resulting in a peak stress of 418

MPa. The stress was elevated to a lesser extent when the GMBs were aligned transverse to the
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axial load (R = 70 um, 8 = 0°), with a maximum stress of 349 MPa. Interestingly, the peak
stress was diminished at small R for intermediate orientations near 8 = 45°, with a minimum
peak stress of 150 MPa. For all orientations, the significance of GMB orientation decreased at
large R, resulting in smaller variation in stress as a function of 6: effectively, isolated GMBs
experienced much lower stress.

Critically, the effects of neighboring GMB arrangement changed substantially after one
of the GMBs had collapsed (State 2). The highest stresses in GMB 2 were observed with small
angles 8 =~ 15° and small R (0,4 = 241 MPa), while the smallest peak stresses were observed
for 8 = 70° and small R (0,4, = 182 MPa). Stresses for closely packed GMBs at 8 = 0°
became higher than those at 8 = 90°, though the peak GMB stresses at these two arrangements
were lower than before collapse. These changes are succinctly highlighted in the stress
redistribution map in Fig. 3.7c, which clearly showed that the collapse of a neighboring GMB
intensified the peak stress for 35 ° < 6 < 55°, minorly alleviated stress for < 35°, and
majorly reduced the stress for 8 > 55°.

Together, these analyses have important implications for the initiation and propagation of
GMB collapse in syntactic foams. First, chains of closely-packed, intact GMBs with orientations
near 0° or 90° can greatly amplify the peak tensile stress observed in the GMB walls, thereby
promoting damage initiation for these GMB arrangements. After one particle in the chain
collapses, however, stress redistribution strongly alters the favorability of subsequent GMB
collapse. Stress becomes highest in chains of GMBs oriented near 0°. Accordingly, while
damage initiation is most probable in either the 0° or 90° configurations, damage propagation
from a collapsed GMB is most likely in the 0° chain. Moreover, small deviations in the positions

of GMBs in a nominally horizontal chain (e.g., such that the orientation is closer to 10° than 0°)
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could further accelerate damage propagation.
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Fig. 3.7. Finite element calculations of maximum principal stress in GMB 2 as a function of
GMB arrangement for (a) state 1, (b) state 2, and (c) the difference between state 1 and 2.
Results are computed for nominal axial strain of ¢, = —0.14.
5. Discussion
5.1. Mechanisms of damage initiation and propagation in syntactic foams
The primary experimental finding was that the arrangement of neighboring GMBs
mechanistically affected the initiation and propagation of damage in syntactic foams, ultimately
leading to the formation of elongated bands of collapsed GMBs in the syntactic foam composite.
Damage initiation depended strongly on both the orientation and distance of nearest-
neighbor GMB (in addition to the GMB radius and wall thickness). This was shown
experimentally, where the earliest GMB collapse occurred when the spacing between GMBs was
small and the particles were oriented near 8 = 0° (transverse to axial load) or 90° (aligned with
axial load); complementary FE calculations indicated that stress was comparably elevated in both
of these configurations. For intermediate angles, FE calculations showed that the neighboring

particles actually reduced the stress experienced by each GMB, thereby inhibiting collapse. Since
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the random packing of GMBs within the syntactic foam produced a variety of inter-particle
spacings and orientations, damage initiated somewhat randomly at different loads throughout the
composite. Damage was particularly common in chains of axially- or transversely-aligned GMBs
with small spacing between neighboring particles, and less common among isolated GMBs.

However, a very different orientation dependence was observed once some of the GMBs
collapsed. This was explained in terms of “stress shielding” for axially aligned particles and
“stress intensifying” behavior for transversely aligned particles (Fig. 3.8). After the initial
collapse of a GMB, the load must be redistributed away from the damaged particle. When the
neighboring particles were aligned axially, the collapsed particle shielded the intact GMB from
large stresses (Fig. 3.8a) due to shear lag effects. In an alternate scenario, when neighboring
GMBs were aligned transverse the load (Fig. 3.8b), the collapse of one GMB redistributed stress
toward the adjacent GMB, thereby promoting damage propagation.

This stress redistribution mechanism resulted in considerable asymmetry in the damage
propagation, such that damage spread more rapidly along transversely-oriented chains of GMBs
with 8 = 0° compared to the axial GMB chains with 8 =~ 90°. These proposed mechanisms were
also supported by FE calculations (Fig. 3.7b), which showed that GMB collapse dramatically
reduced the stress on the neighboring GMB when 8 = 90°, and only moderately when 8 = 0°.

Thus, stress redistribution facilitated the spread of GMB collapse transverse to the axial load.
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Fig. 3.8. Mechanisms of propagating GMB collapse. (a) Shielding effect from axially-arranged

GMB:s. (b) Stress-intensifying effect due to laterally-arranged GMBs.

5.2.  Long-range damage propagation in syntactic foams

While the high-resolution tomograms adequately explained the local damage trends, their
restricted field of view made it challenging to track the damage behavior at longer length scales.
In contrast, quantitative deformation measurements of the low-resolution tomograms using DVC
identified damage throughout the entire specimen volume. Interpretation of the DVC-measured
strain fields revealed the formation of local pseudo-crush bands beginning at low loads, which
subsequently propagated transversely across the specimen and merged with neighboring bands.
This was mechanistically associated with the clustering of GMBs within the foam and the
previously discussed damage mechanisms. Ultimately, this resulted in characteristic pseudo-
crush bands with thicknesses of ~500 um in the axial direction, and lengths that grew to several
millimeters in the transverse direction. Individual bands appeared to be separated by resilient
GMBs that were shielded from elevated stresses.

The identification of banded damage contradicts recent findings of nominally

homogeneous and dispersed failure [11]. This discrepancy emphasized the importance of
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quantitative damage measurements in accurately interpreting the damage mechanisms of
syntactic foams, particularly at length scales larger than permitted by high-resolution
tomography. DVC uniquely allowed quantitative 3D analysis of syntactic foam deformation over
several millimeters, whereas previous quantitative studies have been restricted to smaller fields
of view. It remains unclear how the GMB volume fraction affects the damage propagation
mechanism in these materials, since the FE calculations suggest that sparse or tightly-packed

GMBs could alter the inter-particle interactions.

6. Conclusions

Quantitative analysis of in situ XCT compression experiments on elastomeric syntactic
foams has unveiled the fundamental role of inter-particle arrangement on the damage initiation
and propagation mechanisms. Both quantitative analysis of high-resolution tomograms and
complementary finite element analyses showed that the propensity of GMBs to collapse (1)
increased with decreasing spacing between particles, and (2) depended nonlinearly on the
orientation of the nearest-neighbor particles. The nonlinear relationship between neighbor
orientation and maximum stress promoted collapse in GMBs with neighboring particles oriented
at 0° or 90° to the applied load, and inhibited collapse at intermediate angles. Interestingly, the
stress redistribution after one GMB collapsed led to a preferred direction of damage propagation
transverse to the applied load. Quantitative deformation analysis using digital volume correlation
confirmed this trend by identifying prominent pseudo-crush bands with thicknesses of 500 pm
and widths of several millimeters; this damage mode relied on a uniform compressive stress state
in the sample interior, and may be sensitive to the specimen geometry or size. This damage

behavior was caused by stress redistribution and shielding around collapsed GMBs, which
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depended strongly on the orientation of neighboring particle and promoted damage propagation

in the transverse direction.

75



References

[1]

[2]

[3]

[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

N. Gupta, Kishore, E. Woldesenbet, S. Sankaran, Studies on compressive failure features
in syntactic foam material, J. Mater. Sci. 36 (2001) 4485—4491.
doi:10.1023/A:1017986820603.

M. Yu, P. Zhu, Y. Ma, Identification of the interface properties of hollow spheres filled
syntactic foams: An inverse strategy combining microstructural modeling with Kriging
metamodel, Compos. Sci. Technol. 74 (2013) 179-185.
doi:10.1016/j.compscitech.2012.11.002.

N. Gupta, A functionally graded syntactic foam material for high energy absorption under
compression, Mater. Lett. 61 (2007) 979-982. doi:10.1016/j.matlet.2006.06.033.

M. Porfiri, N. Gupta, Effect of volume fraction and wall thickness on the elastic
properties of hollow particle filled composites, Compos. Part B Eng. 40 (2009) 166—173.
doi:10.1016/j.compositesb.2008.09.002.

G. Tagliavia, M. Porfiri, N. Gupta, Analysis of particle-to-particle elastic interactions in
syntactic foams, Mech. Mater. 43 (2011) 952-968. doi:10.1016/j.mechmat.2011.08.008.

M. Yu, P. Zhu, Y. Ma, Effects of particle clustering on the tensile properties and failure
mechanisms of hollow spheres filled syntactic foams: A numerical investigation by
microstructure based modeling, Mater. Des. 47 (2013) 80—89.
doi:10.1016/j.matdes.2012.12.004.

J. Adrien, E. Maire, N. Gimenez, V. Sauvant-Moynot, Experimental study of the
compression behaviour of syntactic foams by in situ X-ray tomography, Acta Mater. 55
(2007) 1667-1679. doi:10.1016/j.actamat.2006.10.027.

J. Lachambre, E. Maire, J. Adrien, D. Choqueuse, In situ observation of syntactic foams
under hydrostatic pressure using X-ray tomography, Acta Mater. 61 (2013) 4035—4043.
doi:10.1016/j.actamat.2013.03.017.

R. Huang, P. Li, T. Liu, X-ray microtomography and finite element modelling of
compressive failure mechanism in cenosphere epoxy syntactic foams, Compos. Struct.
140 (2016) 157-165. doi:10.1016/j.compstruct.2015.12.040.

L. Bardella, F. Malanca, P. Ponzo, A. Panteghini, M. Porfiri, A micromechanical model
for quasi-brittle compressive failure of glass-microballoons/thermoset-matrix syntactic
foams, J. Eur. Ceram. Soc. 34 (2014) 2605-2616.
doi:10.1016/j.jeurceramsoc.2013.11.045.

B.M. Patterson, N.L. Cordes, K. Henderson, J.J. Williams, T. Stannard, S.S. Singh, A.R.
Ovejero, X. Xiao, M. Robinson, N. Chawla, In situ X-ray synchrotron tomographic
imaging during the compression of hyper-elastic polymeric materials, J. Mater. Sci. 51
(2016) 171-187. doi:10.1007/s10853-015-9355-8.

76



[12]

[13]

[14]

[15]

M.A. Sutton, J.-J. Orteu, H.W. Schreier, Image Correlation for Shape, Motion and
Deformation Measurements, Springer US, Boston, MA, 2009. doi:10.1007/978-0-387-
78747-3.

B.P. Croom, W.-M. Wang, J. Li, X. Li, Unveiling 3D Deformations in Polymer
Composites by Coupled Micro X-Ray Computed Tomography and Volumetric Digital
Image Correlation, Exp. Mech. 56 (2016) 999—-1016. doi:10.1007/s11340-016-0140-7.

B.P. Croom, P. Xu, E.J. Lahoda, C.P. Deck, X. Li, Quantifying the three-dimensional
damage and stress redistribution mechanisms of braided SiC/SiC composites by in situ
volumetric digital image correlation, Scr. Mater. 130 (2017) 238-241.
doi:10.1016/j.scriptamat.2016.12.021.

I.D. Johnston, D.K. McCluskey, C.K.L. Tan, M.C. Tracey, Mechanical characterization

of bulk Sylgard 184 for microfluidics and microengineering, J. Micromechanics
Microengineering. 24 (2014) 035017. doi:10.1088/0960-1317/24/3/035017.

77



Chapter 4:
Particle clustering effects on damage in elastomeric syntactic foams

L Introduction

Syntactic foam composites use hollow glass microballoons (GMBs) to reinforce a
polymer matrix. Since the fragile GMBs collapse under mechanical load, the syntactic foam
exhibits a unique response to uniaxial compression that is characterized by an initially stiff
elastic response, a plateau during which many GMBs collapse at approximately uniform load,
and subsequent densification after most GMBs have collapsed. By nature of the GMB’s low
density and their associated damage mechanisms, syntactic foams exhibit exceptional specific
stiffness and energy absorption [1-5], which has motivated their use in many aerospace, marine
and sporting goods applications. Of particular interest is a new class of syntactic foams with
elastomer matrices [6—8], which exhibits very different mechanical behavior compared to more
widely studied foams with glassy thermoset or thermoplastic matrices. Specifically, the very soft
elastomer matrix deforms elastically until very large strains, and does not localize or fracture in a
brittle manner. It remains unclear how these properties affect the damage mechanisms.

Moreover, the role of GMB volume fraction ¢ on the damage behavior of syntactic
foams is poorly understood at a micro-mechanics level, particularly for elastomer-matrix foams.
While macroscopic, surface-based measurements of epoxy-matrix syntactic foams have
identified a transition in failure mode from axial splitting at ¢ < 0.2 to shear-dominated
cracking at ¢ = 0.3 [9], the damage behavior that precedes failure remains unclear. To the
author’s knowledge, the early stages of GMB collapse as a function of ¢ have not been studied
experimentally.

Some progress has been made experimentally using in situ X-ray Computed Tomography

(XCT) experiments to capture the 3D arrangement of GMBs and their collapse [6,10—12]. For
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instance, softer polymer matrices such as polypropylene (¢p = 0.49) and elastomer matrices such
as polyurethane (¢p = 0.43) promoted dispersed GMB collapse, whereas stiff and brittle epoxy
matrices (¢ = 0.55) led to localized damage along well-defined shear planes [10]. However,
these conclusions were confounded by the different ¢ in each foam. With lower ¢, the large
average spacing between GMBs could hypothetically enable redistribution of stress away from
damaged GMBs and prevent damage localization.

In fact, the trends observed by Adrien [10] contrast with results from recent in situ XCT
compression experiments on a syntactic foam featuring an elastomeric silicone (PDMS) matrix
with ¢ = 0.37, which showed clustered damage along “pseudo crush bands” [7]. Damage tended
to occur in closely-packed chains of GMBs, which was verified numerically to magnify the peak
stress experienced by each particle and was not previously reported in in situ XCT experiments.
In this sense, the localized damage resembled the behavior observed in other foams with higher
¢ and stiffer matrices. Due to the different mechanical response of PDMS compared to both
epoxy and polyurethane, these results imply that volume fraction or matrix stiffness cannot fully
explain the damage mechanisms. Rather, GMB failure localization appears to be a competition
between the local packing of adjacent GMBs, which amplifies the GMB stresses, and the ability
of the matrix to redistribute stress away from highly-loaded or damaged GMBs.

This relationship has been preliminarily explored using finite element (FE) modeling
techniques with different ¢ [8,9,12,13]. Notably, Yu et al. [14] investigated the effects of
particle clustering in epoxy-matrix foams, revealing that increased clustering of GMBs resulted
in damage at smaller strains. The important distinction between the global volume fraction and
the local interparticle spacing helps explain the in situ XCT results reported in [7]. However,

these models explored foams with brittle matrices at small deformations, and also enforced a
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minimum spacing between particles to preserve the quality of the FE mesh. In actual elastomeric
syntactic foams, the matrix is very compliant and spacing between adjacent GMBs may be very
small.

The objective of this work is to quantitatively unveil the role of interparticle spacing on
the observed damage behavior in syntactic foams with elastomeric matrices. In particular, how
does the spatial distribution of damage vary with volume fraction, and what is the mechanism for
these trends? This is achieved with a new quantitative in situ XCT experiment framework that
enables tracking of individual GMBs throughout compression. From this analysis, the damage of

each GMB can be related to the local arrangement of neighboring particles.

2. Experimental methods
2.1.  Materials

Syntactic foam specimens were prepared for in situ XCT compression experiments using
techniques previously described in Chapter 3 [7]. In brief, the syntactic foams were formed by
mixing A16 GMBs (3M) into a two-part Sylgard 184 elastomer matrix (Dow Corning) with a
curing agent. The slurry was drawn into cylindrical syringe molds, cured at room temperature,
and subsequently cut into specimens with 7 mm height and 4.8 mm diameter. The diameter of
A16 GMBs ranged from 30 to 95 pm within 10-90% distribution, with a mean diameter of 60
pum. Four foam specimens were prepared with nominal volume fractions of ¢ = 0.10, 0.20,0.37
and 0.46 (Fig. 4.1). Due to the differences in volume fractions and local clustering, each
specimen produced very different interactions between GMBs. It is noted that results from the

same ¢ = 0.37 specimen were partially reported in in Chapter 3 [7].
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Fig. 4.1. GMB arrangemen in syntactic foams itiffe olume fractions. Shown are XCT
cross-sections with ¢ = 0.10, (b) ¢ = 0.20, (¢c) ¢ = 0.37, and (d) ¢ = 0.46. GMBs are marked
by the dark voids, while the matrix is light gray. Scale bar: 250 pm.
2.2, In situ XCT compression

Using a custom XCT loading stage previously described in Chapter 1 [15], the specimens
were compressed in sifu within an Xradia microXCT-200 machine. Tomography was performed
at two resolutions prior to testing and at each load step. First, high-resolution images with voxel
size of 1.7 um and size [1000 voxels]® captured the internal microstructure of the syntactic foam
and revealed damage to individual GMBs, though the specimen with ¢¢ = 0.37 was imaged with
an image size of [500 voxels]® at the same voxel resolution. Additionally, low-resolution images
with voxel size of 8.5 pm and size [1000 voxels]® were used to compute deformation across the
entire specimen using Digital Volume Correlation (DVC). Specimens were deformed in 500 pm
increments between images. All imaging was performed using X-ray source energy of 80 keV
and power of 8 W. The nominal engineering stress-strain curve for each specimen is shown in
Fig. 4.2a, which shows the development of a prominent stress “plateau” at increasing volume

fraction.
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The multi-scale imaging approach enables a unique data analysis framework that can
track the damage of individual GMBs. First, analysis of the low-resolution tomograms using
DVC provides full-field displacement measurements with sub-voxel accuracy (described in
Section 2.3). Next, reference features in the high-resolution tomograms are registered in the
corresponding low-resolution images. In this way, the DVC displacement field can be aligned
and scaled to measure the deformation in the high-resolution tomograms. Third, standard image
processing approaches are used to detect damage in individual GMBs in the high-resolution
tomograms at each deformed state (Section 2.4). Finally, the GMBs are tracked through each in
situ high-resolution tomogram using the scaled DVC displacement field (Section 2.5), which can

be used to relate the GMB damage to the initial arrangement of particles.
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Fig. 4.2. Mechanical response of syntactic foam specimens. (a) Engineering stress-strain curves,
and (b) fraction of intact GMBs vs. engineering strain.

2.3.  Digital volume correlation
Quantitative kinematic analysis of the low-resolution tomograms using Digital Volume
Correlation (DVC) provides a reliable measurement of damage mechanisms in the syntactic

foam across the entire specimen. As discussed in Chapter 3 [7], locally elevated compression can
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indicate localized damage in the syntactic foam. Conceptually, this is related to the collapse of
GMBs within the analysis subvolume, which reduces the local stiffness. In this sense, DVC
analysis complements the direct quantitative analysis of the high-resolution tomograms by
confirming the GMB damage behavior over larger length scales.

Correlation of the low-resolution tomograms was performed using commercial DVC
software (Vic-Volume, Correlation Solution Inc.) according to the framework established in
Chapter 1. Analysis was performed with subset size [29 voxels]?, step size 3 voxels, and strain
filter size of [5 subsets]®. This resulted in an effective virtual strain gage size of [350 um]®. While
damage to GMBs can introduce decorrelation effects and reduce the accuracy of the DVC
analysis, this behavior has been extensively characterized in Chapter 2 [16] and the standard
deviation of strain error is shown to remain below ge = 0.001 beneath a strain level of £ ~
—0.30 depending on the GMB volume fraction. DVC analysis in this paper is restricted to below
gerit
2.4.  Damage analysis

Post-processing of the high-resolution tomograms using custom scripts developed in
Python and Avizo Fire 9.0 were used to de-noise, threshold, segment and measure the individual
GMBs throughout the experiment. The 3D Feret Shape (FS) of each GMB was used to interpret
the damage status of the particles, which is analogous to a 3D aspect ratio. Particles with FS >
1.3 were classified as collapsed. We note that the accuracy of the FS measurement depends on
the accuracy of the segmentation process and GMB size, but one could reasonably expect
accuracy of ~10% for the smallest diameter particles [17]. The fraction of collapsed GMBs for

each specimen is presented as a function of deformation in Fig. 4.2b.

2.5.  GMB tracking scheme
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To provide more detailed analysis on the mechanics of GMB collapse, the segmented
GMBs were tracked between subsequent loading steps; this allowed comparison of GMB
survival with its initial location in the foam. After scaling the DVC results to the high-resolution
tomograms with a magnification factor, a matching scheme was implemented that used the DVC
displacements to predict the location of each particle in the next high-resolution tomogram. Due
to heterogeneous deformation within each DVC subset, measurement noise, and the difference in
magnification between the low-resolution DVC measurements and the high-resolution
tomograms, the predicted GMB location was often off by a few pixels; this error increased with
deformation. To reliably match GMBs between load steps, we adopted a “greedy” algorithm: the
particle with the smallest discrepancy between the predicted and deformed locations was
removed from the search queue, and this process was repeated until the discrepancy between all
remaining particle locations exceeded a critical distance of 5 voxels. Thus, poorly-matched

GMBs were excluded from subsequent analysis.

3. Experimental results

To elucidate the effects of local GMB packing on the damage mechanisms, analysis of
GMB collapse was performed on the in sifu tomograms at multiple length scales. Inspection of
the high-resolution tomograms revealed the specific damage mechanisms, while DVC analysis of
the low-resolution tomograms confirmed these behaviors across the entire specimen.
3.1. Damage mechanisms

Detailed analysis of the high-resolution tomograms revealed unique damage mechanisms
for the foams with different ¢ (Fig. 4.3). In particular, the damage behavior appeared to strongly

correlate with the local clustering of GMBs.
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For the low volume fraction sample (¢p = 0.10), GMB damage was dispersed and
initiated only at high strains (Fig. 4.3a). Most of the GMBs were isolated, and the images
revealed few “chains” of closely packed GMBs. Consistent with previous results [7], the images
revealed that that damage occurred more rapidly in these chains than in isolated GMBs. Even at
large strains, most of the particles remained intact.

Similar trends were observed at ¢ = 0.20 (Fig. 4.3b). In this sample, damage tended to
initiate earliest in GMBs with closely-spaced neighbors rather than isolated particles. The
tomograms first identified GMB collapse at lower strains compared to ¢p = 0.07, possibly due to
higher stresses associated with the stiffer composite. As in the ¢ = 0.07 specimen, GMB
collapse remained incomplete, and all damaged GMB:s still had intact neighbors at € = —0.28.

At higher volume fractions, GMB collapse initiated at lower strains, damage occurred
more rapidly, and a larger fraction of GMBs collapsed compared to the low ¢ specimens.
Additionally, the damage behavior exhibited some degree of localization, as the damage
appeared to spread to proximate GMBs. For ¢p = 0.37 (Fig. 4.3¢), isolated damage appeared by
¢ = —0.14, and soon propagated to adjacent GMBs. Damage diffused more rapidly through
horizontal chains of GMBs due to stress intensifying effects from the GMB orientation [7],
resulting in several transverse “pseudo crush bands” across the field of view.

Finally, for ¢ = 0.46 (Fig. 4.3d), damage was first identified at ¢ = —0.07. Damage
quickly propagated to adjacent GMBs, producing a large cluster of collapsed GMBs by ¢ =
—0.14. By € = —0.28, nearly all GMBs within the field of view were damaged. At this volume
fraction, nearly all GMBs had multiple neighboring particles in close proximity, which allowed

damage to spread efficiently.
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Fig. 4.3. Comparison of strain-dependent damage in yn
fractions. Volume fractions are (a) ¢ = 0.10, (b) ¢ = 0.20, (c) ¢ = 0.37 and (d) ¢ = 0.46.
Damaged GMBs are marked with “x”.
3.2.  DVCresults

To better visualize the spatial patterns of GMB collapse for the different volume
fractions, the DVC-measured axial strain fields at strains €,, ~ —0.30 are presented in Fig. 4.4.
As visible in Fig. 4.4a, the axial strain €,, exhibited increasing variation with larger GMB
volume fraction, despite the average strain being comparable. To more clearly the emphasize the
strain variation, the background-removed axial strain is presented in Fig. 4.4b [7],

€:(%,9,2) = &,,(x,y,2) = &, (4.1)

where €, is the average axial strain.

From these results, it is clear that the strain variation increased in magnitude from A¢,, =
0.01 for the lowest volume fraction ¢p = 0.10 to A€,, = 0.05 for the highest volume fraction
¢ = 0.46. Moreover, the spatial distribution of strain variation also changed with volume

fraction. At larger ¢, the size of regions with compressive &,, grew, indicating large clusters of
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collapsed GMBs. Detailed inspection of these regions in Fig. 4.4c further supported this claim,
with negative £,, neatly superimposed on non-spherical (collapsed) GMBs. These results closely
matched the analysis of high-resolution tomograms, where isolated and dispersed GMB collapse
would result in smaller strain variation, and more localized collapse would result in stronger

variation with lower spatial frequency.

e e sl
St B VPRI v

Fig. 4.4. DVC axial strain fields for syntactic foams with different volume fractions. (a) Axial
strain &,, at a nominal strain of &,, = —0.30, (b) background-removed axial strain &,,, and (c)
detail of (b). Red squares in (b) indicate location of (c). Volume fractions, from left to right: ¢ =
0.10,0.20,0.37,0.46. Scale bars: (a-b) 2 mm, (c) 500 um.
4. Statistical analysis of GMB collapse

The random arrangement of GMBs within each specimen provided a convenient way to

test the effects local GMB clustering on the survival of particles as the syntactic foam was

compressed. In this section, the local clustering of GMBs is quantified by the local coordination
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number Npe;gnpor, defined as the number of adjacent particles located within one average
diameter (dgy,g = 60 um) from each GMB center. As shown in Fig. 4.5, this statistic varied
substantially within specimens due to local clustering effects, and also between specimens due to
the different ¢p. At low ¢, many particles were isolated with none or few proximate neighbors. In
contrast, all GMBs in the ¢p = 0.46 specimen had nearby neighbors, and the most densely-
packed region of the specimen contained up to 14 adjacent GMBs per particle.

Based on previous analyses of particle interactions [7], the more-densely packed GMBs
should collapse earlier. This was confirmed with the results highlighted in Fig. 4.6, which
summarizes the probability of GMB survival (ps,vivar) at increasing deformation for the
different syntactic foams. Using the particle tracking scheme described in Section 2.5, each
GMB in the deformed state was mapped back to its initial configuration to determine Nyeigphor-
Note that the specimen with ¢p = 0.37 was excluded from the analysis due to the small field of
view in the high-resolution tomograms, which limited our ability to obtain reliable statistics

about GMB collapse and packing.

Counts (Normalized)

0 5 10 15 20
N neighbors

Fig. 4.5. Distribution of local GMB clustering for different syntactic foam specimens.
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Fig. 4.6. Effects of local GMB clustering on the probability of GMB survival (psyvivar) for
different syntactic foams.

Clearly, closely-packed GMBs with large Nyeignpor collapsed earlier than more sparsely-
packed GMBs. This trend was evident within each foam, and also in comparison between foams,
implying that the local density of GMBs strongly moderated the damage behavior. The negative
relationship was particularly strong for sparsely-packed GMBs (Nyeignpor < 10), but the GMB
survival rate was approximately uniform for larger Nye;gnpor- Thus, while particle clustering can
accelerate the collapse of GMBs by intensifying the stress experienced in each particle [7], these
effects diminish at higher packing densities.

While this trend between Nyeignpor and Psyrvivar 18 Very strong, it cannot fully explain
the variation in damage mechanisms between specimens with different ¢. In particular, for
GMBs with identical Nyeignpor at identical strain, pgyryipa 1S lower in specimens with higher ¢.
As an example, Psyrvivar (P = 0.1, = —0.25) > poyrvivar (P = 0.2, = —0.21) >
Psurvival (@ = 0.46,& = —0.15) for all Npe;gnpor- In other words, the far-field GMB density also
contributes the prediction of damage. Together, both ¢ and Ny;gnpor independently control the
initiation and propagation of damage in syntactic foams.

This trend explained the different damage patterns observed in the high-resolution
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tomograms (Fig. 4.3) and low-resolution DVC analysis (Fig. 4.4). Specifically, damage initiated
and propagated earlier in closely-packed clusters of GMBs in all specimens; these particles had
higher Npe;gnpor compared to isolated GMBs. Thus, this would result in significant macroscopic
strain and damage localization corresponding to the original spatial distribution of GMBs in the
foam. With increasing ¢, the size of the particle clusters increased, resulting in more severe
strain variation.

Finally, there was some evidence that the relationship between Nyeignpor and Psyrvivar

reversed after widespread GMB collapse (such that psypivar < 0.70), based on trends in the
foam with ¢p = 0.46. Only data from this specimen was available at this level of damage, since
the other specimens were too compliant to achieve widespread GMB collapse. Theoretically, this
could be attributed to the “stress shielding” effects in closely-packed GMB clusters, in which
collapsed GMBs redistributed stress away from adjacent intact GMBs [7]. Given that the most
densely packed GMBs were also most likely to have collapsed neighboring particles, the earliest

GMBs to fail could inhibit failure of the other GMBs.

5. Discussion

These results provide the first in sifu experimental study of damage localization in
syntactic foams as a function of ¢. The primary findings of the experiment are that (1) the
distribution of damage in the syntactic foams evolves with the GMB volume fraction, and (2)
these trends are mechanistically related to clustering of particles in the syntactic foam.
5.1.  Role of matrix composition on damage mechanisms

The observed damage mechanisms in the elastomer-matrix syntactic foam differed

substantially compared to the failure mechanisms reported for syntactic foams with epoxy, vinyl-
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ester resin, polyurethane (PU), and polypropylene (PP) matrices [9,10,18]. Specifically, the
current analysis identified no shear bands that have been observed the stiff/brittle epoxy and
vinyl-ester foams. Additionally, the propagation of damage along closely-packed chains of
GMBs contrasted with the dispersed GMB collapse in the polyurethane foam, even at
comparably high ¢. Instead, dispersed GMB collapse occurred only at low volume fractions for
¢ < 0.30, which agreed with recent in situ XCT analysis of a PDMS-matrix syntactic foam with
¢ = 0.22 [6].

The absence of a shear-band damage mechanism is partially explained by the stiffness of
the matrix material, where Eppys = 3 MPa [19] is much softer than Ep oy, = Eyiny; = 3.0 GPa
[20]; in comparison to these rigid matrices that also exhibit strain localization, PDMS’s superior
compliance and elasticity should conceptually facilitate stress redistribution around damaged
particles. On the other hand, this cannot explain the discrepancy between the PDMS foam and
the PU or PP foams, which have Ep;; = 250 MPa and Epp = 21 MPa. While the origin of this
difference remains unclear, it is tentatively attributed to the different crush strengths of GMBs:
the current A16 GMBs have thinner walls than reported those used by Adrien et al. [10].
Therefore, both the matrix and GMB composition affect the damage mechanisms, in addition to
the reported effects of GMB clustering.

5.2.  Distribution of damage in syntactic foams

Inspection of the in situ XCT damage measurements reveals a clear transition from
isolated to localized GMB collapse at increasing ¢. This is most clearly illustrated by the DVC
strain fields, which are sensitive to the damage state within each analysis subvolume. At higher
¢, both the amplitude and spatial frequency of strain variation indicated large regions of

collapsed GMBs. In contrast, strain variation was minimal for smaller ¢. These trends were
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confirmed by direct measurement of GMB collapse in the high-resolution tomograms, and
agreed with the previously reported results for GMB/PDMS-matrix syntactic foams (¢ = 0.23 in
[6], and ¢ = 0.37 in [7]).

Intriguingly, these relationships were also consistent both within and between samples of
different ¢. That is, the high-resolution tomograms indicated that GMB collapse initiated earliest
in closely-packed chains of particles, much like GMB collapse occurred more rapidly in the
specimens with larger ¢. This was particularly evident in the low volume fraction specimens
(i.e., ¢ = 0.10,0.20), which contained both isolated and clustered GMBs. The distinction
became less prominent at higher ¢, since the dense packing of GMBs effectively created a single
network of closely-packed particles; damage correspondingly initiated throughout the entire
specimen at low strain in the ¢p = 0.46 specimen.

5.3. Role of Nyeighpor on damage mechanisms

Based on these trends, it was postulated that the damage behavior in syntactic foams
could quantitatively be explained in terms of the local packing of GMBs. A statistic reflecting
the GMB coordination number (Nyeignpor) Was developed, which was sensitive to both the local
particle clustering and indirectly the global volume fraction. Analysis of GMB survival found a
strong correlation between Nye;gnpor and GMB collapse, where a higher proportion of closely-
packed GMBs collapsed at earlier strains. This trend was consistent across specimens with
different ¢. Therefore, these experiments support a conclusion that damage in elastomeric
syntactic foams is strongly predicted the local GMB packing, in addition to the effects of far-
field GMB density (i.e., ¢).

In this sense, the results agreed several computational analyses of the effects of GMB

clustering. Previous FE analyses by Yu et al. [14] assessed the role of particle clustering on
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tensile response of epoxy-matrix syntactic foams with a 3D representative unit cell, finding that
models with increasing particle clustering and GMB volume fraction failed at lower tensile
stresses and smaller strains. Similar trends were revealed by micromechanics models of multi-
particle interactions by Croom et al. (for elastomer matrix syntactic foams) and Tagliavia ef al.
(for a generalized elastic matrix with axially-aligned particles) [7,21], which showed that
decreased spacing between adjacent GMBs can magnify the peak stresses in the GMB walls.
Including the current experiment, all of these results provide a consistent trend over a wide range
of particle arrangements, matrix compliance, and volume fractions. Thus, control of particle
clustering by manipulating Nye;gnpor provides a useful tool to tailor the mechanical properties of

syntactic foams.

6. Conclusions

In situ XCT compression testing of elastomer-matrix syntactic foams was performed to
assess the roles of local GMB clustering and volume fraction on the damage mechanisms.
Measurement of the damage trends by quantitative image analysis, DVC and statistical modeling
of the GMB survival probability revealed a transition from isolated to spatially clustered GMB
collapse with increasing ¢ and particle clustering. At higher volume fractions, GMB collapse
spread between closely-packed particles, forming pseudo crush bands and/or pockets of entirely
collapsed GMBs; contrastingly at lower volume fractions, damage was dispersed due to low
connectivity between GMBs. Within individual foams of nominally identical ¢, damage tended
to initiate more rapidly in closely-packed chains of GMBs rather than isolated particles. These
trends were mirrored by DVC results, which identified increased strain variation at larger ¢ that

were co-located with clusters of damaged particles. These behaviors were reconciled in terms of
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the GMB coordination number Ny;gnpor, Which scales with both local clustering effects and
global volume fraction. Probability of collapse was found to increase with Ny;gppor for all

specimens, implying that the effects of local clustering and volume fraction can be adequately
explained in terms of this statistic. This finding should guide the design of syntactic foams with

superior crush strength and energy absorption.
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Chapter 5:
Unveiling 3D deformations in polymer composites by coupled micro X-Ray
computed tomography and digital volume correlation

L Introduction

Lightweight carbon fiber reinforced polymer (CFRP) composites are increasingly used in
automotive and aerospace industries to reduce structural weight and improve fuel efficiency, and
often must be connected to other materials. Dissimilar material joining techniques, including
friction stir welding [1], friction stir blind riveting [2,3], adhesive joining [4], and laser welding
[5,6], all locally alter microstructure and mechanical properties, introducing complex three-
dimensional (3D) anisotropic deformation behavior that is not yet well understood at a
microstructural level. Conventional in sifu measurements based on microscopy and surface
deformation measurements inherently cannot capture the internal deformation, and inadequately
describe the influence of the 3D microstructure on the deformation mechanisms. Only with 3D
experimental methods can we fully unveil the local deformation behavior in dissimilar material
joints.

In this work, coupled in situ X-ray computed tomography (XCT) and digital volume
correlation (DVC) [7] is employed to quantify the anisotropic deformation behavior in a friction
stir blind rivet joint of CFRP. While XCT and DVC techniques have frequently been used to
measure the displacement in porous materials [8—13], it has generally been asserted that non-
porous CFRP is incompatible with this technique, due to low contrast between the fibers and
matrix phases [14]. Here, we demonstrate that the fibers and matrix exhibit adequate contrast and
that irregular fiber orientations in the chopped fiber composite enable reliable displacement
measurement.

Compared to traditional sample surface or cross section examination of composites, XCT
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and DVC techniques are preferred for several reasons. First, volumetric data from XCT scans
reveals sub-surface microstructural characteristics that are not evident during cross section
analysis or postmortem fracture examination. In addition, examination of these 3D images
enables quantitative analysis of three-dimensional features such as pore geometry and fiber
orientation [15], in contrast to other techniques that only sample 2D projections of these data.
Most importantly, DVC techniques extract quantitative deformation data from images acquired
during in situ XCT mechanical testing [8,9,16,17]. These displacement measurements have
subvoxel accuracy and enable computation of the three-dimensional strain tensor at all locations
throughout the imaged volume. When coupled with XCT measurements of microstructure, this
data may be used develop quantitative, mechanics-based models of deformation phenomena such
as internal cracking and buckling.

Here, the newly developed XCT and DVC techniques are applied to friction stir blind
rivet (FSBR) lap joints between CFRP and metal workpieces to reveal anisotropic deformation
mechanisms within CFRP, and data is used to propose a novel constrained buckling model to
explain behavior observed in the specimen. Because FSBR uses friction from a rapidly rotating
fastener to soften and drive through workpieces (Fig. 5.1), combined thermal and mechanical
loads create a stir zone adjacent to the rivet with distinct composition, fiber orientation and
mechanical properties (Fig. 5.1e); given these complex boundary conditions in the specimens,
combined XCT and DVC experiments are essential to understanding the mechanics of FSBR-
process materials. Under compression the rivet hole geometry causes combined axial and
bending deformation, which amplifies compressive stresses near the rivet hole and may lead to
buckling within the stir zone. In this work, the DVC technique quantitatively describes the

microstructural influence on deformation within the stir zone. In accordance with the observed
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stress state and the complex stir zone microstructure, a buckling model developed based on

locally varying microstructure within the stir zone is established in Section 2.

c d e

%%WL

Y —”'.1mm

Fig. 5.1. Overview of FSBR process, adapted from Ref. [18]. (a) A blind rivet rotating at speed
w 1s driven through the workpieces at feed rate v until (b) the shank head is flush with the top
workpiece. Frictional forces heat and soften the workpieces, enabling the rivet to penetrate easily
through the workpieces. (¢) The mandrel is pulled with force F and (d) broken at a notch to
create a FSBR joint. (e) Optical micrograph showing representative microstructure of CFRP after
FSBR processing, with stir zone highlighted.
2. Development of constrained buckling model

For a bilayer specimen with distinct local mechanical properties and low interfacial
cohesion, it is reasonable to model the separate regions as partially isolated volumes. Following
this assumption, we introduce a buckling model to describe the compressive deformation of a
compliant layer adjacent to a bulk material; in terms of a FSBR CFRP composite specimen, these
sections refer to the stir zone and bulk composite, which may behave independently due to the
FSBR altered microstructure and poor fiber/polymer interfacial cohesion in the stir zone. The
thin stir zone’s inertial properties make it sensitive to bending and buckling, which also means
that its deformation is governed by contact with the substrate.

In Fig. 5.2, a model based on buckling of eccentrically loaded columns is presented to

accommodate boundary conditions imposed by the interacting coating (corresponding to the thin
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stir zone) and substrate (bulk composite material). First, we assume an axial load F offset from
the column by distance e which induces bending moment such that the bulk material
preferentially bends away from the rivet hole. Observing the stir zone’s curvature, we note that
the natural buckling direction is obstructed by the adjacent bulk material and assume lateral
deflection in the opposite direction (Fig. 5.2a), which subsequently resists the applied bending
moment; this assumption differentiates this model from more conventional (i.e., unconstrained)
eccentrically-loaded column buckling models. Additionally we impose constraints on the left and
right edges of the coating to reflect locally stiff regions of material that resist bending, such as
areas of the stir zone stiffened by metal inclusions. Within this region defined by four sides of
contact with the substrate, the coating may buckle away from the substrate.

With these assumptions, lateral deflection of a plate v(x, z) can be related to the
combined loading using Kirchhoff plate theory. First, we apply normalized axial and bending
loads per unit length, P = F /L and M, = Fe/L, to the top edge of a plate, which are induced by
the bulk material deformation. Next, displacement on unloaded edges is constrained as per Fig.

5.2b. Assuming a separable form' for out of plane deflection,
v(x,z) = f(x)g(z) = sin (?) (Asin(kz) + Bcos(kz) — e) (5.1)
where k? = % and unknown constants A and B can be found with appropriate boundary

conditions, we can derive a solution to Kirchhoff’s plate bending model:

M, 1 v 0 921 /02>
[Mz =-D|v 1 0 ] 0%v/0x? (5.2)
My, 0 0 (1-wl|s2v/0x0z

where D = 2t3E /3(1 — v?2), t is half-thickness of plate, E is elastic modulus and v is Poisson’s

! The form of g(z) is obtained from the analogous one-dimensional problem for eccentrically loaded column
buckling.
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ratio. Free body diagram (Fig. 5.2¢) analysis reveals that M,, can be related to the applied loads

M,(x,z) = —=P(e + v(x,2)) (5.3)
which provides a convenient way to determine unknown coefficients 4 and B given experimental
displacement data.

a c

b

M,=F-e/L
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Fig. 5.2. Development of constrained buckling model. (a) Comparison of constrained and
unconstrained buckling behavior, (b) schematic of buckling boundary conditions, and (c) free
body diagram assuming positive (unconstrained) deflection.
3. Materials and methods

Quantification of local deformation mechanisms requires simultaneous characterization
of mechanical behavior and microstructure. To this end, a series of experiments and data
processing techniques were developed to provide detailed mechanical and microstructural
information.
3.1.  Sample preparation

CFRP-AIl FSBR lap joints were prepared as described in Fig. 5.1 by joining chopped-

fiber CFRP composite with nominally random fiber orientation (fiber length was 300 — 500 pum)

to aluminum alloy (AA5754-0) with a zinc-coated, mild-steel blind rivet. The layup is illustrated
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in Fig. 5.3a and the work material details are summarized in Table 5.1. The rivet diameter was
6.5 mm. The listed CFRP elastic modulus was obtained experimentally from compression tests
of bulk materials samples, which was somewhat between values of the PA 66 matrix and
commonly cited flexural stiffness values for CFRP.

Low-vacuum scanning electron microscopy (SEM; FEI Quanta 650) microstructural
measurements were used to validate the XCT characterization techniques. Energy dispersive X-
ray spectroscopy (EDS; Oxford Instruments) analysis revealed that the large (>100 pm) metal
inclusions in the stir zone (visible in circled region of Fig. 5.1e) resulted from the aluminum
workpiece (Fig. 5.14 in Appendix). Much smaller zinc particles from the rivet coating (~1 pm;)
were also observed.

a Zn-coated b ‘
Steel Rivet Loading

j CFRP Direction

S
/ Al 5754-0
X Y
|_‘Z |_Z

Fig. 5.3. XCT samples extracted from CFRP material in lap shear FSBR specimens. (a) Layup of
the FSBR sample is shown with lap-shear specimen cross section, (b) XCT samples were
extracted near the rivet hole.

XCT
Sample

Table 5.1. Properties of joined materials

Elastic . Ultimate .
Materials Size (mm3 ) Modulus lez“;z“;ng th Tensile Elo’;%};twn
(GPa) Strength (MPa) K
AA5754-0 (Al) 76.2x38.1x%x3 69 102 234 21%
CFRP (PA 66 with o
30% carbon fiber) 76.2 x38.1 %3 8.8 N/A N/A 1-3%

3.2.  Insitu XCT compression of CFRP

A custom loading stage was manufactured for in situ compression loading (Fig. 5.4a). A
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manually-actuated, fine-threaded screw axially compressed the specimen, which was secured by
grip plates and cone-tipped set screws. The tip of the actuation screw was rounded to minimize
torque applied to the specimen; no specimen rotation was observed during the tests. Custom-
geometry test coupons (Fig. 5.4b) were machined from the sectioned lap-shear specimen using
low machining speeds; the rivet hole formed one face of the sample, which maintained the
integrity of the stir zone. We note that the specimen geometry imparted a combined
compression-bending load; these trends were recreated with finite element (FE) simulations
described in Section 6. The sample’s thickness was tapered slightly near the gage section to
produce a sample with nominal cross section of 2.9 X 2.25 mm.

To support the compressive load on the specimen, the loading mechanism was encased in
a hollow polycarbonate cylinder with wall thickness of 1.6 mm. The cylindrical geometry
enabled full 360° X-Ray access to the sample and also minimized orientation-dependent
distortions that could affect the accuracy of the computed tomography reconstruction. Some
beam attenuation due to the polycarbonate cylinder was observed, but experimental imaging

parameters (Table 5.2) were selected to minimize the cylinder’s effect on image quality.

a Seraw Applied b
Actuator\ Load
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Fig. 5.4. Design of XCT loading system. (a) Compression loading frame with 450 N capacity. (b)
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Geometry of rivet hole compression specimen (unit: mm).

Table 5.2. XCT imaging parameters

Parameter Value
Voltage 60 keV
X-Ray Source Power 8w
Current 133 uA
Image Scan range —93°to + 93°; 325 images
Acquisition Exposure 60 seconds
Loading Stage  Initial Load 0—400N (0- 901bf)

In situ imaging of the rivet sample was acquired with a commercial XCT scanner
(XRadia MicroXCT-200) at nominal compressive loads from 0 to 68 MPa (0 — 400 N); these
loads were sufficient to produce axial strains on the order of €,, = —0.04. It is noted that the
CFRP samples demonstrated strong room-temperature strain relaxation behavior, with loads
consistently decaying to 71% of the peak value; additional testing revealed this to be a constant
strain process, such that deformation observed during a 6-hour XCT scan reflected the initial
load. Critically, this process did not induce motion blur within the volumetric images, and did
not affect DVC calculations.

Fig. 5.5 shows a representative reconstructed image of the specimen (FEI Avizo
software), which has sufficient resolution to capture individual fibers and microstructural
features. The images demonstrated systematic and anomalous bright bands, which were
determined to be a reconstruction artifact. These bands biased the intensity-based microstructure
analysis techniques (Section 3.3), and for this purpose were corrected with a flat-field correction
technique. It was found that these artifacts did not affect DVC calculations; deformation was

calculated with DVC using the raw (uncorrected) volumetric images.
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Fig. 5.5. Representative XCT renderings of rivet hole specimen (a) before and (b) after image
segmentation, with center insets showing representative cross sections on the XY and YZ planes.
The rivet penetration direction is along the X-axis, and the rivet hole surface is on the negative-Y
face of the volume. Scale bar: 500 um
3.3.  Image processing

Scanned images were segmented into constituent elements using by thresholding the
image intensity to quantitatively identify phases associated with fiber, matrix, porosity and metal
inclusions. These methods were automated in Python v3.4 using the NumPy library [19].

Inspection of the reconstructed volumes revealed that microstructural features could
readily be distinguished based on differences in X-ray attenuation. After denoising reconstructed
volumes with a Gaussian filter, intensity histograms were thresholded to demarcate pore, matrix,
fiber, aluminum and zinc constituents in the images; certain regions of the images were excluded
from segmentation by assigning boundaries for the rivet hole surface and reconstructed volume.
Typical results from segmentation are shown in Fig. 5.5b. The thresholds were adjusted for each
image to produce accurately sized fiber, pore, aluminum and zinc elements with respect to SEM
measurements, and that these segmented images provided consistent and accurate fiber and pore
volume fraction measurements that agreed with SEM observations (Figs. 5.15 and 5.16 in
Appendix).

From the segmented images, the volume fraction of constituent materials was calculated

by determining the fraction of voxels containing the material of interest with respect to the total
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number of voxels in a prescribed volume. By carefully defining the analyzed region, volume
fractions were calculated at local and global scales, which enabled quantitative comparisons of
composition and microstructure between regions (e.g., bulk material vs. stir zone) as well as
local variation in microstructure with high resolution. In this work, volume fractions were
calculated by two separate methods. First, data was projected along the YZ plane, which aligned
with the CFRP plate orientation in the FSBR joint (Fig. 5.3b); volume fractions for fibers, pores
and metal inclusions were calculated by analyzing individual rows of data in the X axis direction.
Second, local volume fractions were calculated through the entire reconstructed volume by
analyzing small cubic subsets of size [35 voxels]® on a grid with center-to-center subset spacing
of 17 voxels (equivalent to [47 pm]® and 20 pm, respectively).

Finally, a template matching technique was applied to the segmented volumetric images
to probe local fiber orientation. First, a binary fiber image f was generated by assigning all fiber
voxels a value of 1 and all remaining voxels a value of 0. Second, a smaller cubic template g of
size n3 was created to contain an imitation fiber of a particular orientation. Voxels within this
imitation fiber element were assigned values according to Eq. 5.4 and were normalized by a

factor of N, which was the count of all nonzero voxels within the imitation fiber element,

9(8%) = {1/N if (6x) corresponds t'o fiber location (5.4)
0 otherwise
The two volumes were correlated at all locations x within the binary fiber image,
Cfiber(x) = Z&x ingf(x + 6x) X g(ax) (5.5)

where x represented the local coordinates relative to x. The resulting correlation values Cyjper
ranged from 0 to 1 and modeled the degree of overlap between the binary fiber image and
imitation fiber element at a given location. In this sense, strong correlation values suggested that

a fiber at that location possessed the orientation of the fiber in the imitation image. By repeating
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this process with fiber elements of many different fiber orientations, the orientation of every
fiber within the reconstructed volume was extracted. It was found that using a fiber diameter of
2.5 voxels (3.4 um), fiber length of 17 voxels (22.8 um), and a correlation threshold of 0.65
determined fiber orientation to an accuracy better than +5°. This approach resembles other fiber
tracking schemes implemented for continuous fiber composites [20,21].

3.4.  Digital volume correlation analysis

The reconstructed volumes captured at 0, 22 and 44 MPa compressive loads were
correlated using commercial DVC software (Vic-Volume, Correlated Solutions Inc.) to calculate
the full-field displacement and strain tensors using subset size of [35 voxels]® and subset spacing
of 15 voxels (equivalent to [47 pm]* and 20 pm, respectively). Fibers, pores and other
microstructural features with pseudo-random orientation, size and location provided an intrinsic
high-contrast speckle pattern for displacement calculations. Accuracy of the calculations was
assessed using rigid body motion analysis, which found the accuracy of displacement
calculations to better than +0.7 um, and strain calculations to be better than +1% (based on
95% confidence intervals). This confidence interval was much smaller than anticipated variation
in deformation due to local microstructure and loading conditions.

To study local deformation in the stir zone, the deformations of initially vertical paths
(defined by groups of subsets with identical X and Y coordinates) were compared using
calculated displacements for the 44 M Pa image at several positions within the stir and bulk
material zones. Axial and lateral deflections along these paths were compared with local

microstructure and the buckling model described in Section 2.

4. Microstructural analysis
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Prior studies revealed that CFRP in FSBR joints failed near the rivet hole, implying that
the stir zone microstructure strongly influences the overall joint performance [3]. As the strength
and stiffness of fiber-reinforced composites are intimately related to fiber volume, porosity and
fiber orientation, we explored these parameters near the rivet hole in the stir-affected zone and
compared these values to the bulk material. The resulting microstructure description is related to
mechanical deformation to provide a holistic understanding of microscale deformation in FSBR
CFRP joints.

4.1.  Volume fraction analysis

Projections of fiber, pore and metal inclusion volume fraction on YZ plane (Fig. 5.6a-c)
clearly demonstrated microstructural differences between the stir zone and bulk materials, with a
distinct interface between these regions located 250 pm from the rivet hole surface; for this
work, this transition was used to demarcate the stir zone and bulk material regions. By sampling
the composition of three-dimensional subsets within the stir zone and bulk regions, statistically
significant increases in fiber, pore and metal inclusion volume fraction (p < .001, using two-
sample Kolmogorov-Smirnov tests) were observed in the stir zone compared to the bulk material

(Fig. 5.6d-f). Specifically, mean fiber volume fraction within the stir zone was X s+ = 38%,
compared to bulk value Xf 1 = 29%; pore volume fraction was X, s; = 3.7% compared to
Xp putk = 1.5%; and metal volume fraction was Xy, i = 4.1% compared t0 Xy, pyix = 0.4%.

While the fibers and pores within the stir zone were evenly distributed, the elevated metal
volume fraction was primarily due to the presence of sparsely distributed large metal inclusions.
SEM analysis indicated that the small metal inclusions (1-5um) were zinc, and the large metal
inclusions (10-100 um) were aluminum in composition (Fig. 5.14 in Appendix). The distribution

of large aluminum inclusions in the stir zone was notable, as the juxtaposition of very stiff metal
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versus comparatively soft CFRP (elastic modulus E,; ~ 70 GPa versus E ¢, = 8.8 GPa) may
have created unusual local deformation behavior. Analysis in Section 5.3 revealed that the
extremely stiff aluminum inclusions prevented local buckling in certain areas of the stir zone.

The composition within the stir zone illuminated the harsh loading environment during
processing, which is not currently well studied. The only possible source for the large aluminum
inclusions was from the workpiece material to which the CFRP plate was being joined. The
aluminum inclusions possessed a streamlined geometry that was aligned tangentially to the rivet
hole. In conjunction, these findings indicated high operating temperatures that exceeded the
melting point of the aluminum alloy (~600°C). At this temperature, the zinc coating on the rivet
as well as the PA66 matrix would both be molten; indeed, this would explain the stir zone’s
axisymmetry as the molten CFRP was spun by the rivet.

Since the region of increased fiber and pore volume fractions had a sharply defined
boundary at the edge of the stir zone, their composition may be explained in terms of this harsh
processing environment. At the elevated operating temperature, the rotating rivet head
tangentially flowed the molten material within the stir zone. A portion of this material was
expelled as flash beneath the rivet head, which is visible in Fig. 5.1. The flash appeared to have
low fiber volume fraction, meaning that the stir zone was left with an enriched fiber content.
During processing it was believed that the rivet head entrained air pockets with in the stir zone,
which became frozen into the matrix upon cooling.

In total these measurements suggested a completely different microstructure in the stir
zone compared to the bulk material, which made a-priori prediction of mechanical response
within the stir zone quite difficult. The stir zone simultaneously possessed increased porosity as

well as the addition of large metal inclusions. This competition between nominally softening and
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stiffening features would hinder the development of accurate micromechanical simulations

without high-resolution experimental data, such as those provided by and XCT and DVC.
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Fig. 5.6. Volume fractions calculated for rivet-hole specimen. Top row: Projections of (a) fiber,
(b) pore and (c) metal inclusion volume fraction calculations onto YZ plane. Bottom row:
Histogram of volume fractions calculated at subsets throughout 3D image for (d) fibers, (e) pores
and (f) metal inclusions. Scale bars: 250 pum
4.2.  Fiber orientation

The fiber orientation is compared for the stir zone and bulk materials in Fig. 5.7, which
shows that fibers in the stir zone were partially reoriented to align with the rivet hole surface.
The primary fiber orientation within the volume of interest in the bulk material was ¢ = 90°,
which was parallel to the XY plane and perpendicular to the rivet hole surface. Fibers in the stir
zone had a larger ¢ measurement, suggesting that fibers were partially realigned with the motion
of the rivet shank during FSBR processing (the rivet was spun around the X axis, creating a
tangential velocity nominally parallel to ¢ = 0° = 180°).

The altered fiber orientation supports evidence of material flow presented in Section 4.1.

In a molten state, material flow preferentially aligned fibers tangential to the rivet hole surface
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(¢ = 0° = 180°). However, the difference in fiber orientations was subtler than would perhaps
be expected given this simple model. This discrepancy suggested a complex flow state within the
stir zone due to turbulence as well as complex transient heat transfer. In summary, despite the
composite having pseudo-random fiber orientation at larger length scales, fiber orientation was

relatively uniform within each region and oriented at a 90° orientation.

OO

30°

1'8'0"'
Stir Zone Bulk Material

Fig. 5.7. Comparison of fiber orientation in the stir zone and bulk materials.

5. In situ mechanical testing results
5.1.  Axial strain

Axial strain was calculated using DVC at 22 and 44 MPa loads (Fig. 5.8). In this figure,
the rivet hole surface is depicted by the concave surface on the negative-Y face of the volume,
and is marked by the black arc. Insets shown to the right demonstrate deformation on the interior
of the volume. Higher compression was observed in the stir zone, consistent with finite element
predictions of combined bending and axial loads (Section 6). This combined axial-bending trend
was observed within the volume at both 22 and 44 MPa, with higher levels of compression near

the rivet hole surface, supporting the stability and accuracy of the DVC calculations. This trend

111



was persistent throughout the entire analyzed volume and also loading history, and the gradient
in strains was larger than the margin of error associated with strain calculations.

After accounting for the accuracy of DVC strain calculations and global strain gradients
due to bending and hole geometry, any axial strain concentration in the stir zone was determined
to be small or inconclusive. The absence of a pronounced concentration was consistent with FE
simulations of specimens with stiff stir zones (Section 6), although the magnitude of these
gradients was anticipated to be small due to the limited size of the stir zone compared to the bulk
material. This suggested that the increased fiber and metal inclusion content contributed to
enhanced material stiffness in the stir zone.

The axial strain field appeared continuous at the interface between the stir zone and bulk
materials, suggesting continuous material deformation in the axial direction with no interfacial
fracture. However, since the interface was primarily aligned with the Z axis, interfacial slip
would have manifested as shear strains y,,,while interfacial crack opening would likely appear as
&yy strains. Neither of these trends could be observed with axial strain maps.

Localized bands of high axial compression on the rivet hole surface marked by (*)
revealed a nonuniform deformation response in certain areas of the stir zone. These bands
demonstrated larger compression by a factor of ~2 compared to the rest of the stir zone (e.g.,

&,z = —.05 vs. g,, = —.02), which was much larger than the margin of error determined in the
sensitivity study. These strain concentrations were consistent with kinking caused by localized
buckling, which was observed visually in the volumetric reconstructions; these trends are

discussed further in Section 5.3.
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Fig. 5.8. Calculated axial strain &, at (a) 22 MPa and(b) 44 MPa compression. The axial strain
concentration on the rivet hole surface is marked with (*).

5.2.  Shear strain

Shear strain y,,, was similarly calculated for 22 and 44 MPaloads in the rivet hole
specimen, with results summarized in Fig. 5.9. With the exception of local strain concentrations,
shear strains were small and centrally distributed around y,,, = 0 at both loads, which was also
consistent with FE results (Section 6). In contrast to the average shear response within the bulk
material, a large shear strain was observed at the interface between the bulk material and stir
zone, which indicated a gradient in axial deformation across this boundary. This gradient was
persistent throughout the thickness of each reconstructed volume, as marked by the green and
yellow vertical bands observed in the cross-section insets within Fig. 5.9. Importantly, the
magnitude of this shear strain increased proportionally to the applied load, with typical values of
Yyz = -008 and y,,, = .017 for the images acquired at 22 and 44 MPa, indicating a linear elastic
response at the interface. Since no visible crack was observed at the interface in the XCT
reconstructions, the likely cause of this observed shear strain was genuine shear deformation

rather than interfacial slip. In practical terms, this finding suggested that the stir zone was
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strongly adhered to the bulk material with a thin compliant layer and was unlikely to delaminate
under compressive loads.

Additional concentrations were observed on the rivet hole surface, as marked by (1) and
(1) on the figures. The central concentration marked by (1) corresponded with severe local
buckling (see Section 5.3), where fiber and material reorientation introduced a large shearing
deformation in the YZ plane. Comparison with metal volume fraction measurements indicated
that the concentration marked by (f) occurred below a large metal inclusion (the light blue
particles in Fig. 5.10a); this concentration may have been caused by the distribution of
proportionally higher load carried by rigid metal inclusion to surrounding CFRP. It was noted

that all of these shear strain concentrations were distinct from the axial strain concentrations.

Fig. 5.9. Calculated shear strain ¢,, at (a) 22 MPa and (b) 44 MPa compression. Shear strain
concentrations on the rivet hole surface are marked with (1) and ()

5.3.  Microstructural influence on deformation mechanisms
Deformation of initially vertical lines (marked A, B and C) in the stir zone is summarized
in Fig. 5.10, where the three lines were analyzed at identical depths from the rivet hole surface.

By comparing axial deformation with position, a measure of local stiffness was obtained at these
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three regions using linear regression of the axial deformation data at 44 MPa compressive load
(colored circles). These data showed that the metal particles altered the stiffness of the three
lines: material near lines B and C were stiffer than material near line A by factors of Ez/E, =
1.05 and E-/E, = 1.21. Additionally, the local stiffness of line A changed with Z coordinate,
which was higher large Z coordinates (Z, > 800 pum) than lower coordinates (Z, < 600 pm)
due to the presence of large metallic particles (bright blue spots in Fig. 5.10a). These
relationships suggested local mechanical properties did indeed vary with microstructure, and that
assumptions of homogeneity were invalid at local length scales; specifically, material near line C
was strengthened by large metal inclusions.

Lateral deflection in Y direction of initially vertical lines A, B, C in (Fig. 5.10c) showed
variation in deformation that also corresponded with local metal volume fraction. Since lateral
deflection away from the bulk material would be indicative of buckling, variation with respect to
microstructure would suggest that buckling was partially controlled by microstructure. The
parabolic trend of lines A and C, which were partially strengthened by metal inclusions, were
consistent with global bending behavior and resembled the bulk material deformation, while
curvature in line B suggested localized buckling distinct from global bending behavior.
Importantly, the deformation of line B in the circled region opposed both the rivet hole’s natural
curvature and the applied bending moment, consistent with the model presented in Fig. 5.2.
Given the reduced stiffness of material near line B, the decreased buckling load was consistent

with predictions by the model.
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Fig. 5.10. Variation of buckling behavior throughout stir zone. (a) Selection of initially vertical
lines in the stir zone at (A) X= 205 um, (B) 615 um, and (C) 1070 um overlaid on map of metal
volume fraction; (b) Axial deformation at 44 MPa load at subsets near lines A, B and C, with
solid lines representing lines of best fit on the sampled data, represented by colored circles; (c¢)
Y-axis deflection at lines A, B and C in the stir zone at 22 MPa (purple lines) and 44 MPa load
(green lines).

Following this observation, it was anticipated that failure would similarly occur due to
locally high, bending-induced stresses on the buckled stir zone surface, which was indeed
demonstrated in Fig. 5.11a. The curvature of line B in Fig. 5.10c increased with further
compression load, and fracture at the apex of curvature was observed in the 68 MPa image.
Without local buckling, this location would have been under strong compression forces and
would not have fractured in tension. Moreover, regular curvature demonstrated by material near
line B demonstrated a wavelength of approximately 250 um, which was accurately captured
using the constrained buckling model (Section 2). In Fig. 5.10c, the model was applied to
deformation data near line B using bulk elastic modulus data to approximate stir zone properties,
and least-squares methods to optimize the coefficients of the buckling model (A and B in Eq.

5.1). These results confirmed the presence of partially constrained buckling, and support the

plausibility of the proposed model.

116



300

250
200
150
100

50

Vertical Position [pum]

-6 -4 -2 0 2 4 6
Laterial Displacement [pm]

Fig. 5.11. Evidence of constrained buckling model within the stir zone, with data sampled near
line B in Fig. 5.10.(a) Demonstration of stir zone buckling and kinking (traced in white) at 400 N
load, with fracture at the apex of local buckling (red inset). (b) Application of this model (red
line) closely corresponds with observed deformation (blue circles).
6. Finite element simulation of experiment
6.1. Model development

To aid interpretation of the coupled XCT and DVC results, a simplified model of the
experiment was simulated using the finite element method (ANSYS R16.0) to evaluate general
trends such as strain concentrations, interfacial strains and combined axial-bending deformation
response. The two-dimensional, plane-strain FE model (Fig. 5.12a) captured the specimen
geometry using a quadrilateral mesh. The model height was 20 mm, and the gage length cross
section was 2.25 mm in thickness. The calculations assumed linear elastic, isotropic material

behavior; anisotropic effects due to fiber orientation, nonuniform distributions of fibers, porosity

and metal inclusions were beyond the scope of this study.
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Fig. 5.12. Summary of FE simulations of FSBR compression experiment. (a) Detail of
discretized model, with box indicating regions of portrayed data. (b) Magnified view of mesh
near the stir zone, with box demarcating the DVC region of interest. (¢) Summary of axial strain
values €,, along sample midplane for stir zone stiffness of (i) 4.4 GPa, (ii) 8.8 GPa and (iii) 17.6
GPa. (d) Summary of shear strain values y,,, along sample midplane for stir zone stiffness of (i)
4.4 GPa, (ii) 8.8 GPa and (iii) 17.6 GPa. (e) Extracted axial strain values along path indicated in
(a) for different stiffnesses. (f) Summary of model convergence, showing axial strain along path
indicated in (a)as a function of element size (in mm). The location of the stir zone is demarcated
in (c-d) using a black arc.

The sample geometry incorporated separate volumes for the stir zone and bulk material
such that mechanical properties in the 250 um thick stir zone could be altered independently.
The stir zone was further divided into three regions, including an interface layer of 50 pm
thickness adjacent to the bulk material, and two symmetric halves of 200 um thickness. In this
sense, both compliance at the interface as well as nonuniform stiffness in the stir zone (e.g., due
to metallic particles) could be studied. The interfaces between all regions were assigned a no-slip
contact condition. Where possible, symmetry in the sample height was enforced. Uniform axial

compression of 0.15 mm was applied to the top and bottom surface of the specimen to produce

strains similar in magnitude to experimental results.
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To assess convergence, the model initially assigned an elastic modulus of 8.8 GPa (Table
5.1) and Poisson’s ratio of v = 0.40 to both the stir zone and bulk material volumes; these
properties were determined from experimental testing on bulk CFRP, and a sensitivity study
found that the deformation response was insensitive to changes in Poisson’s ratio over a range of
0.30 to 0.45. The convergence study used an initial mesh with nominal element size of 0.60 mm
that was refined three times to a nominal element size of 0.075 mm; the finest mesh included 4
elements through the stir zone thickness. Convergence was assessed along the sample midplane
marked in Fig. 5.12a. Results shown in Fig. 5.12f indicated minimum axial strains of &,, =
—0.045 for all mesh sizes, revealing that a mesh size of 0.60 mm had already produced a
converged answer. However, it was determined that this mesh size was too coarse to extract local
strain gradients within the stir zone, so the fully refined mesh with element size of 0.075 mm in
the stir zone was used for subsequent analysis.
6.2.  Model results

Using the refined mesh, the influence of relative stiffnesses of the stir zone to the bulk
material was measured. The objective of this analysis was to identify characteristic features of
the strain fields that could be used to deduce the relative stiffnesses of the stir zone and bulk
materials from DVC results, which strongly influenced the buckling of the stir zone. The elastic
modulus of the stir zone was varied from 4.4 GPa to 17.6 GPa, while the elastic modulus of the
bulk material was maintained at 8.8 GPa; thus, relative stir zone stiffnesses of 0.5, 1.0 and 2.0
were studied. The Poisson’s ratio of each volume remained 0.40. Geometry and boundary
conditions remained identical to those used in the convergence study.

Axial strain &,, results from this calculation are presented in Fig. 5.12¢, while in-plane

shear strain y,,, results are summarized in Fig. 5.12d. As indicated in Fig. 5.12b, the DVC
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volume of interest was smaller still than the plots in Fig. 5.12c-d.

At a high level, these results demonstrated similar strain gradient patterns for each stir
zone stiffness, including relatively low compression in the bulk material and higher compression
in the stir zone. Trends in both axial and shear strains matched experimental DVC measurements
(Figs. 5.8 and 5.9), which showed both combined axial-bending loads and shear strain
concentrations on the rivet hole surface. The magnitude of both axial and shear strains within the
stir zone decreased with increasing stir zone stiffness, and the decrease in deformation within the
stir zone was offset by slight increases in deformation on the opposite face of the bulk material.
This result, of course, may be rationalized in that a stiffer material would deform less for
identical loads. In terms of interpreting DVC results, a stiffer stir zone material would result in
diminished bending gradients throughout the scanned volume. Similarly, smaller shear strain
concentrations would indicate a stiffer stir zone.

This subtle difference in experimental strain fields would be difficult to discern without a
control sample to serve as a reference strain field, as shown in Fig. 5.12e. Axial strain values
were sampled at nodes along the intersection of the two planes of symmetry, which quantified
differences in strain fields due to variation in stir zone stiffness (shear strain values were not
reported, as they were uniformly trivial due to symmetry conditions). The maximum difference
in axial strain between models with stir zone stiffnesses of 4.4 GPa and 17.6 GPa was A¢,, =
0.013, which was similar to the sensitivity of DVC techniques. Although the variation in axial
strains was small, this visualization supported the observation that a stiffer stir zone would
inhibit bending deformation since the average slope of the strain gradients flattened with
increasing stir zone stiffness.

Increasing stir zone stiffness resulted in diminished peak compressive strains, although
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the decrease in strain was less than the proportional increase in stiffness; for explicitness, the
nondimensional loading factor a,,/Estir zone increased with stiffness. For example, a doubling
of stir zone modulus from 4.4 GPa to 8.8 GPa resulted in a change in axial strain from ¢,, =
—0.045 to —0.051, or a factor of only 1.12; assuming a linear elastic material response, this
amplified the nondimensional loading ratio by a factor of 1.12. Because buckling models (e.g.,
Egs. 5.1 and 5.2) are governed by this same nondimensional loading parameter, this relationship
implied that stiffer stir zones were more likely to buckle. The presence of stiffening features
within the stir zone such as metal inclusions, increased fiber volume and fiber reorientation
would further reduce the critical buckling load of the stir zone.

A key difference between the FE simulation with uniform stir zone stiffness and
experimental results was the absence of a shear strain concentration at the interface between the
stir zone and bulk materials. While the previous simulation assumed no-slip conditions at this
interface, the actual specimen likely contained some level of compliance at this boundary. In
addition, the experimental interfacial shear strain was asymmetric, with nonzero shear obtained
at the sample midplane. The causes of the interfacial shear strain were tested by increasing
interfacial compliance and imposing asymmetric stiffnesses in the stir zone; results are
summarized in Fig. 5.13. First, the interfacial subvolume (yellow in Fig. 5.13a) was assigned a
stiffness of 4.4 GPa while the remaining portions of the stir zone and bulk material were
assigned a stiffness of 8.8 GPa. In a second simulation, the top half of the stir zone (red in Fig.
5.13a) was assigned a reduced stiffness of 6.6 GPa and the interfacial region a stiffness of 4.4
GPa, while the stiffness of other subvolumes remained unchanged. In both simulations, the axial
strain distribution (Fig. 5.13b) closely resembled results from models without a compliant

interface; in the asymmetric model the maximum axial compression increased from ¢,, =
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—0.045 to €,, = —0.051, a difference that was smaller than DVC sensitivity. In the asymmetric

model, nonzero shear strain of y,,, = 0.012 was observed near stir zone / bulk material interface

(Fig. 5.13¢), which closely agreed with experimental results. Surprisingly, the symmetric model
with compliant interface resulted in decreased interfacial shear strain. Additional asymmetric

simulations without the compliant interface showed no interfacial shear concentration.
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Fig. 5.13. Simulation of shear strain concentration at stir zone / bulk material interface using
asymmetric stir zone stiffnesses. (a) Detail of mesh near stir zone, showing compliant interface
(yellow) and stir zone subvolumes (red and green). Stiffness in the interface and two stir zone
subvolumes were separately manipulated. (b) Axial strain €,, for model with (i) compliant
interface and (i1) compliant interface and asymmetric stir zone stiffness. (¢) Shear strain y,,, for

model with (i) compliant interface and (ii) compliant interface and asymmetric stir zone stiffness.
Scale bar in (b) and (c) is 1 mm.

Based on these results, it was concluded that the interaction of a compliant interface and
asymmetric stiffness in the stir zone contributed to the interfacial shear strain concentration. The
assumed stiffnesses in these simulations varied from bulk properties by a factor of 2, which
could easily be achieved by the heterogeneous distribution of constituents observed in Fig. 5.6.
For instance, the asymmetric stir zone stiffness could be caused by nonhomogeneous distribution
of stiff metal inclusions as observed in Fig. 5.6, while interfacial compliance could be caused by

poor interfacial bonding, increased porosity or low volume fraction of reinforcement.

7. Discussion

122



7.1.  Modeling of 3D deformation mechanisms with coupled XCT and DVC

The detection and measurement of localized buckling within the stir zone, as well as
calculation of spatially variable mechanical properties, demonstrated the utility of combined
XCT and DVC methods, as this deformation could not have been accurately detected with
traditional two-dimensional measurement techniques. Specifically, surface measurements could
neither distinguish the independent deformations of the stir zone and bulk materials nor identify
that buckling was constrained to areas away from rigid aluminum inclusions within the stir zone.
Moreover, surface measurement would be hindered by small specimen size and unusual curved
geometry. Postmortem cross-section analysis could identify microstructural differences but not
elastic deformation. In contrast, sample preparation for XCT analysis was greatly simplified, and
the combined XCT and DVC experiment provided much more quantitative data than otherwise
possible.

The composite deformation was sensitive to local microstructure. The 250 um thick stir
zone demonstrated distinct behavior compared to the adjacent bulk material, despite nominally
similar material compositions. Rather, differences in fiber orientation and porosity contributed to
somewhat compliant interface between the stir zone and bulk material and enabled the stir zone
to deform uniquely from the bulk material. Even within the stir zone, deformation was dictated
by the location of aluminum inclusions, and local buckling demonstrated in the experiment
would be difficult to model with bulk material measurements, or even traditional rule-of-
mixtures models based on stir-zone measurements. These measurements suggested that
assumptions of material homogeneity broke down due to material processing, as local
microstructure and deformation mechanisms varied from bulk properties and behavior. In this

case, microstructural variation led to unusual buckling deformation that was very different from
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global behavior. Outside of friction stir processes, one could expect similar heterogeneities due
to turbulent flow patterns during injection molding of chopped fiber composites or due to
cyclical friction loading, which is well known to reorient molecular chains in polymers.

While direct measurement of stir-zone mechanical properties was precluded by the
complex geometry and microstructure, comparison with FE models provided some insight into
stir zone properties. In particular, the sample demonstrated only a mild strain concentration near
the rivet hole surface due to a bending load, and the sample was absent of widespread shear
strain concentration in the stir zone. These findings were consistent with FE simulations
containing a stiff stir zone compared to the bulk material, suggesting that the increased fiber
volume fraction and metal inclusions locally stiffened the stir zone.

The most glaring difference between experimental and FE simulation results was the
presence of shear strain at the stir zone / bulk material interface. Examination of XCT
reconstructions did not reveal visible crack opening displacement at the interface. Since the FE
model imposed a no-slip condition at this location, the most likely cause of this shear stress
would be a compliant interface between the stir zone and bulk materials. With respect to FSBR
joint performance, the weak interface could hinder effective load transfer between the rivet and
CFRP workpieces.

7.2.  Application of DVC to other fiber composites

For the first time, DVC was used to study the deformation of fiber composites by
employing fibers as intrinsic markers for displacement calculation, unlike prior DVC efforts that
studied materials with either high-contrast additives (e.g., ceramic particles in metal matrix
composite [16]) or porous structures. This expands the types of materials that can be studied by

DVC to include fiber-reinforced composites.
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7.3.  Failure characterization of FSBR CFRP joints

It is clear from the fiber orientation and composition measurements that the stir zone had
a very different microstructure compared to the bulk material. These changes were caused by
intense thermal and mechanical loads in the FSBR process, and must be accounted in mechanical
modeling of the FSBR failure process.

From the finite element results and the buckling model, it is clear that any change to the
stir zone stiffness compared to the bulk material can alter the failure behavior. These changes
were difficult to deduce from the DVC results, since the any change in axial strain would be
similar in magnitude to the DVC measurement error. Similarly, this information could not be
obtained from inspection of the microstructure: both fiber reorientation as well as metal
inclusions in the stir zone would increase the stiffness, but would also be diminished from the
increased porosity.

Still, the DVC results and buckling behavior were qualitatively consistent with increased
stiffness in the stir zone. In particular, stiffening effects due to aluminum inclusions locally
reduced the axial deformation and inhibited buckling compared adjacent pockets of “pure” CFRP
material. Since these inclusions were not uniformly distributed throughout the stir zone, the
sample demonstrated heterogeneous deformation behavior. Thus, the buckling behavior may be

most strongly influenced by the heterogeneous microstructure in the stir zone.

8. Conclusions
Combined XCT and DVC in conjunction with in situ mechanical testing were performed
on engineered fiber reinforced polymer composites, which enabled accurate, high resolution

measurement of local mechanical response in three dimensions. Unique deformation
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mechanisms such as internal shear and microstructure-dependent local buckling were observed

in situ, which could not have been detected with traditional two-dimensional measurement

techniques. The following conclusions are made:

Intrinsic microstructural features such as fibers, pores and metal inclusions enabled
accurate volumetric strain calculation of dense polymer matrix fiber composites using
DVC without the need for high-contrast additives. This method may also be applicable to
emerging non-polymer matrix composites with low phase contrast between
reinforcements and matrix.

Deformation calculated with DVC was employed to determine variation of mechanical
properties within the FSBR altered stir zone microstructure, which were necessarily
impossible to derive from bulk material properties.

Material processing created a unique microstructure with distinct mechanical behavior
compared to bulk material, demonstrating the limitations of extending bulk material
properties to microscopic features. Combined XCT and DVC were shown to be effective
tools to identify unique microstructures and local deformation behavior within
composites.

While obtaining mechanical properties of the FSBR joint’s stir zone in the CFRP
workpiece was precluded by complex sample geometry and microstructure, comparison
with FE solutions provided some insight into stir zone properties. Experimental trends
were consistent with a stiffened stir zone compared to the bulk material, which was
ascribed to local increases in fiber volume and embedded metal particles. The FE model
also illuminated the source of interfacial shear strain between the stir zone and bulk

material, which was caused by a compliant interface and heterogeneous stiffness in the
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stir zone. Finally, it was demonstrated that a stiffened stir zone was more susceptible to

buckling due to nonlinear increases in compressive stress.

9. Appendix: SEM composition analysis

EDS analysis was used to determine the composition of metal inclusions observed in the
stir zone. It was found that the most prominent peak for the small inclusions (Fig. 5.14; green
circle) was zinc, and for the large inclusion (purple square) was aluminum. The likely
provenance of these materials was the zinc coating on the steel rivet and the aluminum

workpiece.

0.0 0.5 1.0 1.5 2.0 25
keV

S
Fig. 5.14. EDS composition analysis of metal inclusions embedded in the stir zone.

10.  Appendix: Accuracy of image segmentation
10.1. Assessment of fiber size

Certainly, the fiber volume and fiber orientation calculations were highly sensitive to
fiber dimensions; XCT and SEM images were compared to verify that the thresholded XCT
images produced realistic fiber dimensions. Fig. 5.15 compares fiber diameters measured with
scanning electron microscopy and thresholded images, and suggests that the thresholded fibers

have reasonably accurate dimensions.
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Fig. 5.15. Comparison of CFRP fiber diameters in (a) SEM image and (b) thresholded XCT scan.
10.2. SEM fiber volume vs. XCT fiber volume

A baseline measurement for fiber volume was determined from a scanning electron
micrograph of the extracted rivet specimen. Intensity gradients were removed by second-order
surface fitting for each region, and the flattened image was thresholded to distinguish fibers and
matrix. Calculations in Fig. 5.16 revealed much higher fiber volume fraction in the stir zone than

in the bulk material; these measurements closely matched with the XCT calculations presented in

Section 4.1.

Fig. 5.16. Fiber volume fraction calculation for different CFRP zones using scanning electron
microscopy. Thresholded images and fiber volume for (left) interior stir zone, (center) exterior
stir zone, and (right) bulk material. Rivet hole is to left of image.
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Chapter 6:
Quantifying the three-dimensional damage and stress redistribution mechanisms
of braided SiC/SiC composites by in situ digital volume correlation

L Introduction

While SiC fiber-reinforced, SiC matrix ceramic matrix composites (SiC/SiC CMCs) have
attracted great interest for their superior strength and toughness at elevated temperatures, their
intrinsically brittle constituents can fracture suddenly and unpredictably. The composite’s
mechanical behavior is strongly influenced by irregularities in the microstructure, including
porosity, nonuniform tow-tow contact and variation in tow size, placement and orientation [1,2].
These defects often lead to failure initiation within the sample interior, which hinders direct
observation and quantification of the damage mechanisms. Even in cases when failure initiates at
a visible surface feature, full-field deformation measurements of the exterior surfaces (i.e., 3D
digital image correlation; 3D-DIC) [3] are insufficient as the response still depends on the
concealed, underlying structure. To unravel the complex failure mechanisms of CMC:s, it is
therefore desirable to obtain simultaneous three-dimensional strain and microstructural
measurements of internal features before, during and after damage initiation.

Unfortunately, this is not feasible with conventional experimental approaches, so the
effects of microstructural variation have been studied with “virtual experiments” using finite
element simulations of experimentally-measured or statistically generated composite geometries
[4,5]. Computational results are commonly compared to surface strain and damage maps
obtained by 3D-DIC [3,4], but it remains unclear if the models accurately capture the internal
behavior of thick composites, or for complex geometries with inaccessible surfaces. This concern
is particularly valid for tubular nuclear cladding geometries, which commonly fail due to hoop

stress on the internal surface. Therefore, new measurement techniques are required to truly
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validate virtual experiments.

Several test methods have been developed to evaluate the hoop strength of cylindrical
samples, including internal pressurization via hydraulic fluid [6,7], or, more commonly,
compression of an elastomeric insert in an “expanding plug” test [8,9]. Radial deformation u, is
typically measured on the external surface at select locations via dilatometer, which can be

converted to hoop strain €99 and hoop stress ogg by the isotropic thick-walled cylinder

equations,
ty = g (1 = vyrp + L] 6.1)
go0 = (62)
Ogp = rgliiriz (r? + rir2/r?) (6.3)

where 7 is the radial coordinate, r; and 7, are the internal and outside radii of the cylinder, E and
v are the stiffness and Poisson’s ratio of the cylinder, and P; is the internal pressure. However,
due to the anisotropic mechanical properties and heterogeneous microstructure of SiC/SiC
CMCs as well as small number of composite layers [10], it is unclear if the through-thickness
deformation profile predicted by the isotropic thick-walled cylinder equations remains valid; this
is a key question that can be answered with volumetric deformation measurements.

One promising technique is coupled in situ micro-X-ray Computed Tomography (XCT)
and Digital Volume Correlation (DVC) testing, which has been widely used to reveal with ~10
pm resolution the otherwise-inaccessible internal deformation/failure mechanisms of porous
bone, foams and particle-reinforced composites [11-14]. Recent work by the authors have
demonstrated that the contrast between fibers, pores and other microstructural features in dense

fiber-reinforced polymer composites enables robust and highly sensitive DVC measurements of
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internal elasto-plastic deformation and microstructure-controlled buckling mechanisms [15]. The
ability to correlate tomograms of polymer composites implies that similar measurement
capabilities can be achieved for CMCs, especially in light of recent XCT measurements of
microstructure and damage in SiC/SiC CMCs [16,17]. Indeed, coupled XCT / DVC techniques
have recently been used as a benchmark for finite element simulations of deformation and

damage in SiC/SiC CMCs [18,19].

2. Materials and methods

In this work, coupled XCT and DVC approaches are applied to in situ expanding plug
tests of triaxially-braided SiC/SiC composite cladding tubes produced by a CVI process
(provided by General Atomics). These specimens were in the as-fabricated condition (showing
surface roughness caused by the underlying fiber architecture), and were not smoothed or
polished. The composite specimens featured an axial height of 12.5 mm, an outer radius of 5.5
mm and a nominal wall thickness of 1.2 mm with 3 layers of braided tows. The fiber architecture
was selected to provide similar strengths in axial and hoop directions, and resulted in a
composite elastic modulus of 190 GPa in the hoop direction [7]. Using a custom loading stage
(Fig. 6.1a), an incompressible Shore 95A polyurethane plug [20] was axially compressed within
the sample to perform an expanding plug test; radial dilation of the plug loaded the interior
surface of the specimen, contributing to deformation and failure by hoop stress.

Tomograms with 500 x 500 x 500 voxels and voxel resolution of 15.6 um were acquired
throughout the deformation of four composite samples (XRadia MicroXCT-200). While the field
of view for each scan was only 7.8 mm in diameter, overlapping XCT scans recorded the

mechanical response of the entire specimen at each load increment (Fig. 6.1b-c). Representative
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in situ reconstructions are shown in Fig. 6.1b-c after failure of a single tow at 2400 N and after
specimen fracture at 2630 N, which clearly illustrate prominent microstructural features such as
tow geometry and large voids (> 50 um), as well as matrix microcracks and fracture surfaces.
Tomograms were smoothed with a 3D Gaussian filter before correlation with commercial DVC
software (Vic-Volume, Correlated Solutions), which removed noise and has been shown to
improve image correlation accuracy [21,22]. In this way, the volumetric mechanical response
and damage mechanisms (e.g., matrix microcracking, tow failure, etc.) could be related to the
underlying composite microstructure, and key questions about (1) the validity of homogeneous
thick-wall cylinder elasticity assumptions, (2) tow failure mechanisms, and (3) stress

redistribution could be answered.

a Load

Plug

Sample ﬂ
£eq
Load J

Cell Detector

Fig. 6.1. Coupled XCT and DVC setup. (a) Experimental apparatus, showing in situ expanding
plug loading stage. (b-c) Representative in situ tomograms after (b) sub-critical tow failure on
exterior surface (highlighted by arrow) at 2400 N, and (c) after failure at 2630 N. The rubber
plug and aluminum indenter are hidden to show interior composite microstructure. Scale bars in
(b-c): 3 mm.
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3. Results and discussion

Representative DVC results are presented in Fig. 6.2, which shows the hoop stress on the
interior and exterior surfaces of the composite at various loads before specimen fracture at 2950
N. As evidenced by prominent strain concentrations, it is clear that mechanical response is
strongly regulated by microstructure. In the pre-damage loading regime up to 2500 N, we
observed localized strain concentrations of €59 = 0.25 — 0.35% that corresponded to tow
crossovers on both the interior and exterior surfaces. These regions naturally exhibited the
highest stress/strain response, as they distribute load between overlapping tows [23]. Strain away
from contact regions was somewhat lower, g9 = 0.15%, and even negative at some locations;
highly heterogeneous and locally negative strains have been observed in both surface DIC
measurements and associated finite element simulations of stochastic woven CMCs, and are
attributed to microstructural variation and defects [24]. Some strain concentrations on the interior
surface (one of which is marked by inset in Fig. 6.2¢) were proximate to the location of tow
failure at 2700 N, potentially indicating that failure initiated from these inter-tow contacts.

The hoop strain distributions on the interior and exterior surfaces were not strongly
related; that is, the regions with highest deformation varied through the thickness. Rather, the
location of strain concentrations was governed by the immediate tow architecture rather than
more distant microstructural features. This was particularly true in the elastic loading regime
before microstructural damage, as inferred from strain maps at 2100 and 2500 N (b and c in Fig.
6.2). A notable exception to this trend occurred after tow failure on the interior surface, which
produced a large stress redistribution to tows on the exterior surface (Fig. 6.2d). Therefore,
surface strain measurements were only indicative of large interior damage but were not sensitive

to elastic strains on the interior surface.
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Comparison of the interior and exterior strain profiles revealed that the interior surface
displayed several minor hoop strain peaks away from tow-contact regions, but these were not
apparent on the exterior surface. This was probably caused by boundary conditions imposed by
the expanding plug. For instance, variation in local plug-composite contact stress as the
elastomer conformed to the interior surface could produce highly three-dimensional and irregular
loading conditions. Local loading effects were dissipated through the composite thickness via St.
Venant’s principle, resulting in a “cleaner” strain distribution that only showed strain
concentrations at inter-tow contacts. It is possible that grinding of the interior surface to remove
tow roughness or the addition of an inner monolithic SiC layer could produce a more uniform

stress distribution.

2 MM w—

£hoop

Fig. 6.2. DVC computed hoop strain €g4 on interior (top) and exterior (bottom) surface. (a)
Tomogram at 0 N load, with tows outlined in black. (b-d) €99 measurements acquired within the
elastic regime at (b) 2100 N and (c) 2500 N, and (d) after interior tow failure at 2730 N, which
appears as levels of high strain. The specimen failed completely at 2950 N. Prominent strain
concentrations at 2500 N are highlighted by inset.
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Although it was clear that the microstructure contributed to elevated strains at the tow
overlaps, why did failure initiate at the particular location? How did failure propagate from the
damaged tow? Detailed inspection of the tow architecture in Fig. 6.3 identified a large inter-tow
spacing of 0.86 mm at the point of failure initiation, which was 25-60% larger than in similar
regions. Based on this, we could expect an increased length of biased tow that was not supported
by underlying material. The radial pressure exerted by the elastomeric plug resulted in the
maximum bending moment at the tow overlap, analogous to the stress distribution on a
cantilever beam (Fig. 6.3b). In this scenario, the maximum principal stress — the relevant failure
criteria for brittle SiC constituents — would occur at the root of the biased tow, which was indeed
where tow failure occurred. This natural stress concentration was enhanced by the increased
unsupported length and by load transfer at the tow contacts. Although the small specimen size
restricted the number of tow-spacing measurements, these results suggested that tow spacing
must be tightly controlled to produce a uniform mechanical response. Further experiments are
required to quantify the specific contribution of tow spacing to failure compared to other defects
such as porosity, tow misorientation and variable matrix thickness.

Analysis of the fracture surface of a different specimen (Fig. 6.3c) confirmed that this
fracture mechanism prevailed along the entire interior surface. The jagged fracture path along the
interior surface connected nearly all points of contact with underlying axial or biased tows (Fig.
6.3d). In each of the four samples, the fracture path was constrained between two axial tows, and
the cracks never bridged an axial tow on the interior surface to propagate laterally; this indicated
that the axial tows fully arrested and/or deflected the propagating cracks, and that failure was
dominated by hoop stress. In addition, the fractured samples exhibited microcracks parallel to the

final fracture surface (Fig. 6.3c-d) with similar crack deflection characteristics. While it could
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not be confirmed whether these cracks formed before, during or after sample rupture, SEM and
XCT measurements revealed that the supplemental microcracks only appeared within 3 mm of
the final fracture surface, suggesting that their initiation was closely related to the fracture
process. Therefore, it was believed that the elevated hoop stresses that contributed to sample

rupture also created parallel microcracks through a crack bridging mechanism.
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Fig. 6.3. Tow failure is regulated by microstructural variation. (a) Measurements of inter-tow
spacing. The tow fracture pattern (evident as region of large hoop strain in Fig. 6.2) is traced in
red for clarity. (b) Schematic of biased tow failure mechanism. (c) Fracture pattern on interior
surface (different specimen), showing biased tow failure at overlap with axial tows (red arrows)
and other biased tows (blue arrows). (d) Schematic of fracture and microcrack paths visible in
(c), showing alignment with tow overlaps (highlighted in red).

With new insight into the mechanisms of subcritical tow failure, we now seek to
understand the redistribution of stress around damaged regions. The damage observed in Fig. 6.3
was constrained to the interior layer, leaving two intact layers of load-bearing tows outside the
damaged region. Analysis of the hoop strain in two regions before and after tow fracture revealed

complex deformation and nonuniform stress redistribution behavior (Fig. 6.4). Before tow

fracture, the average strain in regions “b” and “c” at 2100 N closely resembled the theoretical
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profile predicted by Egs. 6.1-6.3 (dashed line in Fig. 6.4b-c), yet the two regions demonstrated

unique variations in hoop strain on the interior surface. At 2100 N, region “b” exhibited a range

from e55% = 0.02% to £55°" = 0.23% (strains at 2.5" and 97.5™ percentiles) on the interior
25% __ _ 0 97.5% __ o/ 3 : TR
surface, compared to a range of €55 = —0.10% to £45>" = 0.35% in region “c”. The large

[1Pb]

variation in region “c”’ was indicative of widespread microcracking, as crack opening
displacements would create large pseudo-strains and simultaneously unload adjacent material to
create small strains.

After tow fracture at 2730 N, the hoop strain evolved differently in the two regions,
supporting a conclusion of anisotropic stress redistribution. In both regions, the average
(through-thickness) hoop strain increased to a value of eggg = 0.163%, which constituted a
relatively larger increase in region “c” than in region “b” and suggested that stress was
preferentially redistributed axially rather than radially. The average strain increased uniformly
through the thickness in region “c”, which maintained a deformation gradient consistent with
Egs. 6.1-6.3. In contrast, the average strain increased preferentially on the outside of region “b”,
resulting in a uniform strain distribution that varied little with radial position. As a result, both
the average and maximum values of £gg on the interior surface were higher in region “c” than in
region “b”, and these values in region “c’” approached the critical fracture strain for individual
tows [25]. Subsequent loading to 2950 N resulted in fracture propagation along the axial

direction, consistent with this analysis.
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Fig. 6.4. Stress redistribution associated with tow failure. (a) Tomogram of Specimen 4 after
failure of interior tow. (b-c) DVC measured through-thickness hoop strain at loads before and
after tow failure corresponding to regions (b) to right and (c) beneath failed tow. Dark colored
lines represent mean strain response, while colored bands encapsulate 95% of strain
measurements. Data is compared to theoretical hoop strain at 2100 N via thick-wall cylinder
equations (dashed line). Radial thicknesses of the two regions are different due to microstructural
variation.
4. Conclusions

In conclusion, coupled XCT / DVC measurements of in situ expanding plug tests
provided unprecedented access to the internal deformation and failure mechanisms of SiC/SiC
composites. This new experimental technique achieved quantitative tow-level strain
measurements, which were cross-referenced to high-resolution 3D microstructural images to
elucidate the processing-microstructure-deformation-failure relationships of as-fabricated
braided SiC/SiC composites. These measurements revealed key differences between internal and
external deformation trends, and found that surface-based measurements only rarely
corresponded to internal strain distributions. Rather, the strain distribution and failure of the
braided composite was most strongly predicted by the local tow architecture. Comparison
between strain distributions, composite microstructure and failure mechanisms confirmed that

large local tow spacing increased peak strain at adjacent inter-tow contacts and facilitated

composite failure, which implies that tight control of tow alignment is necessary for good
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composite-level mechanical properties. These novel measurements revealed that tow failure at
inter-tow contacts was the primary damage mechanism for this particular braided tow
architecture, which was facilitated by load transfer between tows and stress distributions
analogous to cantilever beams. Based on these measurements, tow spacing is believed to strongly
influence the failure properties of braided SiC/SiC composites.

Finally, the current technique provides meaningful one-to-one comparison for FE
simulations of statistically-generated composite models, and is therefore anticipated to be an
essential tool for model validation. The coupled XCT/DVC approach successfully captured the
nonlinear deformation, damage, stress redistribution and failure characteristics of braided CMCs,
which is the central objective of virtual experiments. Since tow failure initiated on the sample
interior, and DVC measurements suggested that exterior measurements were not sensitive to
internal deformation and damage, these results prove that surface-based measurements (as from
3D-DIC, etc.) are insufficient experimental benchmarks for the simulations. Although results
were only demonstrated for four samples, and further testing is required to assess the robustness
of DVC measurements, the results indicate that three-dimensional XCT-based measurements are

suitable and essential to validate FE models for thick, multi-ply composites.
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Chapter 7:
Summary and recommendations

In this dissertation, coupled in situ X-ray Computed Tomography (XCT) mechanical
testing and Digital Volume Correlation (DVC) measurement techniques are extended to study
the damage mechanisms of glass microballoon (GMB) reinforced syntactic foams with elastomer
matrices, fiber-reinforced polymer, and ceramic-matrix composites. While the microstructures in
these composites contain many fiducial markers that are theoretically amenable to accurate
displacement measurements, they violate commonly held beliefs that speckle patterns for DVC
measurements should be high-contrast, random, isotropic, and durable; the fiber-reinforced
composites and syntactic foams violate the principles of isotropy and durability, respectively.
Instead, I have demonstrated that these assumptions can be relaxed in certain scenarios without
sacrificing measurement accuracy. The validated XCT/DVC technique is subsequently used to
quantify the interactions between microstructure and damage mechanics in these three types of
composites, whose internal deformation was previously inaccessible with conventional
metrology.

L Key contributions

In Chapter 2, the accuracy of DVC for fragile specimens was proven using error analysis
of both experimental and numerically-generated images, with the goal of validating the use of
DVC for fragile specimens such as syntactic foams and brittle composites. These measurements
showed that both displacement and strain error were proportional to the severity of degradation
in the material’s microstructure: Below a critical level of degradation, displacement and strain
error remained near a noise floor of 0.05 voxels and 100 ue, respectively. Above this threshold,
error rapidly increased to unacceptable levels exceeding above 0.2 voxels and 10,000 pe. For

low levels of damage, the error due to speckle pattern degradation was insignificant compared to
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other sources of error, including image noise and distortion. This transition occurred after 30% to
40% of all speckles in the image disappeared. These analyses support the use of DVC to study
the deformation mechanisms in syntactic foams, which previously was believed to be impossible
due to violation of the principle of grayscale conservation.

In Chapter 3, in situ XCT compression and the newly-validated DVC technique was used
to quantify the damage mechanisms in syntactic foams with elastomer matrices. High-resolution
tomograms revealed that both the initiation and propagation of GMB collapse depended on the
local clustering of GMBs, leading to the formation of pseudo-crush bands in the composite. The
dispersed, weakly localized damage behavior in syntactic foams with elastomer matrices
contrasted strongly localized damage behavior in syntactic foams with rigid thermoset matrices.
This unique damage mechanism produced bands of axial strain variation that grew to several
millimeters in length as revealed by DVC. A new mechanism based on stress redistribution
around collapsed GMBs was proposed to explain the damage propagation, which was supported
by finite element analysis and successfully captured the effects of cluster orientation on the
observed damage.

In Chapter 4, the in situ XCT / DVC approach was used to further study the role of GMB
volume fraction and particle clustering on the internal damage mechanisms of elastomer-matrix
syntactic foams. Image processing and digital volume correlation techniques identified very
different damage mechanisms compared to syntactic foams with brittle matrices. In particular,
the mechanism seamlessly transitioned from dispersed GMB collapse at low volume fraction to
clustered GMB collapse at high volume fraction. Moreover, damage initiated and propagated
earlier in closely-packed regions for all specimens. Statistical analysis of GMB damage also

identified a consistent, inverse relationship between the probability of survival and the local
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coordination number (Npeignpor) across all specimens. While damage is shown to increase with
both the GMB volume fraction and Nyeignpor, these trends are somewhat independent: in other
words, syntactic foam models must incorporate effects of both global volume fraction and local
particle clustering.

The validity of these techniques was also proven for the first time in anisotropic materials
using friction-stir processed polymer-matrix composites in Chapter 5 and later in braided
ceramic matrix composite tubes in Chapter 6. These measurements demonstrated high spatial
resolution and strain sensitivity, and were able to detect localized damage in context of key
microstructural features. DVC is therefore shown to provide accurate deformation measurements
in anisotropic and fragile microstructures, which expands the class of materials suitable for DVC
measurement to include a wide variety of composites. For instance, DVC shear-strain maps
revealed a strain concentration at the stir zone / bulk material interface in the FSBR-processed
composite sample, indicating a weakened interface between the two regions. Similarly, analysis
of the CMC tube loaded via expanding plug showed elevated hoop strain at tow-crossover
locations in the CMC, which is indicative of matrix cracking at these locations. This provides
experimental confirmation of elevated damage at tow-crossovers in a variety of CMC materials.
In both materials, the strain hot spots were detected at low loads, and were able to forecast
specimen failure at higher loads. In the PMC, bands of axial strain variation on the rivet hole
surface corresponded with the wave-like buckling pattern of the stir zone. However,
superposition of the deformation on the microstructure revealed that the buckling was locally
controlled by 100 um metallic inclusions embedded in the composite. Similarly, the fracture of a
tow in the CMC occurred at one of the tow crossovers, which precipitated catastrophic failure of

the composite at the next loading increment. Together, these results indicate that heterogeneous
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deformation initiated at low loads in these composite systems, and that DVC is an appropriate
tool to detect this deformation as a precursor to damage. These measurements provide one-to-one
experimental comparison to numerical calculations, and are thus an essential tool to validate

numerical models.

2. Recommendations for future work

The current dissertation has developed DVC as a new quantitative, full-field deformation
measurement technique to study the internal damage mechanisms composite materials. The
nature of the XCT measurement technique allows direct superposition of these deformation /
damage measurements on the underlying composite microstructure, permitting modeling of the
intimate microstructure-processing-deformation-damage relationships in these materials. Future
work in this area should focus on the following aspects of this measurement technique:
2.1.  Reconciliation with standard DIC/DVC error models

This dissertation has shown that accurate DVC measurement is possible in cases of
anisotropic and/or fragile microstructures, which cannot be reconciled with current models of
DVC error. Initial efforts for modeling the error associated with fragile speckle patterns are
presented in Chapter 2. Error analysis in this chapter introduced a concept related to the quantity
of retained information in each subset after damage, which appeared to accurately predict the
onset of DVC instability. In other words, accurate correlation required a minimum number of
intact speckles within each subset. These results should be incorporated into existing models of
DVC error. Current image correlation models cannot predict error due to fragile microstructures,
since most well-regarded models look strictly at the initial speckle geometry and do not account

for subsequent degradation to the speckle pattern. Indeed, other authors have noted similar
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degradation to DVC error at large deformation [1], which causes speckles to collapse. The
current findings, however, were only tested for spherical speckles under limited conditions.
Future work should explore the role of other speckle geometries, degradation modes and noise
characteristics.

Similar efforts should be initiated for anisotropic materials. Almost all error models have
been developed for DIC applications, for which it is easy to generate round, uniform and high-
contrast speckles. No error model has been rigorously tested on composite-like, anisotropic
speckle patterns common to DVC experiments. The error was associated with the limited image
gradients along the fiber direction, so a model based on the “Sum of Subset Squared Image
Gradients” (SSSIG) can conceptually effects of anisotropy [2]. However, recent analysis of
carefully designed speckle patterns have shown an unaccounted error component due to speckle
anisotropy [3], which cannot be accounted for in the SSSIG model.

In both of these cases, the image generation scheme presented in Chapter 2 provides a
means to support the development and validation of improved DIC/DVC error models. One
strategy is to numerically generate images of model anisotropic materials, as in Fig. 7.1; this
volume was generated by generating 2D speckle patterns and then “extruding” the images in
different directions to imitated a composite microstructure. By varying the layer thickness and
orientation in proportion to the subvolume size, it will be possible to control the degree of
anisotropy. Similar volumes could be manufactured with ellipsoidal rather than spherical

speckles, which provides another route to control the specimen anisotropy.
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Fig. 7.1. Model system to study DVC accuracy in anisotropic solids.

2.2.  Integration with finite element and micromechanics models

The enclosed experiments have unequivocally demonstrated the importance of
microstructural variation on the strength and failure of composites. An alternative, non-
experimental way of capturing these effects has been to develop intricate numerical models with
statistically representative composite microstructures, which are enabled by advancements in
massively parallel computation.

These so-called “virtual experiments” [4] generate realistic composite microstructures
using experimental data, and then computationally model their mechanical behavior. The
microstructural data has been provided by image-based measurements at multiple length scales,
i.e., touse XCT with ~1 um resolution to resolve the unit-cell geometry of woven composites
[5-7] or individual fiber trajectories in unidirectional / laminated [8—10] composites, and DIC-
based measurements of long-scale structural variation at the centimeter scale [11,12]. These are
integrated with mathematical descriptions of the composite architecture [13,14] to generate the
numerical model.

While these models are based on realistic microstructures, it remains unclear how closely
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their output resembles the experimental results. In particular, the models may be affected by
defects that are too small to be captured in either the images used to generate the microstructure
statistics, or the microstructure generator used to produce the model. Thus, DVC is an appealing
strategy to “close the loop” by providing a one-to-one comparison to the numerical results. Early
efforts in this direction have been attempted using image-based computational models for
braided CMC tubes [15] and woven CMC panels [16], though neither paper provided detailed an
assessment of quality of virtual microstructure nor a validation of the local deformation and

damage.
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