
C h a p t e r  2  

BACKGROUND: BREAKING IT DOWN 

2.1 The initial problem: defining brittle fracture mathematically 

 At the most basic level, the propagation of a brittle crack can be defined by an energy 

balance. Griffith developed an equation to describe when a brittle crack will propagate 

spontaneously from an existing elliptical flaw (Equation 2.1); the two energetic factors are 

the stress generated ahead of a crack tip, the release of which would decrease the stored 

potential energy in the region, and the energetic cost to break atomic bonds to create new 

surfaces [1,2]. 

 
𝜎௘ = ඨ

2𝐸′𝛾

𝜋𝑐଴
 Equation 2.1 

σe = load at extension E’ = modulus for sample geometry γ = surface energy 

 c0 = crack length prior to extension  

 In the simple case of this single, perfectly elliptical crack located in an isotropic, 

homogenous matrix, when the applied load exceeds the value defined above, the crack will 

propagate spontaneously to failure. While real cracks and real materials are more complex, 

Griffith’s formulation became a basis for further developments in understanding brittle 

fracture. A more general treatment of brittle fracture reveals the same energy-balance concept 

between mechanical and potential energies, such that crack extension can be related to the 

change in the sample conditions, such as when load is applied. A quantity known as the 

energy release rate can subsequently be calculated (Equation 2.2), the form of which can 

indicate whether a crack will extend and if it is stable or unstable while doing so by 

comparing it to the intrinsic work in the sample opposing crack extension, sometimes termed 

crack resistance (Equation 2.3) [3,4]. 

 
𝐺 =  −

𝜕𝑈ா

𝜕𝐶
 Equation 2.2 

UE = work done to extend the crack C  = crack area ∝ crack length c  

 



 
𝐺஼ =  

𝜕𝑈ௌ

𝜕𝐶
 Equation 2.3 

US = energy opposing crack extension  

 Under equilibrium conditions, crack extension occurs when the intrinsic forces within 

the sample can be overcome, that is, when 𝐺 > 𝐺஼. As G is a function of crack length, its 

value changes with extension; if it continues to increase, that is, 𝜕𝐺 𝜕𝐶 > 0⁄ , it remains 

favorable to extend the crack, and propagation will continue unstably. Conversely, when 

𝜕𝐺 𝜕𝐶 < 0⁄ , the crack is stable and extension will halt. The examination of energetic 

quantities related to crack extension later led to Irwin’s formulation of solutions for the stress 

and strain in the volume ahead of the crack [3,4]. The stress field ahead of a crack tip has 

remained an important factor in fracture studies, especially in modeling, where its proper 

calculation and minimization is crucial in determining a crack’s direction upon propagation 

[5]. 

 For homogeneous, isotropic materials, the stress field is well-defined for existing cracks 

in each of the three main modes of brittle fracture (Figure 2.1) [4]. In Mode I fracture, the 

load is tensile and directed across the crack, serving to open it wider and extend it deeper; 

this is the dominant mode in brittle fracture due to the lack of shear forces acting on the crack. 

Mode II fracture occurs when stresses are applied parallel to the direction of extension of the 

crack, but with opposite signs on either side, essentially sliding the two sections of material 

along each other until bonds break. In Mode III fracture, the loads are applied parallel to the 

crack opening, again with opposite signs, such that the material fractures via a tearing motion. 

The Irwin crack-top solutions for stress in all modes have the form 𝜎 ∝  𝑟ଵ/ଶ, indicating a 

concentration of stress near the crack tip that drops off with greater distance. The extent of 

stress concentration is governed by a factor known as the stress-intensity factor, K, which is 

different for each mode and dependent on the sample loading, boundary conditions, and 

crack length [3]. The total stress-intensity in a region is additive between the three modes, 

indicating that a crack can be mixed-mode when the forces on it are not purely one type [4]. 



 
Figure 2.1: The three modes of fracture, with the direction of applied load indicated.   

 The stress-intensity factor is related to the energy-release rate, such that there is also a 

critical value governing crack propagation and stability, Kc, which is termed the fracture 

toughness. As Mode I tends to be the dominant mode in brittle fracture and the modeling of 

it, the Mode I fracture toughness, KIc, is often the reported value [4]. 

 
𝐺 =  

𝐾2

𝐸′
 Equation 2.4 

2.2 The instability problem: achieving stable fracture with the DCDC geometry  

 Several limitations have thus far precluded a full investigation covering the entire 

lifetime of a growing brittle crack. Foremost among these issues is the velocity at which the 

crack front grows, which, when coupled with the sudden onset of crack initiation and brittle 

fracture’s tendency to be unstable, means that the crack has often progressed to failure before 

data collection can begin [6]. Additionally, even if crack initiation is caught on camera, very 

little data on the crack’s shape and location can be captured at the frequencies of data 

collection at which many instruments operate. Trying to capture 3D data, which usually 

requires collecting multiple sets of data at different angles for a sample at a single state, is 

usually not attempted, with any in-situ experiments being limited to the 2D observable plane 

[7,8].  Therefore, studies are often limited to postmortem fractography, studying surfaces 

after materials have failed and the interior stress state has changed significantly so that it no 

longer represents that observed during the fracture experiment [7,9]. Thus, a necessity in any 

experiment aimed at capturing data over multiple iterations of a growing crack is a sample 

geometry which can sustain stable crack growth.  

 A solution to the problem of brittle crack instability is to use a geometry capable of 

halting the crack’s motion. While materials exist which hinder crack propagation through the 



inclusion of second phases or self-healing, this does not provide a way to investigate general 

brittle materials. The double-cleavage drilled compression (DCDC) geometry was proposed 

in 1977 in order to achieve the phenomenon of stable crack growth in brittle materials, 

particularly glass [10]. Modifications and variations have since been tested, but the original 

DCDC sample is a parallelepiped with one dimension significantly longer than the others 

(Figure 2.2) [11,12]. In one of the long faces, a hold is drilled directly into the center. When 

the sample is compressed along its longest dimension, tensile stress is generated at the upper 

and lower poles of the hole. At some load, those tensile forces will be sufficient to pop in a 

crack on the top and bottom of the sample. Eventually, the energy required to extend the 

crack forward through the internal strain field is insufficient, stopping the crack from 

extending further and thus achieving stable fracture. The resultant crack tip will in turn 

experience tensile forces working to open it, and at increased load, the crack will once more 

extend. 

 

Figure 2.2: The DCDC geometry, with the directions of loading (orange arrows) and crack 

growth (green planes) shown. 

 As it was initially designed for use in glass, DCDC studies have been performed on a 

variety of glasses as well as other isotropic, homogeneous materials such as polymers 

[13,14]. The DCDC sample has also been a subject of interest in modeling, both for tracking 

stable fracture computationally as well as testing crack nucleation modeling, which has 

historically been a challenge to capture, partially because of the statistically variant presence 

and density of micro-cracks and defects [11–13,15,16]. As such, the conditions under which 

a crack grows in the DCDC geometry can be captured to an extent by equations, which allow 

for the calculation of the stress-intensity factor and fracture toughness of materials. For the 

isotropic, homogeneous, ideal model, the crack grows in pure Mode I fracture. Using known 



quantities including the sample dimensions, crack length, and applied compressive load, its 

fracture toughness is given by Equation 2.5 [17]. 

𝐾ூ =
𝜎√𝜋𝑅

𝛽 + 0.235𝛽𝛼 − 0.259𝛼
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Equation 

2.5 

a = crack front depth w = half sample width (Figure 2.1)  

R = hole radius σ = overall compressive load  

 Observed stable crack growth occurs in the region of w < c < 15R where the crack is 

neither very short, and thus impacted by the stress field of the hole, nor very long, where the 

crack is becoming unstable and close to spontaneous complete fracture. Equations cannot, 

however, predict exactly the load required for pop-in, which is impacted by statistical 

variables such as the presence and number of microcracks [18,19]. 

 The stability of the crack can be confirmed by calculating the sign of 𝜕𝐺 𝜕𝑐⁄  keeping in 

mind that α, β, and R are all positive quantities (Equations 2.6-2.7). 
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Equation 2.7a 

0.235𝛽 − 0.259 ቄ
> 0, 𝑤 > 1.1𝑅

< 0, 𝑅 < 𝑤 < 1.1𝑅
 Equation 2.7b 

𝛽 + 0.235𝛽𝛼 − 0.259𝛼 

         = 𝛽 + 𝛼(0.235𝛽

− 0.259) ቄ
> 0, 𝑤 > 1.1𝑅

> 0, 𝑅 < 𝑤 < 1.1𝑅, 𝑤 ≤ 𝑐 ≤ 15𝑅 
 

Equation 2.7c 

 Thus when w > 1.1R, the two bracketed components (Equations 2.7b-c) will both be 

positive, and the overall expression for 𝜕𝐺 𝜕𝑐⁄  will be negative, making the crack stable at 

all crack lengths. However, for R < w < 1.1R, the components will have opposite signs for 

the admissible crack lengths, and 𝜕𝐺 𝜕𝑐⁄  will be positive. Thus, for stability, the DCDC hole 

radius should be smaller than 91% the half-width of the sample. 



2.3 The interior problem: obtaining 3D views of the crack and surrounding 

microstructure with synchrotron X-ray techniques 

 Requisite to calculating the fracture toughness in a DCDC sample and identifying the 

crack tip location and any variations in the crack front shape is obtaining a full 3D model of 

the crack within the sample. As their wavelengths are close to interatomic spacings, X-rays 

are a natural solution to viewing the interior of materials. Synchrotron sources produce X-

rays with high enough energies to penetrate and pass through macroscopic samples 

nondestructively. As a result, obtain multiple sources of information can be obtained, 

describing both the sample and any potential fractures within it [20]. 

 X-rays occupy the energies of the electromagnetic spectrum greater than ultraviolet light 

and lower than gamma rays; that is, energies in approximately the range 102 to 106 eV [20]. 

Correspondingly, their wavelengths are in approximately the picometer to nanometer range, 

as described by the relationship between energy and wavelength for all forms of light 

(Equation 2.8). 

 
𝐸 =  

ℎ𝑐

𝜆
 Equation 2.8 

h = Planck’s constant 
         (6.626 × 10-34 J·s) 

c = speed of light 
        (2.9979 × 108 m/s) λ = wavelength 

 At synchrotron sources, X-rays are generated when electrons, which move around a 

circular building called a storage ring, are accelerated. These electrons move close to the 

speed of light, and without acceleration would propagate along a straight line; however, using 

insertion devices and undulators, which generate magnetic forces, the electrons’ path is 

deflected [21]. The acceleration involved in changing the electrons’ direction of motion 

results in a loss of both energy and momentum, which is compensated for by the generation 

of X-rays. Stations equipped with instrumentation for various X-ray techniques are located 

along the resultant path of the X-rays (beamlines), and have further methods of tuning the 

X-ray beam’s energy, collimation, and size to that desired for the specific technique being 

used [22]. 

 Most relevant to studying the shape and length of a crack front is X-ray computed 

tomography (XCT). This technique leverages the different X-ray interactions of different 

elements, and their arrangement into different phases and materials, to build a picture of the 



interior of the sample. In fracture experiments, the crack appears distinct in XCT images, as 

its composition of air necessarily differs from the bulk of the sample [23]. When there are 

multiple materials contained within a sample, they will also be easily differentiable as a result 

of the different elements or concentrations of elements in them. Thus, the crack can be related 

to the location, size, and type of material within such a sample [24].  

 Two main forms of XCT exist: absorption contrast and phase contrast. The former 

reflects the fact that in regions of high X-ray absorption, which normally increases for 

elements of higher atomic number [23], fewer of those X-rays will reach the detector, thus 

building an image from the varying intensity of detected light. A single image taken using 

this technique, as might be familiar from a dentist’s office, merely provides information on 

which regions in a 2D projection absorbed more X-rays, and therefore had fewer X-rays 

reach the detector. When images of multiple 2D projections are collected at sequential angles 

while rotating the sample, every point within the sample can be associated with each of the 

linear projections passing through it to build a 3D model of phase, density, and material 

[24,25].  

 Phase contrast, on the other hand, works by determining where X-rays have undergone 

a phase shift upon encountering regions of different material or atomic arrangement with a 

different refractive index. The phase is an integral part of defining the wavefunction of 

quantum phenomena, including light and X-rays. Simply using the same method and 

detectors used in absorption contrast is insufficient, because the phase is contained in the 

complex exponential part of the wavefunction. This value does not affect the intensity of the 

wave, which is calculated using the complex conjugate and which is what is measured by 

most detectors [25]. However, when waves of different phases interact, they can do so 

constructively or destructively, which does change the signal. Therefore, in regions where 

the phase has changed, the wavefunction will deviate from that emitted by the X-ray source. 

To obtain phase contrast data, detectors can be placed at short distances from the sample, 

before the interference has propagated and become indistinguishable upon mixing with light 

in many other phase shifts. By rotating the sample and collecting 2D projections, just as in 

absorption contrast, these changes in the wavefunction and their effect on the measured 

signal amplitude and frequency can provide information on the edges and faces where the 

phase change was induced [24].  



 As phase contrast does not rely on absorption differences to build the tomographic 

volume, it can be performed even with very high energy X-rays, which would otherwise pass 

through many materials with very little absorption and which would thus provide little 

contrast in absorption contrast XCT experiments [24]. As a result, the beam can be tuned to 

the best energy for any other techniques being performed during the duration of the 

synchrotron experiment, many of which are optimized at higher energies. Additionally, 

materials with very little internal elemental composition difference or with elements with 

close absorption coefficients but with density or atomic arrangement differences can have 

these differences revealed as a result of a phase change [25]. For fracture experiments in 

particular, phase contrast XCT is attractive as the crack’s location can be highlighted by a 

phase shift even when it is very thin and does not change the overall absorption of the sample 

by much, rendering it hard to detect using just absorption contrast [26]. The narrow crack 

opening width of brittle cracks is also a reason to use synchrotron XCT instead of 

commercially available instruments; the resolution at synchrotron beamlines is often on the 

micron or sub-micron scale, allowing for further precision in describing the crack front. For 

this reason, the technique is often known as micro-computed tomography (μ-CT). 

 Regardless of the tomography technique and energy used, knowing the location and 

extent of the crack is only part of the story. When the sample is composed of a single material 

type, even if it is polycrystalline or contains different arrangements of the same atomic 

composition, there will be very few apparent features near the crack, and further techniques 

are required in order to describe the microstructure around the crack and to relate the two. 

 X-ray diffraction (XRD) is one of the best-known applications of X-rays in material 

characterization. Because X-ray wavelengths are similar in size to interatomic spacings in 

materials, their diffraction from stacked atomic layers can result in amplification, dampening, 

or extinguishment of the X-ray wave depending on how much the phase is shifted after 

interacting with the sample [27]. At most angles, the phase changes as a result of scattering 

are randomly scrambled and interfere destructively. When X-ray light impinges on a grain 

at the right angle, however, the resulting reflected wave off of a certain lattice plane will have 

the same phase as the incoming wave, thus amplifying the signal at that angle. The 

relationship between where X-rays diffract and the atomic planes is described by Bragg’s 

Law (Equation 2.9). 



 𝑑௛௞௟ ∙ sin 𝜃 = 𝜆 Equation 2.9 

λ = X-ray wavelength θ = diffraction angle dhkl = lattice spacing 
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Equation 2.10 

a0, b0, c0 = unit cell lattice parameters h, k, l = Miller indices  

 In a polycrystalline sample, each crystal or grain will diffract individually. While the 

relationship between d and θ is maintained, the same diffraction condition is not met for 

every grain at a single sample rotation angle ω [28]. Planes of the same family in grains of 

different orientations will still produce a diffracted beam angled at θ to the incident beam, 

but the diffracted beam also has an angular component η depending on the orientation of the 

lattice. As a result, diffraction from one set of planes defines a cone with an opening angle 

of 2θ, and a detector placed downstream of the sample will receive signals along a ring 

corresponding to that diffraction condition [29,30]. The size of the ring on the detector is 

dependent on the sample-to-detector distance, which also affects the maximum θ able to be 

detected. 

 The number of spots corresponding to a specific d-spacing is equal to the multiplicity of 

the corresponding plane, and thus each grain will diffract at multiple orientations relative to 

the incoming beam. These diffraction spots will all occur for the same θ, but at different 

positions η around the corresponding diffraction ring depending on the relative orientation 

of the grain to the sample. Collecting all the diffraction spots for every diffracting θ for every 

grain requires rotating the sample through a full 360° circuit, similarly to the 180° rotation 

used in XCT. Additionally, because of crystal imperfections, the diffraction spot may be 

smeared over multiple rotation angles and some distribution in θ and η. Such imperfections 

include the finite size of grains, faults such as dopants or dislocations which create a 

distribution in lattice spacing, and crystal strain putting the lattice under tension or 

compression. As a result, diffraction spots become 3D features in reciprocal space containing 

much more information than simply the spacing between lattice planes [29,30]. 

Consolidating the information from all of the diffraction spots corresponding to a single grain 

can provide insight into that grain beyond its material makeup. 



 Laboratory-size XRD instruments produce the same information as synchrotron sources 

about which d-spacings diffract and at what relative intensities; however, they usually 

provide only the summed intensity of all detected diffraction at a given θ. The high brilliance 

of synchrotron X-ray radiation and the greater resolution of the detectors at beamlines allow 

for much more precision in this measurement because the signal-to-noise ratio is improved 

as the diffracted beams are more coherent with higher intensity [27]. By using high-energy 

diffraction microscopy (HEDM), high-quality information on individual diffraction spots 

can be collected.  

 Far-field HEDM (FF-HEDM) is a technique where the detector is placed a meter or 

more downstream of the sample, where it captures and records diffraction spots from rings 

with cos 𝜃 ≤ ℎ 2𝐿⁄  (Figure 2.3), where L is the distance between the sample and the detector, 

and h is the smallest dimension of the detector [31]. By evaluating the spots in reciprocal 

space, information on the granular scale can be obtained. 

 The first piece of information to be extracted from a diffraction pattern is the orientation. 

Taking a particular θ ring as a seed, the spots in that ring, which have a known multiplicity, 

can be associated with particular grains. From there, all possible spot patterns for each grain 

in the other rings can be generated. When one of those possibilities matches well with a set 

of actual detected spots, the grain’s orientation can be assigned, and from there other 

calculations become possible [29–31]. The orientation can be represented in a number of 

ways, including the rotation matrix Q, the quaternion, and a set of three Euler angles, all of 

which indicate how to transform the unit cell of a grain in the reference configuration to its 

orientation in the sample frame, and thus its orientation relative to the other grains in a 

volume. 



 

Figure 2.3: a-b) Detected signals on an FF-HEDM detector at the Cornell High Energy 

Synchrotron Source. A measurement is taken at different rotation angles ω and diffraction 

signals are recorded on rings corresponding to θ in the Bragg diffraction condition. c-d) 

Summing the rings’ signals radially produces graphs of the signal intensity in θ, with the 

same peaks but different relative intensities. 

 As a grain under an amount of strain will present with lattice parameters different than 

those under no strain, being compressed or in tension, the values of d which satisfy the Bragg 

condition will be altered, and thus the resultant diffraction spots will be shifted from the ideal 

θ. Using a detector which collects every diffracting spot for a grain further allows all six 

fundamental lattice parameters (three lengths and three angles) to be obtained for that grain, 

based on how the shifts in the spots corresponding to different sample rotations, and therefore 

different relative grain orientations, differ [32]. These parameters can then be used to build 

a strain tensor for the grain using Equations 2.11-13 [28–30]. 

 
𝜀௜௝ =

1

2
൫𝑇௜௝ + 𝑇௝௜൯ − 𝛿௜௝ Equation 2.11 

 𝑇௜௝ = 𝐴௜௞𝐴଴ ௞௝
ିଵ  Equation 2.12 

 
𝐴 = ቌ

𝑎 𝑏 cos(𝛾) 𝑐 cos(𝛽)

0 𝑏 sin(𝛾) −𝑐 sin(𝛽) cos (𝛼∗)

0 0 𝑐 sin(𝛽) sin (𝛼∗)

ቍ Equation 2.13 



A0 uses unstrained lattice parameters 

ε = strain tensor 

a, b, c, α, β, γ = strained lattice parameters 

    a0  … : unstrained lattice parameters 

        α*  … : reciprocal lattice parameters 

δij = Kronecker 

delta 

 For a cubic unit cell, where the angular lattice parameters are equal to 90° and the sides 

of the unit cell are equal in length, A0 is equal to the lattice parameter a0 along the diagonal 

and is zero elsewhere, but the relative deformation in each direction is not equal. Some 

HEDM methods report the strain tensor in relation to the left stretch tensor V, which describes 

the amount by which the unit cell vectors in the deformed basis have been changed from 

their unstrained state (Equations 2.14-18) [33]. 
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𝑝పෝ  Equation 2.16 

 𝑞పෝ = 𝑄𝑝పෝ  Equation 2.17 

 
𝑉 = ෍ 𝜆௜𝑞పෝ
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𝑞పෝ  Equation 2.18 

C = right Cauchy-Green 
deformation tensor 
    U = right stretch tensor 
        V = left stretch tensor 
 

𝑝పෝ = principal material directions  
    𝑞పෝ = principal spatial directions    
        λi = principal stretches      
            (eigenvalues of U and V) 

Q = rotation matrix 
(grain reference 
frame to sample 
frame) 

 By considering the strain tensor using the definitions of deformation, it follows that ε11, 

ε22, and ε33 represent changes in relative length of the unit cell’s sides, related to the principal 

stretches represented in V. The off-axis or shear terms represent angular deformation, and 

are often small. Obtaining the strain tensor, with its information on the deformation of the 

unit cell, for each grain provides information on the relative response for each grain and 

volume [34,35]. Knowledge of the material’s anisotropic stiffness tensor can further be used 



to calculate the stress tensor for each grain (Equation 2.19), which describes the distribution 

and direction of the forces in each grain and can be related to the overall load on the sample 

and the pressures on grains from their neighbors [36]. 

 𝜎௜௝ = 𝐶௜௝௞௟𝜀௞௟ Equation 2.19 

σ = stress tensor C = stiffness tensor  

 Additionally, an estimate of grain size can be obtained via HEDM. An ideal, infinite 

crystal will present with a sharp diffraction peak in an XRD map, as its infinite size means 

that any diffracted X-ray which reaches the detector has undergone perfect constructive 

interference. However, real, finite crystals, even if they have no imperfections, will not have 

the same level of constructive interference, as only a finite amount of waves have been 

summed to create the signal. As a result, the XRD peaks broaden around the Bragg conditions 

in θ, and this can give an estimate of the crystal size when enough diffraction spots are 

considered [27,29,30]. 

 Finally, just as in XCT, the knowledge of the sample’s rotation and where diffraction 

occurred for each grain allows its center of mass to be estimated, giving it a position within 

the sample. In a fracture experiment, this allows grain proximity to the crack to be considered  

[37,38]. 

 However, FF-HEDM does not provide information on whether grains close to the crack 

were actually intersected by it. Thus, another method, near-field HEDM (NF-HEDM), can 

be performed as a corollary. In this method, a detector is brought within 20 mm of the sample, 

and the diffracted beams are detected before much interference has occurred, just as in phase-

contrast XCT [31,32]. In this case, the information being gathered is not the phase-shift of 

light, but rather a more detailed spatial map of diffraction. 

 Unlike FF-HEDM, which can only capture the center of mass of the grain due to the 

limited nature of the small diffraction spots, using NF-HEDM, the shape and size of the 

grains along with their location in space can be obtained. The interrogating beam is made 

smaller in height than the grains, such that only a limited amount of light is interacting with 

the sample, and thus only a few grains are diffracting at any one time. By performing scans 

at multiple sample-to-detector distances, the point of origin for the angular spread of a 

diffraction spot can be obtained, and the diffraction signal can be related spatially to the 



material the X-rays have passed through [28,31,32]. Since the grains are all oriented 

differently and diffracting at different sample rotation angles, a grain satisfying a Bragg 

condition at a given sample rotation angle will generally be distinct on the detector, especially 

for the high-symmetry angles with low reciprocity and therefore low spot overlap (Figure 

2.4) [39]. At such close sample-to-detector distances, the diffraction spot no longer covers 

only a few voxels on the detector. Instead, its size on the detector is directly related to the 

amount of the incident beam that was diffracted by that grain; that is, the grain’s width in 

that direction. Additionally, diffraction conditions at steeper angles pass through more of the 

vertical dimension of the grain, and therefore diffraction spots from lower symmetry planes 

provide additional information on the grain’s vertical dimension. 

 While most NF-HEDM reconstruction methods work off of the assumption of each grain 

having constant orientation and strain values in order to perform the forward reconstruction 

that allows for orientation identification, some amount of intragranular variance can be 

detected [31,39]. A diffraction spot can be present across multiple sample rotations (Figure 

2.4). If the spot remains in the same diffraction ring, a single interatomic spacing dhkl must 

satisfy the Bragg condition in multiple regions of the grain at different rotations ω, indicating 

some amount of orientation fluctuation within the grain. If instead it shifts in θ, dhkl must 

have a spread of values within the grain, indicating likely intragranular strain variance; work 

is currently being done to progress such intragranular reconstructions [31,35,40]. 



 

Figure 2.4: NF-HEDM measurements taken at sequential sample rotations at Argonne 

National Laboratory’s Advanced Photon Source. Many grains are evident at each rotation, 

satisfying some Bragg condition, while a few grains are present across multiple rotations at 

the same height, corresponding to the value of θ. 

 Similarly to FF-HEDM, processing NF-HEDM information starts with the orientation. 

Usually using FF-HEDM grain orientations as a seed, a 2D map of nodes is created for each 

scan and a forward reconstruction is performed to determine if diffraction from that spatial 

point in any of the seeded orientations matches the observations [31]. Each voxel is then 

assigned a grain and orientation, which may differ slightly from the average orientation found 

during FF-HEDM, along with a confidence value indicating how sure it is that the assigned 

grain is the correct one. Confidence values usually drop off near grain boundaries as a point 

may partially match the projected signals from multiple neighboring grains. The result is a 

2D orientation map that reveals grain contours and boundaries. Performing multiple 

sequential NF-HEDM scans in a volume permits reconstructing the grains and approximate 

grain boundaries in 3D. 

 The linchpin to performing a successful synchrotron experiment with a growing crack 

in a DCDC sample is a fixture that can apply both load and rotation to the sample. The 



Rotational and Axial Motion System (RAMS) designed by Dr. Paul Shade and colleagues at 

the Air Force Research Laboratory performs both these functions (Figure 2.5) [41]. The stage 

of RAMS also rotates independently of the frame of the fixture, with the grips rotating in 

tandem, so that the supports between the upper and lower parts of the fixture never rotate 

into the beam, which would block the X-rays from reaching the sample uninhibited. A key 

design parameter was to keep translation of the center of rotation minimal even during 

rotation, which is crucial for reconstructing tomography and HEDM data; reported tolerances 

report the center of rotation moves no more than 1 μm during application of more than 1000 

N of load or during 90° of rotation. The sample can also be moved laterally in the three main 

axes of the sample frame of reference: along the beam direction (z) and in two perpendicular 

directions, vertically up and down (y) and horizontally left and right (x). Thus scanning 

multiple volumes becomes achievable. 



 
Figure 2.5: The Rotational and Axial Motion System designed by Shade et al. at the Air 

Force Research Laboratory, reproduced with permission from [41]. 

2.4 The idealization problem: moving beyond isotropic and homogeneous models to 

real materials 

 By combining synchrotron techniques like XCT and HEDM with mechanical loading, 

detailed relationships between microstructure and fracture characteristics can be obtained. 

Fatigue in metals has been studied using the combination of these techniques to great success 

[26,37,38,42–45], and work has been done on loose collections of brittle grains [46,47] as 

well as porous ceramics and other brittle materials [48,49]. However, work remains to be 



done on fully dense brittle materials, where pores can neither deflect a growing crack away 

from the bulk nor halt its motion. Using this setup with the DCDC geometry, describing both 

the microstructure around a crack and the crack itself becomes possible. However, obtaining 

HEDM information on grain orientation and stress is not applicable to the homogeneous, 

isotropic materials previously used in DCDC studies, nor is the result novel, since the 

relationship between the DCDC crack in such a material and the load is already well-

documented. Additionally, most materials used in real situations are not isotropic nor 

homogeneous; in order to apply insights about brittle fracture to applied materials, similarly 

complex materials must be studied.  

 Inhomogeneities and directional properties that vary throughout a material impact how, 

when, and where a crack will propagate [4,18,19]. With those factors described by prior 

knowledge of material properties and the sample-specific data obtained via XCT and HEDM, 

the growth of a crack through a sample can be related to specific material qualities and 

properties, which can assist in developing materials for specific applications and in more 

fully understanding when and how a material may fail. 

 Introducing inhomogeneity into a material has implications on these stress fields. In a 

polycrystal, each grain will have different overall stress and strain tensors than its neighbors 

and the bulk, due to the applied load being distributed differently upon grains of different 

orientations, size, and residual stress; furthermore, the stress and strain may vary within 

grains as a result of proximity to grain boundaries with grains with different properties or 

other phases [50–54]. Thus, the stress field from the crack will not present with perfectly 

symmetrical isosurfaces, impacting how much mixed-mode fracture occurs along the length 

of the crack front.  

 An expansion beyond a homogeneous, isotropic material is to use an isotropic matrix 

phase with a second, crystalline, phase suspended within it. As the two phases have different 

mechanical properties, including fracture toughness, the crack’s path, while primarily 

through the matrix phase, will be influenced by the second phase. If the second phase has a 

lower fracture toughness than its surroundings, the crack may be attracted to its particles, 

since it is more energetically favorable to crack through them than the matrix. In the opposite 

case, where the second phase has greater fracture toughness than the matrix, the crack may 



be deflected away from the particles when its path would otherwise pass through them 

[50,55,56]. 

 A class of brittle materials satisfying this condition are glass-ceramics. Glass-ceramics 

are usually a mix of oxides, taken up past their melting points until the melt is homogeneous, 

then cooled such that the bulk of the material remains as an isotropic glass but second-phase 

particles precipitate out and remain suspended in the bulk, mixed throughout the solid [57–

59]. Because of this method of production, they do not have to be fabricated out of two 

separate phases, which has implications on the residual stress around the second-phase 

particles. 

 Further extending study into anisotropic materials, polycrystals with no isotropic phase 

can be explored. When regular lattices are arranged as grains, the differences in orientation, 

grain size, and any residual stresses throughout the material create a rich interplay of forces 

that results in an uneven stress distribution throughout different regions and volumes of the 

material even when a single, static, stress is applied [60–62]. The changes in orientation and 

observed stress can change the local fracture toughness and may not only attract or deflect 

the crack near certain grains, as with the second-phase particles, but also determine whether 

a crack can pass through a grain (transgranular cracking) or will be forced to go around it, 

following grain boundaries (intergranular cracking) [50,63,64]. Furthermore, because of the 

stable cracking of the DCDC geometry, crack extension will eventually be arrested until 

application of further load, and gaining information on where the crack is arrested in relation 

to grain boundaries and grain orientations is important information in understanding local 

fracture toughness and crack stability.  

 While information on which particles were cracked, and the overall shape of the crack, 

including deviations from the ideal DCDC geometry’s central, straight Mode I fracture 

surface, can be obtained using post-mortem fractography, looking at free surfaces after 

fracture does not provide information on the stress and strain states of individual particles in 

the region of fracture. Scanning a volume ahead of the crack tip using HEDM, however, can 

provide this information. Linking the stress and strain tensor components, along with 

orientation and size, to whether grains attracted or deflected the crack during growth, can 

enrich understanding of the effect of localized fracture toughness and its connection to 

mechanical and physical parameters. Such information not only provides insight into the 



system at hand, but is also critical in developing models to predict fracture and other 

phenomena in brittle materials. The experiments presented in this thesis represent, to the 

author’s knowledge, the first set of in-situ observations of the 3D nature of a growing crack 

and surrounding microstructure at multiple stages in fully dense brittle materials. 
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