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4.1 Introduction 

 When a crack grows through a fully dense, polycrystalline material, the orientations of 

the constituent grains have a significant impact on quantities like fracture toughness and 

stress-strain response [1–4]. Additionally, the grain boundaries will have a fracture toughness 

of their own. Altogether, this means that the energetic description of the material’s interior 

is much more complex than in an isotropic material or matrix, such that predicting where the 

energy of the crack will be minimized as it grows is difficult, as is understanding what factors 

impacted crack growth during its lifetime. While sequential focused-ion beam studies on 

fractured polycrystalline materials can bear some indication of where a crack grew 

transgranularly (through a grain) or intergranularly (around a grain on a grain boundary), the 

local strain within grains and the velocity of the crack on or off particular slip planes is largely 

unknown.  

 Outside of brittle materials, synchrotron studies of polycrystalline metals undergoing 

fatigue fracture have allowed for three-dimensional mapping of a crack and its relationship 

with grains over many loading states and crack lengths [5–10]. Studies of this type have 

elucidated crack tip phenomena, such as the differing stresses required for the crack to 

intersect grains at certain orientations and the pathways it might take along certain slip planes 

within that grain, as well as when intergranular fracture along grain boundaries may be 

energetically preferred [11–13]. As the crack interacts with grain boundaries and changing 

crystallographic orientation, the fracture toughness will consequently deviate from the 

numerically modeled and experimentally calculated average. 



 Aluminum oxynitride (AlON, Al23-X/3O27+XN5-x) is a polycrystalline ceramic chosen for 

these experiments [14,15]. As a material with properties useful to industrial and military 

applications including optics and impact defense, understanding its crack propagation is 

relevant to many fields. Its equiaxed grains can be grown to be much larger than the crack 

tip radius, the crack opening width, and the synchrotron techniques’ voxel resolution, but 

smaller by an order of magnitude or more than the DCDC sample’s dimensions, such that 

the crack is bound to encounter grains from a variety of impingement angles and distances 

from the nearest grain boundary. It is also a face-centered cubic material, so its high crystal 

symmetry limits the span of orientations each grain can take, allowing for greater ease of 

computation and comparison. Crucially, the AlON under study also has extremely low 

porosity, allowing us to investigate its bulk fracture behavior. Two samples will be 

investigated in this study, demonstrating how changes in the microstructure from sample to 

sample are a major effect in crack growth. 

4.2 Materials and Methods 

4.2.1 Materials 

 AlON pieces were sourced from and machined within 0.2 mm accuracy into bars of 

dimensions 1.4 × 1.4 × 16 mm3 by Surmet Corporation (Figure 4.1a). The cross-sectional 

diagonal was therefore under 2 mm and fits within the synchrotron beam width of 2.1 mm, 

obviating the need for stitching of tomographic volumes to cover the entire sample cross-

section. The drilled holes had surface diameter of 0.42 mm (Figure 4.1b) and deviated from 

the ideal DCDC geometry, as the holes narrowed conically toward the center of the sample 

(Figure 4.1c). Additionally, the edges of the faces in contact with the compression platens 

were lightly chamfered using 1200-grit SiC grinding media to eliminate any unevenness. 

Two samples, termed Sample 1 and Sample 4 upon receipt from Surmet, were tested. These 

samples were selected randomly from the number provided; Samples 2 and 3 were not tested. 

The majority of the grains in both samples were equiaxed and had radii in the range of 50-

150 μm, distributed uniformly throughout the volume. 



 

Figure 4.1: The double-cleavage drilled compression geometry. a) Schematic with 

dimensions used in this experiment b-c) post-experiment optical micrographs of Sample 1 

showing the shape and location of the crack, via projections respectively parallel to and 

perpendicular to the drilled hole; black Sharpie indicates the side investigated during the 

experiment. 

4.2.2 Methods 

 Synchrotron measurements were performed at the 1-ID beamline of the Advanced 

Photon Source (APS) at Argonne National Laboratory (ANL). For all measurements, the X-

ray beam was tuned to the Hf K-edge (energy of 65.351 keV, wavelength of 0.18971 Å, 

bandwidth ΔE/E ~ 10-3). 

4.2.2.1 Loading 

 Samples were compressed using the 3rd-generation Rotational and Axial Motion 

System (RAMS-III) designed by Shade et al. at the Air Force Research Laboratory [16]. A 

set of steel platens of area 3.2 mm x 3.2 mm were used. In this setup, the maximum allowable 

compression loading limit was -2 kN. The reference frame for measurements is depicted in 



Figure 4.2, where y is the loading direction, z is directed along the beam, x is orthogonal to y 

and z, and RAMS-III is rotated about the y direction.  The sample was mounted and aligned 

using radiography to ensure its central axis coincided with the loading (y) direction. Loading 

was manually controlled in displacement mode with steps of 0.2 μm, roughly every 2 

seconds; displacement at this scale was crucial to prevent large displacement changes, 

correlating to large increases in load which might lead to catastrophic failure. A live 

radiograph of the sample, aligned so that the beam was parallel to the hole direction, was 

monitored to watch for signs of crack pop-in or extension. Whenever this happened, or when 

the sample load magnitude decreased upon further compression, loading was stopped. The 

magnitude of the applied load was then manually decreased by 50-100 N to prevent further 

extension during X-ray measurements, then the load frame was switched over to load control 

as scanning and rotation commenced.  

4.2.2.2 FF-HEDM 

 FF-HEDM measurements were taken with a single panel GE 41RT amorphous-Si 

detector (2048 x 2048 pixels, 0.2 mm/pixel) located 1.4 m downstream from the sample 

(Figure 4.2a). A box beam of dimensions 2.1 mm (x) x 0.1 mm (y) was used for all volumes 

probed. Diffraction patterns were recorded 360° in ω with frames in intervals of Δω=0.25° 

for a total of 1440 frames per scan. The Microstructure Imaging for Diffraction Analysis 

Software (MIDAS) was used to identify the orientation, center of mass (COM), size, and 

elastic strain tensor (ε) of the constituent grains in the illuminated volume [17-19]. 

Diffraction spots from the {311}, {400}, {422}, {511}, and {440} peaks were present in 

sufficient number and intensity to be used for characterization of individual grains. When the 

ratio of number of observed diffraction spots to the theoretical number present in a complete 

Bragg pattern for that orientation (termed completeness) exceeded 80%, the grain was 

retained for further analysis. The anisotropic cubic stiffness tensor of a single AlON crystal 

(C11 = 334.8 GPa, C12 = 164.4 GPa, C44 = 178.6 GPa [20]) was used to generate the stress 

tensors from the corresponding strain tensors.   

 FF-HEDM scans at near-zero load were used to calculate the unstrained lattice 

parameter. The grains in Sample 1 had a mean lattice parameter of 7.9486 Å at -5 N load and 

those in Sample 4 had a value of 7.9461 Å at -30 N load. Both values are within Surmet’s 

reported range of lattice parameters for AlON, which can vary depending on the ratio of 



oxygen to nitrogen in its formula [14], so this difference in lattice parameters (Δa/a ~ 2 x 10-

4) is unsurprising for two samples from different batches. Using the average lattice parameter 

between these two samples as a baseline resulted in the estimated residual stress at zero load 

to be on the order of ±100 MPa in all directions, so the strains in each sample were computed 

using their respective values for the unloaded lattice parameter a0. 

4.2.2.3 NF-HEDM 

 NF-HEDM measurements were taken with an in-house designed detector (2048 x 2048 

pixels, 1.48 mm/pixel) with a QImage Retiga 4000DC CCD camera positioned sequentially 

at two distances, 8.56 mm and 11.56 mm away from the center of the sample, and a focused 

beam 1 µm (y) x  2 mm (x) [21,22] (Figure 4.2b). For each scan, the sample was rotated 180° 

with Δω=0.25°, generating 720 diffraction images per detector distance. The scans were 

spaced μm apart so as to cover a larger volume; between scans, the grain boundaries can be 

reasonably interpolated due to the much larger relative size of the AlON grains. The MIDAS 

software was also used to process the data; using the grain orientations from the 

corresponding far-field scans as a seed, the software assigned each 5 x 5 x 5 µm3 voxel a 

most-likely orientation and a confidence value.  

4.2.2.4 μ-CT 

 The μ-CT measurements were taken with an in-house designed detector (1920 x 1200 

pixels, 1.172 mm/pixel) which utilized a PointGrey Grasshopper3 CMOS camera (Figure 

4.2c). The beam was 2.1 mm x 1 mm, and radiographs were acquired at 0.2° Δω steps from 

0 to 360° with 0.077 s exposure for 1800 total frames. Ten bright-field images and ten dark-

field images were acquired for normalization. In-house software was then used to reconstruct 

the volume with the GRIDREC algorithm implemented in MIDAS [23] resulting in a tiff 

image with 1024 layers and voxel size 1.17 x 1.17 x 1.17 µm3. Features with dimensions 

greater than 5 µm in a given direction could be clearly rendered, with smaller features 

becoming semi-visible until they were smaller than the voxel size. 



 

Figure 4.2: Visualization of synchrotron X-ray HEDM and μ-CT performed at Beamline 

1-ID with frame directions: a) FF-HEDM, with reference frame marked. b) NF-HEDM. c) 

μ-CT. 

4.2.2.4.1 Crack detection program 

 Post-processing of the tomography images started with the application of a non-local 

means filter [24] throughout the entire volume, with the region size chosen automatically by 

the ImageJ software, to decrease background noise. Next, a median filter extending two 

pixels in each direction away from the central voxel was applied for further smoothing and 

suppression of any remaining ring artifacts. Finally, a second non-local means filter was 

applied to each layer of the image stack individually, without input from the rest of the 

volume. After these steps, a custom crack detection program was used to determine the 

location and width of the crack structure as well as the approximate location and error bounds 

of the crack tip.  

 The first part of the program used slices of the tomographic volume perpendicular to the 

direction of loading, specified as the y-axis. Figure 4.3 displays representative slices of 

studied AlON samples with the coordinate system labeled. The primary method of detecting 



the crack was marking locations on the 2D slice where, along a 1D intensity line, a sinusoidal 

shift in intensity marked a phase change (in this case, air to solid and vice versa). As air 

absorbs fewer X-rays than a solid, a drop in image intensity corresponds to a decrease in 

absorption, and thus the potential presence of a crack. Because of the phase contrast, the 

intensity should also peak above the background before the phase change, creating the 

sinusoid-like intensity profile. The clearest indication of a crack is when an intensity drop 

(defined as 125% of the standard deviation below the mean after testing multiple values) is 

bounded on either side by an intensity peak (75% of the standard deviation above the mean), 

representing the double phase-change from solid to air and back. In order not to exclude 

features that did not exactly meet these criteria, two additional markers deviating from ideal 

were included in the algorithm: a single peak beside a 150% standard deviation absorption 

drop, as well as a 200% standard deviation decrease in intensity without any peaks. Further, 

the crack opening behind the crack front was at maximum less than ten pixels, or 11.7 μm 

wide, and grew narrower closer to the crack tip. As a result, the distance between the two 

phase changes grew increasingly smaller and the two sinusoids could be indistinguishable. 

Thus, locations lacking an intensity drop and only possessing an intensity peak can also 

indicate the presence of the crack. However, since some bright artifacts were also present, as 

well as the peaks to either side of the already-marked crack locations, bright sections were 

only included in the crack pixel count when directly below previously marked crack spots. 

 After identifying these features, further filtering was implemented to reduce the presence 

of both false negatives and false positives. First, points identified as possibly belonging 

within the crack via the previous procedure were assigned to groups with the same (x,z) pixel 

location in different slices in the stack and sorted by height (y) within the tomographic 

volume, then the distance between consecutive marked points was computed. If fewer than 

one-third of the slices between the lowest and highest y-slice at that location contained an 

identified point, or if those slices were separated by less than 5 pixels, the location was 

considered spurious due to excess noise, and all points were removed from consideration as 

being part of the crack front. For locations with sufficient density of marked points, any gaps 

smaller than 10 pixels were deemed to be false negatives and filled in as part of the crack 

front. If the gap was larger, the marked locations on either side were treated as individual 

crack segments and subjected to the earlier considerations. By applying these arguments, an 



additional benefit was gained: the appearance of the crack front became self-similar for 

differing threshold values during the initial marking algorithm, thus eliminating much of the 

subjective nature of those values. Figure 4.4 displays the same tomographic slices as Figure 

4.3 with the identified crack marked in blue. 

4.2.2.4.2 Uncertainty in the crack length 

 Due to the narrow nature of brittle cracks, the singularity at the crack tip, and the limits 

of the tomographic resolution, the true extent of the crack tip is not visible directly in the 

tomography images. It was estimated by assuming the crack to narrow parabolically toward 

the crack tip [25] and measuring the crack width in a region until the resolution limit blurred 

the feature’s existence; this occurred at around 3 pixels or 3.5 μm wide. Even at wider 

locations, the true width could be obscured by the presence of the phase-contrast wrinkle 

artifacts [26], so the measured width at every depth was not used in the calculation. Instead, 

the deepest point at which the crack had a specific width was used to fit the parabola (Figure 

4.5), since even with uncertainty the crack never became that width again, indicating that it 

was indeed narrowing. The resultant parabola indicated that the true crack tip was 45-60 μm 

ahead of the final point used in fitting the curve. This roughly corresponded to the depth at 

which the crack detection program described in Section 2.2.4.1 identified the crack’s 

presence. Further assuming that the crack could be up to 1 μm wider than measured due to 

the pixel resolution being much larger than the crack width near the tip showed that if this is 

the case, the crack tip could be up to 30 μm further ahead of the point identified by the crack 

detection program. The uncertainty in the depth of the crack tip as used in Equation 2.5 and 

Figure 4.4 was thus set to be 50 μm shorter than measured, indicating the distance from the 

last detected point to the last point with good resolution, to 25 μm longer than measured, the 

approximate distance that the crack tip might be away from the last detected point.  



 

Figure 4.3: 2D crack trace in aluminum oxynitride viewed with μ-CT, where the loading 

direction y points into the page. Example features of note are marked, including the crack 

(purple), artifacts (red), machining errors (green), and debris from laser-cutting the hole 

(blue). a,b) The crack directly below the hole and 386 μm away from the hole, respectively, 

in Sample 1 at -1900 N. c) The crack directly below the hole in Sample 4 at -1450 N. d) 

The crack directly below the hole in Sample 4 at -1750 N. e) The crack 397 μm away from 

the hole in Sample 4 at -1450 N. f) The crack 394 μm away from the hole in Sample 4 at -

1750 N. 



 

Figure 4.4: The crack detection program applied to the tomographic images of Figure 4.3. 



 

Figure 4.5: Measured crack widths at a sample location with the fitted parabola to the 

selected best points (black) and the wider points (red). Relevant distances between the 

intercept of the best points parabola (approximately the deepest point marked by the crack 

detection program), the deepest point with good resolution, and the intercept of the 

parabola with 1 pixel uncertainty, are labeled. The average differences when compared at 

multiple sample locations were 25 and 50 μm. 

 

4.3 Results 

4.3.1 FF-HEDM strain tensors 

 Upon loading, the randomly oriented AlON grains displayed individual strain states, the 

magnitudes of which varied slightly between different sections of the grain if its volume was 

captured in multiple FF-HEDM scans. Average strains were generally compressive in the 

direction of applied load (Figure 4.6a-b), in accordance with the compressive load, while the 

strains in the orthogonal directions trended more tensile, and had smaller magnitudes (Figure 

4.6c-f). With increased loading, the magnitudes of the compressive and tensile strains 

increased along each primary axis in the reference frame, and the width of the range of the 



strains tended to increase as well, as a result of each grain having a unique response to the 

system load.  

 Additionally, the stress field displayed a dependence on crack location. For grains 

located under the hole and near the plane of the crack, the stresses in x and z followed roughly 

the same trend as those further away on the edges of the sample. In the y direction, however, 

the stress was lower in magnitude for those grains in the path of the crack for approximately 

700-800 μm before converging in Sample 1, and 700-1100 μm for Sample 4 (Figure 4.7). 

  



 

Figure 4.6: Raincloud plots for the strain tensor component at multiple load steps for 

grains illuminated via FF-HEDM. For each load step, the individual strain values are 

plotted beside the box plot and density plot to highlight the median value, interquartile 

range, and distribution. Left (a,c,e): Sample 1 and Right (b,d,f): Sample 4. a-b) ϵyy, where 

y is the direction of loading, c-d) ϵxx, where x is perpendicular to the hole in the sample, 

and e-f) ϵzz, where z is directed along the hole. 



 

Figure 4.7: The average stresses, determined via FF-HEDM, in the loading (y) direction as 

a function of distance from the crack front, compared to the macroscopic applied load and 

with future crack extensions shown. a-d) Sample 1. e-h) Sample 4. 

4.3.2 Crack extension 



 First pop-in on both the upper and lower side of the hole was achieved at -1160 N in 

Sample 1 and -1536 N in Sample 4 (Figure 4.8a,c,e). After segmentation of the tomography 

(Figure 4.8b,d), the initial pop-in event in Sample 1 was measured to be about 81 μm at its 

deepest point, approximately the diameter of a single grain. Sample 4 experienced a larger 

amount of extension at pop-in, which ended at about 1314 μm at its deepest point, greater 

than an order of magnitude more than Sample 1. A smaller event may have preceded and 

been subsumed by this extension, but this was unclear as it was not captured via µ-CT.  

 In Sample 1, the crack popped in approximately parallel to the hole’s center line, with 

some deviation near the center of the sample (Figure 4.3a). As the crack extended further, 

while it continued to have some regions where it deviated from the center line, the two-

dimensional projection became even more linear (Figure 4.3b), in accordance with 

expectations laid out in literature for both the DCDC geometry [27] and brittle, 

microscopically anisotropic materials with macroscopic isotropy [28]. In Sample 4, the 

popped-in crack was more complex, spanning from the outer edge of the hole on one face 

towards the center, where it branched into two crack fronts which reached to the edges of the 

hole on the other side (Figure 4.3c). Further, as the load was increased, another branch 

popped in at the hole, next to the unbranched section of the original crack, forming close to 

an X shape with diagonals stretching from the outer edges of the hole on one face to the 

opposite edges on the other face (Figure 4.3d). Closer to the crack tip, the earlier stages of 

the crack coalesced into a single crack front, with the 2D projection again much straighter 

than that just below the hole (Figure 4.3e). However, when the new branch popped in at the 

hole, it continued to extend until it surpassed the former crack tip, becoming the new singular 

crack front (Figure 4.3f). 

 Crack progression continued irregularly in Samples 1 and 4; instead of achieving a stable 

velocity or growing proportionally to the applied load, the crack in both samples continued 

to act similarly to the initial growth event. The crack essentially popped-in to each new 

section in jumps ranging from ~50 μm to over 1 mm, similar to the variance in initial pop-in 

lengths, and often the extension was localized and may have only extended through a few 

grains along the crack front at a time. As noted for pop-in, the smallest jumps are around the 

same size as the smallest grain diameter, indicating that the crack in each region of extension 

moves across or around one or more discrete grains before being pinned at grain boundaries. 



The new extent of the crack and the load at which extension occurred is visualized in Figure 

4.8e.  

 In general, the greatest extension occurred near the center of the sample, similar to the 

U-shaped curve predicted by Fett et al. [29] and seen by Nielsen et al. in a DCDC 

polymethylmethacrylate sample [30]. However, the shape of the crack front was far more 

irregular than modeled by those authors, varied between both samples, and was not self-

similar with each further extension (Figure 4.8a,c). 

  



 

Figure 4.8: Visualization of crack extension. The crack front extended in discrete events as 

loading increased in both a) Sample 1 and c) Sample 4, although the crack front was not self-

similar at each new extent. b) A representative tomographic volume from Sample 1 

displaying the hole of the DCDC geometry. d) The pointwise segmented crack from the 

volume in b) corresponding to the crack front in Sample 1 at -1900 N as seen in a). e) Crack 

extension as a function of macroscopic load in Samples 1 and 4 at multiple locations along 

the crack front, showing that the crack front progressed irregularly. 

  



Samples 1 and 4 were loaded to a maximum of -1900 N. The crack grew to a maximum 

length of 1.71 mm in Sample 1 and 2.51 mm in Sample 4 at the deepest point. As the cracks 

grew, the opening width at the hole also grew larger. In Sample 1, the opening width at pop-

in was smaller than the reliable tomographic resolution and was visible only from the 

presence of phase-contrast artifacts [26] and can be assumed to be much smaller than 5 µm, 

but at -1900 N the crack spanned at least 7 µm at its widest. For Sample 4, the opening width 

after pop-in at -1536 N spanned about 4.7 µm and widened slightly to 5.9 µm at -1900 N. 

4.3.3 Intergranular vs transgranular fracture 

 Grain maps from the limited regions with both FF-HEDM and NF-HEDM are registered 

with tomographic reconstructions, such that tracking which grains the crack went around or 

through, and their associated local crystallographic orientation and stress state, is achievable 

(Figure 4.9a-b). For areas where NF-HEDM confidence was low in between two grains (less 

than 80%), the crack was considered as being intergranular if it passed through those regions. 

AlON tends to crack transgranularly [14,31], so grain boundaries are not expected to impact 

the crack’s path significantly, and while face-centered cubic structure, in general and in 

AlON, often has {111} slip planes [32], the crack was not observed on those planes in 

particular (Figure 4.9c-d). The average crack plane and its normal were calculated using 

singular value decomposition on the segmented crack points proximal to that grain. 

 Grains which were cracked transgranularly or which neighbored an intergranular section 

of the crack were not clustered around preferred orientations, and the two populations did 

not display any different trends in orientation (Figure 4.10a). Additionally, the average plane 

of the crack in those grains did not correspond to any notable cubic slip planes or clusters of 

planes, indicating there were no preferred or prohibited crack planes (Figure 4.10b). Further, 

the grains which were cracked transgranularly and those bypassed by intergranular fracture 

also did not have any differing trends in strain or stress response (as observed before crack 

extension) when compared to each other or the entire population of grains (Figure 4.10c-d). 

The stress magnitudes across the crack and in other directions also did not display any 



correlation to the grain orientations in the full population of grains or the intergranular and 

transgranular populations (Figure 4.10e-f).  

 

Figure 4.9: Registration of μ-CT and NF-HEDM in Sample 1. a-b) NF-HEDM 

reconstructed microstructures in x-z slices, 389 μm and 589 μm away from the bottom of 

the hole respectively. Grain orientations are shown in standard inverse pole figure coloring 

(c), and the crack extracted from tomography is superimposed in white. NF-HEDM data 

was collected at -1160 N load, before the crack extended through the region. d) 3D model 

of a grain which was cracked transgranularly and e) one around which the crack grew 

intergranularly, with the average crack plane (black mesh) superimposed; insets show the 

orientation of the crack plane with respect to the grain’s unit lattice. 



 

Figure 4.10: FF-HEDM data corresponding to the NF-HEDM volume in Figure 4.9, with 

the grains through which the crack moved (transgranular) and those which it moved around 

(intergranular) marked. a) Inverse pole figure for the grain orientation component with 

respect to the loading direction. b) Orientation distribution of the direction normal to the 

average plane of the crack within each grain’s unit lattice, as visualized in 7c-d). c-d) 

Distribution of the strain and stress states, respectively, with the component in the loading 

direction y plotted against the average of the two transverse components. e) Distribution of 

the stress component in x, approximately perpendicular to the crack (colors), vs the 

orientation map in a). f) Distribution of the stress component in y (in the loading direction) 

vs the orientation in a). 



4.4 Discussion 

4.4.1 Fracture toughness 

 In Sample 1, crack extension only occurred with increased load beyond the load at 

previous extension, in accordance with the DCDC geometry expectation. However, the crack 

did not extend with every increase in load, instead becoming arrested even as the load 

increased by hundreds of Newtons. Sample 4 behaved similarly after pop-in for its first few 

extensions, although the initial crack had some branching and the lengthier initial pop-in 

indicates some initial instability. Further, the second pop-in event and subsequent new 

location of the crack tip (Figure 4.3e-f) indicates that it became more favorable to pop-in a 

new crack front rather than extend the original front segment further. 

 Prior to the second pop-in, a localized gradient in σyy was observed ahead of the crack 

front (Figure 4.7g). Before the new pop-in, the compressive stress experienced by the volume 

just ahead of the crack decreased when compared to the volume away from the crack, while 

at distances far from the crack, the magnitude was greater than the applied load. While the 

limited number of discrete extension events precludes a definitive statistical correlation, this 

observation suggests that localized stress heterogeneities play a role in intermittent crack 

propagation as the stresses acting to open and extend the crack become disrupted [33]. 

 We are currently working to explore such considerations in anisotropic and 

polycrystalline media using dedicated phase-field models, as well as to relate stress 

development and crack motion to differently oriented lattice planes and grain boundaries. 

These local microstructural changes can provide further barriers to unimpeded growth as the 

energy needed to extend cracks in these regions changes due to the anisotropic elastic 

constants. In a related work to this thesis, when systematically studying crack behavior at 

grain boundaries based on FF-HEDM data as a function of the five grain boundary degrees 

of freedom, both the misorientation and the plane normal direction are identified as important 

for crack pinning [34]. 

 The large crack extension events such as at the initial and secondary pop-ins in Sample 

4 and the jump at -1600 N in Sample 1 indicate that there are also regions where crack growth 

is relatively uninhibited. In an isotropic sample with invariant fracture toughness, the 

incremental increase in load needed to induce cracking in the next region grows 

proportionally with crack length [35]. Here in the anisotropic samples, that load requirement 



is additionally affected by the local fracture toughness, and the necessary load may be 

increased (leading to the crack becoming arrested as greater loading is needed to extend it) 

or reduced (causing longer extension events). If the crack front was arrested at a region with 

higher fracture toughness, and subsequently grows after the load is increased, it may enter a 

region where the necessary load to extend the crack has already been exceeded, and thus it 

will proceed until reaching another stopping point. The changing fracture toughnesses in 

differently oriented grains can be seen in the work of Guo et al. in [32], where the average 

measured fracture toughness range is reported as well as the fracture toughnesses measured 

for two individual grains, which are both outside that average.  

 From the literature, the fracture toughness (KIc) of AlON has an average value of 2.09 ± 

0.06 MPa √m [31] using the single-edge pre-cracked beam geometry in air. Other methods, 

including the single-edge pre-notched beam geometry [36] and Berkovich nanoindentation 

[32], result in average values ranging from 2.4 to 3 MPa √m; however, outliers from the 

latter had values measured as low as 1.4 MPa √m. These values are reported against those 

from this work, obtained using Equation 2.5 [37].  

 Crack extension in Sample 1 occurred at higher loads relative to crack length than 

Sample 4 for all growth events, and thus had higher fracture toughness values, which fell 

within the range reported from the single-edge pre-notched beam geometry and Berkovich 

nanoindentation. This effect may be partially explained by the fact that the compressive y 

stress ahead of the crack in Sample 1 was in general lower in magnitude than the applied 

stress, and thus higher loads were needed to reach the equivalent stress for local extension 

(Figure 4.7). Meanwhile, the fracture toughness of Sample 4 was in the lower range obtained 

from the single-edge pre-cracked beam geometry (Figure 4.11). The earliest extension events 

in Sample 1 were not included, as the relative length of the crack front did not satisfy the  

𝛽 ≤ 𝛼 condition required in Equation 1. 



 

Figure 4.11: The calculated fracture toughness using Equation 2.5 from reference [37] 

compared to the isotropic fracture toughness of aluminum oxynitride (AlON), using the 

maximum crack length, and the RAMS load at which crack extension occurred. Data points 

from Samples 1 and 4 are plotted against the reported ranges of AlON from the precracked 

beam test [31], the average range and two individual grain ranges from Berkovich 

nanoindentation [32], and the notched beam test of reference [36] and one of the individual 

grain measurements [32]. 

4.4.2 Intragranular strain variation 

 Individual AlON grains have not only different fracture toughnesses varying with 

orientation [32] but also a spread in that measurement, indicating that the strain field varies 

within grains and further complicating the microstructure with which the growing crack front 

interacts. This is corroborated by the fact that for grains with diameters larger than the 100 

µm height of the FF-HEDM scans, the average reported strain tensor could vary by 1-3×10-

4 in different regions that were illuminated by the beam. Additionally, within many grains 

mapped via NF-HEDM, the completeness value can vary, indicating regions of greater and 

lesser agreement with the expected diffraction pattern. The altered confidence could be a 

result of variations in the chemical composition of AlON, especially in the local ratio of 



oxygen to nitrogen, which is correlated with lattice parameter [14]. Narrow twinned regions 

with widths on the order of a few microns have also been reported in AlON [38], and might 

provide a source of lowered confidence. 

 Taken together, the variation in average strain tensor and diffraction pattern for different 

sub-granular regions indicates that the imposed macroscopic load is distributed unevenly 

among grains as a result of the grains’ anisotropy and differing size and orientation. Cocke 

et al. have performed analysis based on the samples in this work, aiming to recover the 

intragranular strain fields and spatially resolved macrostress state from the grain-averaged 

data, with simulations demonstrating high stress variance spatially within grains [39]. 

4.4.3 Microstructural effects on crack behavior 

 While it appears that the orientation, stress, and strain of the grains ahead of the crack 

has little effect on whether the crack moves transgranularly or intergranularly, this is not to 

say that there is no effect of these variables on the crack itself. As already shown, grain 

orientation can have a major effect on the local fracture toughness, and the stress and strain 

states of adjacent grains necessarily impact each other, all of which taken together play a 

major role in where the crack front stops after extending. 

 As noted earlier, in the literature AlON does tend to crack transgranularly, indicating 

that the grain boundaries do not have such a lower fracture toughness compared to the grains 

that they would sharply alter the crack path. While the crack did change orientation as it 

grew, angular changes were usually gradual, smooth, and occurred over a range of tens to 

hundreds of microns, that is, over the range of grain sizes in the AlON studied. With few 

persistent orientation changes in the form of a sharp angle beyond those angles inherited 

from the shape of the popped-in crack, or deflections of entire grain-size segments of the 

crack, the crack often retained much the same orientation when entering a grain below its 

position instead of having its path altered to go around a grain. Partly, this may be the case 

due to the size of the grains. Creating surface area around a grain with a diameter of 100 µm 

or more would be energetically costly, and the crack’s arrest and persistent shape upon 

further extension shows that it is generally more favorable for the energy to be released by 

eventual extension rather than immediate deflection to a grain boundary not in the vicinity 

of the crack. While grains which were adjacent to intergranular cracks generally had larger 

radii, there were also transgranularly-cracked grains with similar radii, so radius alone is not 



an indicator of whether a grain will be cleaved by fracture. However, a more salient point is 

that most of the intergranularly-cracked grains were more distant from the center of the 

sample than the transgranularly-cracked grains, and notably, the intergranular grains’ radii 

were larger than that distance, indicating that those grains did not cross the center plane of 

the sample, while the transgranular grains did, and were thus closer to the direct path of the 

crack (Figure 4.12). 

 

Figure 4.12: Radius of AlON grains versus the distance between their centers of mass and 

the center plane of the DCDC sample, with unity marked. 

 In addition to the gradual changes related to grain boundaries, there are smaller 

deflections present; most of these orientation changes occur over a range of a few to ten or 

so microns, and then straighten out again. Based on the fact that the crack does not sharply 

change its orientation to go around large grains, these deflections are presumed to occur near 

grain boundaries the crack is already growing near. Additional causes of deflection include 

rare pores, which have a fracture toughness of zero and are therefore preferential to pass 

through (Figure 4.13). Finally, the crack occasionally changes direction within grains, 

potentially corresponding to stacking twinning faults not detected as a change in grain 

orientation by the techniques used, but also likely as part of the gradual angular changes 

induced by the microstructure ahead of the crack. Previous work has identified deflections 

when encountering both grain and twin boundaries, which often result in the crack kinking 



over the span of a few microns or less before continuing to grow in much the same direction 

and orientation as previously [38]. Some jaggedness and kinking are indeed visible in the 

crack in the tomography images (Figure 4.13), although at the scale of a micron or smaller 

this effect is at the spatial resolution limit and the size of the kink is subject to error. A similar 

effect can be seen at a grain boundary in Sample 1 (Figure 4.14), although the overall angle 

of the crack does not change overmuch. Notably, the crack plane is nearly parallel to the 

{100} direction in the first grain’s unit lattice, which might have served as an attractive plane 

on which the crack could propagate. The degree of change between two different atomic 

arrangements could result in the crack being impeded from remaining on a single plane 

through both grains but the considerations above, the crack’s tendency to become straighter 

as it extends deeper, and its speed when extending might have contributed to the crack 

maintaining a similar angle in both grains. 

 

Figure 4.13: A pore interacting with the crack front (dark line) in Sample 4. The white streaks 

on the left side are wrinkle artifacts. a) Above the pore in the loading direction y, the crack 

has a mostly smooth curve with some jagged edges. b) The crack deflects to intersect the 

pore. c) After leaving the pore, the crack retains the sharp kink. Also visible near the 

deflection are changes in the crack direction between two orientations which are smaller than 

the diameter of a single grain, potentially indicating the crack is crossing twinning faults or 

other crystal discontinuities. 



 

Figure 4.14: A kink at a grain boundary in Sample 1. a) Grain Y (yellow) and grain G 

(green) are both intersected transgranularly by the crack, but at the grain boundary, the 

crack gains a sharp kink (blue arrow). b-c) The values of strain and stress from Figure 

4.10c-d), with the values for grains Y and G highlighted. d) The orientations of grains Y 

and G highlighted within the distribution from Figure 4.10a). e) The orientation of the crack 

normal within grains Y and G highlighted within the distribution from Figure 4.10b). 

4.5 Conclusions 

 We have demonstrated that visualizing brittle fracture of a polycrystalline ceramic at 

multiple extension steps is possible using the DCDC geometry and the precise loading of 

RAMS-III fixture at the Advanced Photon Source. The information presented here 

demonstrates that this study’s 3D, in-situ monitoring of a growing crack is superior to 2D 

and postmortem studies in capturing microstructural and stress-induced changes, including 

retardations in the crack’s growth. We have shown that a 3D, growing crack can be complex, 

with an uneven crack front impacted by the microstructure ahead of the crack tip, the grain 

orientation, and the position of grain boundaries. Additionally, the high tomographic 

resolution of the crack’s shape throughout the material and the registry of that shape to NF-

HEDM scans are valuable pieces of information for phase-field modelers and others 



performing computations seeking to describe the exact mechanisms affecting the crack’s 

shape, length, and growth rate. 

 For AlON specifically, we have shown that the crack front extends in multiple pop-in-

like events which may span a distance equivalent to a single grain along the crack front or 

many grains along its entire length. Further, additional pop-in events at the hole are possible, 

which may create a new crack front in a more favorable region for extending, and it may 

eventually surpass the original crack front. While the crack grows both intergranularly along 

grain boundaries and transgranularly with no preferred lattice planes, it may experience 

deflections in its orientation at grain boundaries and potentially at twinning faults. However, 

the grains through which the crack grew transgranularly and those beside which it grew 

intergranularly have no distinguishable or differing trends in orientation or stress state; rather, 

the grain only grew along grain boundaries when it was proximal to them while extending. 

Instead, the greater factor controlling growth is the changing fracture toughness of the region 

ahead of the crack as it encounters grains of different orientations. In regions of greater 

fracture toughness, the extension of the crack front is arrested until the load is increased 

sufficiently, after which it grows through regions of lower fracture toughness until its motion 

is again halted. 

 The information gathered from this work is extremely pertinent to building and verifying 

the above-mentioned phase-field models. Current collaborations have already produced 

results demonstrating crack pinning as observed in these experiments, and related pinning to 

the degrees of freedom of grain boundaries [34]. By selecting grain boundaries with 

singularity exponents that lead to crack pinning and computing the singularity in the stress 

for a crack tip at various grain boundaries, a corresponding increase in resistance to crack 

propagation is observed. In the future, we will be applying these insights to the experimental 

dataset to evaluate the performance of the model. 

 Future experimental work could be performed on anisotropic brittle materials with 

smaller grains in order to increase the number of grain boundaries, orientations, and stress 

states with which the crack interacts. By using materials with different crystal structures and 

degrees of anisotropy, trends not present in AlON might be uncovered. Further, recently-

developed 2D scanning FF-HEDM using a point-focused beam, rather than the 1D scanning 

performed here [40], could be used to resolve intragranular strain fields and better reveal the 



nature of the strain tensor ahead of the crack as well as any local changes within a grain 

which might cause it to kink or change orientation. 
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