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1 | INTRODUCTION

Glass-ceramics are produced through controlled par-
tial crystallization of a base glass, and comprise one
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Abstract

Glass-ceramics are produced through controlled crystallization of base glass,
with many of their properties depending on the specific microstructures. With
respect to their mechanical properties, although this dependence has been
widely studied under quasi-static loading conditions, limited studies have been
carried out beyond the quasi-static regime, especially in the context of fracture.
Here, we study the fracture of lithium metasilicate glass-ceramics having dif-
ferent microstructures but nominally identical mechanical properties, under
dynamic three-point-bend loading conditions. Using time-resolved x-ray phase
contrast imaging, we capture crack initiation and propagation in glass-ceramics
specimens and quantify the crack tip speed evolution. We find that the crack
speed differs for specimens possessing different microstructures, an observa-
tion that cannot be captured by linear elastic fracture mechanics theory via a
standard homogenization modeling procedure. Postmortem characterizations of
fracture surfaces aided by scanning electron microscopy and white light inter-
ferometry reveal strong crack-crystal interactions (e.g., trans-granular fracture)
and identify a correlation between a lower crack speed and an increased rough-
ness of the fracture surface. Our work demonstrates microstructure-modulated
fracture behavior in glass-ceramics and brings up the scale interplay between
material heterogeneity and homogenization in the context of modeling fracture
in heterogeneous materials.

KEYWORDS
dynamic fracture, glass-ceramics, material microstructure, x-ray phase contrast imaging

or more crystalline phases in an amorphous matrix.
The ability to tailor the specific crystalline phases that
form, together with their volume fraction(s) and crys-
tallite size(s), enables the production of materials with
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advantageous combinations of properties for a wide range
of applications.! Examples include a combination of
transparency to visible light with fracture toughness for
consumer electronics applications’ and a combination
of strength, toughness, and biocompatibility for dental
implants and bone tissue engineering.’

In many applications, glass-ceramics are subjected to
dynamic loading, due to which failure (such as crack prop-
agation) may occur. The specific failure processes of an
object depend on multiple factors including the loading
condition, the geometry of the object, and the properties
of the constituent materials. The loading condition and
the object geometry may be constrained by the component
design, making the material properties an important fac-
tor in determining overall performance. In glass-ceramics
these properties are determined to a large extent by the
microstructure, and indeed, both standard quasi-static
mechanical characterization*’ and simulations (e.g., via
molecular dynamics®® or peridynamics'’) suggest a strong
dependence of failure behavior on microstructure.

However, most experimental investigations studying
this dependence for glass-ceramics have been performed
under quasi-static conditions, and studies under dynamic
conditions are limited, particularly when compared to
the extensive literature on glasses' ' and crystalline
ceramics"?° separately. Most experimental studies of
glass-ceramics to date consider either the effect of mate-
rial microstructure under quasi-static loading>?' or look
at dynamic loading without examining the effect of
material microstructure.”>”?* Unlike quasi-static loading
conditions, under dynamic loading conditions, a crack
tip can experience considerable inertia effects such as
wave interactions®>%° as it propagates, and the underlying
mechanics dictates its motion will be further compli-
cated by the introduction of material heterogeneity via
controlled crystallization and the accompanying thermal
mismatch-induced residue stress.?’

Here, we study the fracture of glass-ceramics specimens
possessing nominally identical quasi-static mechanical
properties (Young’s modulus, Poisson’s ratio, and frac-
ture toughness) but with different microstructures. Using
x-ray phase contrasting imaging (XPCI) to observe the
propagating crack tip, we are able to isolate the effect of
microstructure on the fracture process. XPCI exploits the
phase perturbation introduced within a sample due to spa-
tial variations in electron density to modulate the intensity
recorded at the image detector plane.”® Since a crack sur-
face represents a steep electron density gradient, it can
be detected with a significantly better sensitivity using
XPCI than conventional radiography (which relies solely
on absorption contrast). XPCI has been used to charac-
terize the crack dynamics within different materials from
ceramics'® to glass.?*°

We show that the crack tip speed determined from the
XPClIrecordings depends sensitively on the microstructure
of the glass-ceramic, even though the quasi-static mechan-
ical properties of the materials (including the mode I frac-
ture toughness) are identical. This is an observation which
cannot be captured by linear elastic fracture mechanics
theory via a standard homogenization modeling proce-
dure. Postmortem analysis of the fracture surfaces reveals
strong crack-crystal interactions (e.g., trans-granular frac-
ture) and indicates that a rougher fracture surface is
correlated with a slower crack. Our work reveals the
importance of material microstructure and raises inter-
esting questions regarding the scale interplay between
material heterogeneity and homogenization treatment in
the context of fracture modeling.

2 | EXPERIMENTAL PROCEDURE

2.1 | Sample preparation and preliminary
characterization

We pick parent glasses in the multicomponent
Li,0-ZrO,-K,0-Al,03-P,05-Si0, glass family with
Al, O3, varying the relative amounts of K,O and Al,0O3,
because an increase in Al,O5 content is known to suppress
lithium silicate crystallization, allowing some control over
the crystallinity.*"*> The compositions of all parent glasses
are listed in Table 1. To produce the base glasses, precursor
powders were melted in platinum crucibles at 1550 °C
for 16 h in an electrical furnace and cast on a stainless
steel table, followed by annealing at 450 °C for 1 h to
relieve residual thermal stresses. The glasses produced
in this way show no crystalline peaks in x-ray diffraction
(XRD) patterns (not included here). To produce the
glass-ceramics, we heat-treated the base glasses for 20 min
at 750°C and furnace-cooled them to room temperature,
resulting in opaque specimens. The goal of this procedure
was to make glass-ceramics with a low volume fraction
of relatively large (micron-scale) crystallites because we
believed that this combination would give us the best
chance to resolve interactions between the propagating
cracks and the crystallites using XPCI. In actuality, the
crystals were too small to be individually resolved, but we
were still able to track the progression of the crack front
during fracture, as described below.

The identities of the crystalline phases and their corre-
sponding phase fractions were identified by XRD. Diffrac-
tion peaks were measured on powder samples over the
range 26 = 10°-80°, with a step size of 0.02° Cu K, radi-
ation. The major crystalline phase is lithium metasilicate
(LMS; Li,SiO3), with a trace amount of lithium phosphate
(LP; Li3POy,), as shown in Figure 1. Using a known amount
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Batch compositions of the parent glasses together with the mechanical properties (elastic modulus [E], shear modulus [G], Poisson’s ratio [v], and fracture toughness [K]) of

TABLE 1

the corresponding glass-ceramics.

Glass-ceramics

Glass

Mechanical properties

Phase fraction (%)

Composition (mol.%)

Li-Zr-K-Al-P-Si

glass

Or (MPa)
330 + 33

K, (MPa m'/2)
1.36 + 0.07

v

G (GPa)
35.23
35.3

E (GPa)
84.46
84.25

LP
2
.6
7

LMS

17.8

Glass

82
82
88

P,0,  ZrO,

K,O

AL 0,

Li,0

21

Sio,
68.5

265 + 47
260 + 41

0.198
193
19

First type (d,g)

135+ 0.04
1.31+.03

17.4

21

68.5

Second type (d;)
Third type (ds)

34.54

82.32

10.3

21

68.5

Abbreviations: LMS, lithium metasilicate; LP, lithium phosphate
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FIGURE 1 X-ray diffraction (XRD) patterns of glass ceramic
samples of the compositions listed in Table 1.

of ar-alumina added to the powdered glass-ceramics as an
external reference, crystalline phase fractions were esti-
mated by Rietveld refinement and are reported in Table 1.
A similar level crystallinity of 18% was obtained for the first
type dyg (17.8% LMS plus .2% LP) and the second type d;
(17.4% LMS plus .6% LP) specimens, with a slightly lower
value of 12% (11.3% LMS plus .7% LP) for the third type.

The microstructures of the samples were examined by
scanning electron microscopy (SEM). All the SEM obser-
vations required a careful cleaning procedure to remove
electrostatically adhering contaminants and stains from
the sample surfaces. This entailed washing the samples in
a soapy solution, followed by an acetone and an alcohol
rinse, and finally by air drying using a heat source. The
dendrite-like crystals shown in Figure 2 are characteris-
tic of LMS,*31:3334 confirming therefore their presence in
glass-ceramics of the multicomponent series. For the sake
of convenience and clarity, hereafter we refer the first type
of glass-ceramic as d,, the second type as d;y, and the third
type as ds. Here, d indicates the largest dimension of the
crystal and the subscript number indicates the correspond-
ing value with a micrometer unit. These values are rough
estimations based on the SEM scans shown in Figure 2.

The mechanical properties of our samples are summa-
rized in Table 1. The elastic modulus (E), shear modulus
(G), and Poisson’s ratio (v) of the glass-ceramics were mea-
sured from 6 mm X 8 mm X 10 mm specimens via resonant
ultrasound spectroscopy. The apparent fracture toughness
(Kq) was measured using chevron-notch short bar speci-
mens following the protocol described in ASTM E1304-97.
The fracture toughnesses of the three microstructures are
measured to be similar.
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FIGURE 2
Type d,, (C and D), and Type d; (E and F).

We also measured the flexural strength, o 1 of these
specimens. To do so, 20 samples of each composition were
cut into rectangular specimens (12 mm X 3 mm X 1.5 mm)
and loaded in three-point bending with a span between
rollers of L =9 mm and a crosshead speed of 5 mm/min.
Based on the load at failure (P) and the specimen geometry
(specimen width w and thickness b), the flexural strength
values were calculated using

3PL

o'f = sz_ (2.1)

Interestingly, although the elastic properties and fracture
toughness of the three materials are virtually identical,
the flexural strength of the Type d,; specimens was
significantly higher than that of Types d;, and ds.

2.2 | Insitux-ray imaging and dynamic
three-point bending

We conducted in situ x-ray phase contrast imaging (XPCI)
studies during dynamic notched three-point bending of
glass-ceramics samples at Sector 32 of the Advanced Pho-
ton Source (APS) at Argonne National Laboratory. Samples
for the in situ XPCI studies were of the same size as
those used to measure flexural strength. For XPCI the
broad surfaces were polished to a mirror finish to mini-
mize the influence of surface roughness on XPCI image
formation, and a notch (nominally 1 mm deep) was made
in the center of one long side to create a stress con-
centration at which cracks would initiate. We used the

100 pm

Scanning electron microscopy (SEM) micrographs of the microstructure for glass-ceramics specimens of Type d,, (A and B),

unfiltered first harmonic of the U18 undulator (with a gap
distance of 12 mm) providing an x-ray spectrum with a
peak intensity at around 24 keV and an energy bandpass
of approximately 3% — 4%. For dynamic imaging the x-rays
are converted into visible light via a 100 um thick single-
crystal LusAlsO;, : Ce scintillator, then focused onto a
250x400 pixel Shimadzu HPV-X2 camera using a 10x
infinity-corrected objective lens, yielding an effective pixel
size of about 3 um. Propagation-based XPCI was produced
with a sample-to-scintillator distance of 308 mm, chosen
to achieve both good contrast ratio and sufficient spatial
resolution of the cracks without saturating the camera.
The field of view of the specimen is about .75 mm in the
horizontal direction and 1.2 mm in the vertical direction
(which is also the crack propagation direction). During our
experiments, the APS storage ring was operating in the
standard 24-bunch fill mode, which produces one pulse
of x-rays every 153.4 ns. Refer to Leong et al.'"® for more
detailed information on the imaging setup, including the
procedure for synchronizing the camera framing with the
synchrotron x-ray pulses.

The notched three-point bend specimens were loaded
to fracture using a custom-built apparatus. The samples
were placed on two rolling supports on a loading plate
sitting atop a vertical translation stage (OptoSigma TSD-
653DMUU). The central roller (on the top side of the
specimen) was driven by a piezoelectric actuator (Cedrat
Technologies PPA40M), with the actuator being driven by
a voltage signal that is generated by a function generator
(Tektronix AFG3252) and then amplified by a high-speed
voltage amplifier (PiezoDrive PD200). We use the function
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where the surface roughness is estimated: along the edge (blue

Schematic representation of the two locations

strip) and the center (yellow strip).

generator to output a linear voltage ramp from 0 Vto 7V
over an interval of 256 us, from which the displacement
rate is calculated to be about .13 m/s. Additional details
of this setup, as well as the calculation procedure of the

displacement rate, are provided in Li et al.*

2.3 | Fractography

To gain insights into the underlying fracture mechanisms
and the corresponding effects of microstructure, we char-
acterized the fracture surfaces of different glass-ceramic
specimens both qualitatively and quantitatively. A Thermo
Scientific Helios G4 UC dual-beam SEM was used to com-
pare the topography of the fractured surfaces qualitatively
and study possible crack-crystal interactions. A Filmetrics
Profilm3D optical profilometer was also used to measure
the average surface roughness (R, ), including its evolution
along the crack propagation path. The roughness was mea-
sured on both the edge and center of the fractured surface,
as shown in Figure 3. Both SEM and optical profilometry
were performed directly on the fractured surfaces (with-
out any polishing or coating) after cleaning using the same
procedure described above.

3 | XPCI OBSERVATIONS OF DYNAMIC
FRACTURE IN GLASS-CERAMICS

Figure 4 shows selected frames from representative XPCI
recordings of crack propagation in each of the three types
of glass ceramic. The left-most image in each row, arbi-
trarily set as time ¢t = 0, is the frame immediately prior
to the frame in which the crack was first detected (in the
next column to the right). Because the frame rate of the
camera was 5 Mfps, the minimum time between frames
is 0.2 us. We note, though, that the sample is imaged at
times determined by the x-ray pulses, which occur every

American Ceramic Society

0.153 us. We have taken this into account in our image
analysis following the procedure described in Ref. [18].

It can be observed that a crack initiates at one of the cor-
ners of the notch tip due to stress concentration there. The
specific location of crack initiation likely depends on the
defects introduced by notching the specimen. An advan-
tage of XPCI for studying crack propagation in opaque
specimens is that we can see the entire crack front, in pro-
jection through the specimen. In Figure 4B, the fracture
surface is nearly parallel to the direction of propagation
of the x-rays and hence appears as an essentially linear
feature. In Figure 4A,C, on the other hand, the fracture
surface is inclined to the direction of view, but we can
identify the portion of the crack front that has advanced
furthest (white triangle in the images). From multiple runs
(see Figures A.1-A.3 for additional XPCI recordings), we
note that, however, the fracture surface can be parallel or
inclined with respect to the direction of the x-ray beam,
regardless of the type of glass ceramic tested. Assuming
that the fracture surface is planar on the length scale of the
sample’s thickness, we estimate from the XPCI recordings
that its angle of inclination (with respect to the direction
of the x-ray beam) is less than 10°. This inclination could
be induced by a less ideal alignment between the sample’s
notch and the indenter.

Regardless, we observe that once a crack initiates it
propagates rapidly through the sample, leaving the field
of view in about one us. From the crack tip locations in
each frame, we can estimate the instantaneous crack tip
speed. The uncertainty associated with crack tip speed was
based on the uncertainty of the crack tip location (esti-
mated to be about 14 um'®). As also discussed in Leong
et al.'®, there is another source of uncertainty for crack
tip location, which is associated with the formation of
far-field diffraction (rather than near-field phase contrast)
pattern in x-ray images due to atomic-scale crack surface
opening.’’ As a result, the true crack tip location is some
small but unknown distance ahead of the location identi-
fied in the XPCI images. Nevertheless, it is not essential to
quantify this discrepancy; it is expected to remain constant
because the crack speed is calculated from the difference in
crack tip location across frames.

After identifying crack tip locations from XPCI images,
we can estimate the instantaneous crack tip speed as a
function of time. Figure 5A shows the instantaneous crack
velocity as a function of the distance of the crack tip back
to the crack initiation location. Each color corresponds to
one of the three types of glass ceramic (d,, dig, Or ds),
and each symbol corresponds to results obtained from one
experiment. We observe a general trend that is consistent
across all three types of material microstructure: Once a
crack initiates, its velocity first increases and decreases
quickly afterward.
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FIGURE 4 Representative x-ray phase contrast imaging (XPCI) recordings of crack propagation in three specimens, each of which
corresponds to a particular microstructure: Type d,, (A), Type d,, (B), and Type ds (C). For each, the frame in the left-hand column is the last
frame prior to observation of the propagating crack, and the next frame to the right is the subsequent frame. The scale bar is .2 mm for all
images. The white triangles indicate the location of the crack tip at different times. Note that these images have been post-processed from raw
XPCI frames via the “enhance contrast” option in ImageJ,* to aid in identifying the location of the crack tip.
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FIGURE 5 Crack tip velocities from x-ray phase contrast imaging (XPCI) observations. (A) Instantaneous crack velocity as a function of
the distance to crack initiation location. Samples of each microstructure (A, B, or C) are indicated by the same color, with individual
specimens distinguished by the symbol shape. The frame-to-frame progression of one specimen of each type is indicated by the arrows. The
dashed lines represent the average velocity for each type of specimen. (B) Time-average crack velocity calculated from the XPCI data in (A),
along with the standard deviation.
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FIGURE 6
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(A) A scanning electron microscopy (SEM) image of the fracture surface for a glass-ceramic specimen with Type d,,

microstructure. (B) A zoomed-in image of (a) highlighting the crack-crystal interaction. Subparts (C and D) and (E and F) correspond to SEM
images of a glass-ceramic specimen with Type d,, and Type ds microstructure, respectively.

As a first-order description of the crack speed, Figure 5B
quantifies the time-averaged crack speed from XPCI anal-
ysis, which gives V, = 637.8 m/s <V}, = 1168.4 m/s =~
V. =1421.5 m/s. The observed difference in crack veloc-
ity suggests the potential role of material microstructure
in modulating crack speed, which we discuss in the next
section via postmortem analysis.

4 | ANALYSIS OF FRACTURE
SURFACES

The difference in crack speed between the Type dj
microstructure and the other two may be due to crack-
crystal interactions (such as crack deflection by crystals).
The specific material microstructure (e.g., crystal size and
spacing) can be important in determining these interac-
tions. To examine such interactions and the role of material
microstructure, we conducted postmortem analysis of the
fracture surfaces to gain insights into the mechanisms at
play during crack propagation.*®*’

Figure 6 shows SEM micrographs obtained from the
fractured surfaces of the three types of glass-ceramic
microstructures. Qualitatively, it is observed that the frac-
tured surface of Type d,, (Figure 6A,B) has a more
pronounced texture compared to Type d;, (Figure 6C,D)
and Type ds (Figure 6E,F), which correlates well with the
observation that the crystal size for Type d,, is on average
larger than that for Type d;, and Type ds (see Figure 2).
The crack-crystal interactions for Type d,, also appear to
be more pronounced compared to the other two types of
microstructures. An example of such interactions is shown
in Figure 6B where the crack is seen to deflect while pass-
ing through a dendritic crystal and results in a “ridge” on
the fracture surface: A part of that crystal is on one plane
and a part is on another plane.

Figure 7 shows the average surface roughness of the
fractured surfaces quantified using optical profilometry.
We note Type d,, shows the largest average roughness
value (about 1.2 um), while types B and C have similar
roughness (about .6 um on average). There is no signifi-
cant variation in roughness along the crack propagation
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Variation of surface roughness as a function of the distance to the notch tip for all three types of material microstructures,

determined via optical profilometry, measured along the edge (A) and the center (B) of each fracture surface (refer back to Figure 3).

direction, and no difference between roughness along the
centerline of the sample compared to the near-surface
region (refer back to Figure 3).

5 | DISCUSSION

The three types of glass-ceramic microstructures exam-
ined here are nearly identical with regard to their elastic
properties and plane-strain fracture toughness but show
differences in both flexural strength and crack-tip veloc-
ity under dynamic loading (Table 1; Figure 5). Specifically,
the Type d,, microstructure shows both the highest flex-
ural strength and the lowest crack-tip velocity. These
differences in mechanical behavior correlate with the
roughness of the fracture surfaces, with Type d,, having
the roughest. From Figure 2 we also see that the Type
d,o microstructure has the largest crystals and relatively
large regions without crystals. (This is most apparent in the
low-magnification views in parts a, ¢, and e of the figure.)
These observations suggest that the differences in behavior
are associated with the interaction between the propagat-
ing crack tip and the material microstructure. Specifically,
it appears that the coarser microstructure in the Type
dyo specimens leads to greater crack deflection during
fracture.

Serbena and coworkers evaluated the relative impor-
tance of several mechanisms including crack deflection,
crack bowing/trapping, and crack bridging on the frac-
ture behavior of lithium disilicate glass-ceramics, varying
the crystalline volume fraction while maintaining a con-
stant crystallite size (of about 12 um>). For low volume
fractions of crystallites, comparable to those studied here,
they concluded that the primary contributions to toughen-
ing were crack bowing and trapping, with crack deflection
playing only a minor role. On the other hand, Prakash and
coworkers concluded (from peridynamics simulations of

crack growth) that crack deflection is a major contributor
to toughness at low volume fractions.'”

Inspection of the fracture surfaces in Figure 6 and the
quantitative roughness measurements in Figure 7 do sug-
gest to us that some crack deflection occurs. However, the
interaction between the crack and crystallites is complex.
In some cases the crack appears to propagate along the
crystal/glass interface, leaving behind a dendrite-shaped
impression on the fracture surface (Figure 6B). In other
cases, the crack propagates through the dendrite itself
(not shown). Crack bridging by dendrites appears not to
be important, partly due to the low volume fraction of
the crystalline phase, and also because the LMS dendrites
appear to have a planar (2D) morphology, making it easier
for the crack to bypass them without bridging in the crack-
tip wake. We note that planar dendrites of LMS have been
observed during growth by solid-state reaction,** but we
are unaware of any detailed characterization of dendrites
produced by devitrification.

Finally, although the physics of precisely why the
cracks behave as they do is not yet resolved, our results
also raise interesting questions regarding the influence
of length scales on the modeling of fracture problems
in heterogeneous solids. The samples studied here have
slightly different compositions and volume fractions of
crystallites, but their macroscopic mechanical properties
are nearly identical. On this basis we hypothesized that
the microstructure of the material would have no effect
on the crack speed estimated from a simple continuum
mechanics model (such as a phase-field model*°) that uses
these macroscopic mechanical properties. However, the
length scale at which mechanical properties or behaviors
are sampled matters. If the region sampled is large relative
to the characteristic length scale of the microstructure,
then the measurements will reveal average properties
with little variation. As the size of the sampled region
is reduced, variations in properties will emerge due to
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statistical variation in the microstructure (and indeed we
do see variations among the limited number of samples
studied here). In the limit, details of the specific local
microstructure (such as the sizes and distributions of the
crystallites) dominate. Understanding crack dynamics
in this regime clearly requires explicit consideration of
the microstructure. This can be done computationally
(by phase field or cohesive zone simulations*~*%) or
experimentally, but such detailed studies are typically
complicated and expensive. We propose that there may be
an intermediate scale at which the measured mechanical
properties reflect the effect of material microstructure on
crack propagation in a time-averaged sense, but which
is not so small that explicitly modeling the material
microstructure is necessary.*’ The ability to determine
this length scale could be valuable for computational
modeling of fracture, balancing the need to account
for the influence of microstructure with the need for
computational efficiency.

6 | SUMMARY

Through a combination of in situ XPCI and postmortem
analysis, we identify the importance of microstructure
in affecting dynamic crack propagation in glass-ceramics.
In particular, postmortem analysis of the fracture surface
reveals noticeable crystal-crack interactions, resulting in
different levels of surface roughness with larger crystal size
correlating to larger surface roughness and lower crack
speed. This difference is not, however, represented in the
fracture toughness measured under conditions of stable
crack growth in standard (quasi-static) tests. Furthermore,
because the macroscopic elastic properties of the materials
studied here are nearly identical, the differences in behav-
ior that we observe would not be captured in continuum
models of dynamic crack propagation. This highlights the
importance of measuring variations in mechanical proper-
ties on an appropriate length scale, to be used as inputs to
computational models of crack growth.
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APPENDIX A: ADDITIONAL XPCI RECORDINGS
We provide in Figures A.1-A.3 additional XPCI recordings for the three types of glass ceramic considered in this work.

XPCI on d20

Additional run #1

Additional run #2

Additional run #3

FIGURE A.1 Three additional experiments performed on d,, with x-ray phase contrast imaging (XPCI).
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Three additional experiments performed on d,, with x-ray phase contrast imaging (XPCI).
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XPCI on ds

Three additional experiments performed on ds with x-ray phase contrast imaging (XPCI).

[# UNI [euonIppy ¢#F NI [RUOTYIPPY €7 LI [RUOTIIPPY

FIGURE A.3

LIET AL.



	Quantitative in situ studies of dynamic fracture in a lithium metasilicate glass-ceramic by x-ray phase contrast imaging
	Abstract
	1 | INTRODUCTION
	2 | EXPERIMENTAL PROCEDURE
	2.1 | Sample preparation and preliminary characterization
	2.2 | In situ x-ray imaging and dynamic three-point bending
	2.3 | Fractography

	3 | XPCI OBSERVATIONS OF DYNAMIC FRACTURE IN GLASS-CERAMICS
	4 | ANALYSIS OF FRACTURE SURFACES
	5 | DISCUSSION
	6 | SUMMARY
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES
	APPENDIX A: ADDITIONAL XPCI RECORDINGS


