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Abstract: In this paper we examine the long-standing problem of cracking during constrained
sintering of a powder aggregate. Using binder jet 3D printing, we prepare ceramic green bodies
in the form of center-notched panels, then use in situ imaging to observe how cracks nucleate
and grow from the notch as the material sinters under restraint. Quantitative image analysis
allows us to identify important characteristics of the sinter-cracking process, indicating a
framework for analyzing the problem and developing methods for avoiding it, including
representation of sinter-cracking as a creep crack growth process, use of fracture mechanics
parameters to design specimen geometries that do not exceed critical stress intensities, and the

possibility of exploiting the inherently ductile nature of sinter-cracking to mitigate damage.
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1. Introduction

Sintering is a high-temperature process used to transform loosely bound powder aggregates into
near net-shaped objects with controlled amounts of porosity. When a powder aggregate is
sintered, its structure evolves to lower its excess surface energy. Necks grow between adjacent
particles to reduce the local curvature at their contacts, and the entire aggregate densifies to

eliminate surface area (1). In many sintering applications, external restraints can prevent a



powder aggregate from densifying in one or more directions. Friction, for example, can prevent a
thin film sintering on a rigid substrate from shrinking in the in-plane directions (2,3). Under
these constrained sintering conditions, internal stresses can develop in the sintering material, and
in extreme cases, these stresses can grow so large that they tear the aggregate apart (4). This
fracture process, here referred to as sinter-cracking, degrades product quality, lowers yield, and

proves highly undesirable.

Previous investigations have approached the problem of sinter-cracking with theoretical (3,5),
experimental (4,6), and computational methods (7,8). In a detailed mechanical analysis of a
sintering thin film containing a crack-like flaw and constrained by a planar rigid substrate, Jagota
and Hui (3) found that growth of the flaw in the early stage of sintering can be predicted using
the stress intensity factor. Their theoretical findings were later confirmed experimentally by
Bordia and Jagota (4) through testing a range of flaw sizes in both glass and alumina films.
However, their observations were limited because they were not able to monitor the fracture
process directly, thus sacrificing details about the manner of cracking onset, shape change at high

temperatures, and the rate of crack growth.

One way of solving the problem of direct monitoring of sinter-cracking has been demonstrated
by Martin and coworkers, who used the discrete element method (DEM) to simulate crack
propagation in sintering crystalline materials (8). These investigators found microstructural
evolution and crack propagation behaviors which strongly depended on the amount of particle
rearrangement allowed by the tangential contact viscosity between the particles. Importantly, the
DEM simulations allowed these investigators to measure the crack growth rate and the forces
acting on the particles, allowing direct observation of the sintering stress. However, the accuracy

of their results, and of DEM more generally, depends on the accuracy of the theoretical model



used to define the contact forces, and typically the constitutive laws used in DEM are valid for
only certain stages of sintering. Other limitations of DEM include computational difficulty

associated with treating large systems of particles.

In this work, we address these challenges with studying sinter-cracking using 3D printing and
high-temperature imaging. Following the method of fracture mechanics in the understanding of
cracking in materials, we use binder jet 3D printing to prepare notched tensile test specimens
with precisely controlled geometries and known stress concentration factors. We then study the
sinter-cracking behavior of these specimens using high-temperature imaging experiments, in
which a center-notched specimen is sintered while being restrained in a metal frame. The
sintering material experiences a state of self-induced stress, and high temperature radiation
facilitates direct observation of cracking behavior with high resolution digital photography. From
the images we can measure quantities relevant to the sinter-cracking process, such as relative

density and crack size as functions of time.

2. Experimental procedure

Center-notched rectangular panel specimens were fabricated on an ExOne Innovent binder jet 3D
printer according to the design shown in Fig. 1. In the binder jetting process, objects are built
layer-by-layer by joining powder feedstock with an organic binder (9). First, a layer of powder
material is dispensed from a hopper onto the build surface, then smoothed by a rotating drum
known as the recoater. Then binder, here an aqueous solution of polyethylene glycol precursors®,
is dispensed by a printhead onto the regions of powder that will form the printed objects. An

infrared heating lamp partially cures the binder, then the build platform lowers by a distance
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equal to the layer thickness and the process is repeated. The powder material used for this work
was commercial cupric oxide of -200 mesh particle size and a composition by weight of 91.0%
CuO, 3.0% Cu,0, and 5.5% talct. CuO was chosen for its low melting point, allowing
densification to be observed on a feasible time scale at temperatures available to the
experimental setup. Scanning electron microscopy (SEM) revealed the microstructure of the
powder to comprise irregular polycrystalline aggregates, as shown in Fig. 2. Image analysis
determined the particle size distribution to be bimodal with average values of 1 and 9 um. This
um-scale particle size was amenable to the powder spreading step of the binder jetting process.
Specimens were printed with a layer thickness of 80 um; the direction of the build was normal to

the major specimen face shown in Fig. 1a.

The fracture specimens had a thin rectangular gauge section to promote a planar stress state and
thicker grip sections to prevent cracking at the points of restraint. The center notch was located
in the middle of the gauge section. The dimensions of the elliptical notch (major axis = 3.8 mm;
minor axis = 0.7 mm) and the panel (width = 9.1 mm) lead to a calculated stress concentration
factor of 14, The specimens were restrained in a stainless steel frame using stainless steel pins
as shown in Fig. 1. The result is a uniaxially restrained system which promotes a uniaxial stress
state that will act on the central notch, as in a traditional fracture mechanics test. The openings
cut through both faces of the frame allow the specimen to be viewed at radiating temperatures
with sufficient contrast for measuring its dimensions; the open slot in the top of the frame
accommodates the restraining pin while allowing the specimen to expand freely in the vertical

direction, thereby avoiding thermal expansion mismatch stresses. Effects due to gravity for this

T CU-601, Atlantic Equipment Engineers, Upper Saddle River, NJ. The Cu,0O and talc included by the supplier
represent minor components.
t K, for an elliptical hole in a finite-width thin element, p. 335 of Ref. (11).
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setup are expected to be negligible: the stress due to gravity for the specimen geometry is
calculated to be ~ 0.5 kPa¥, orders of magnitude less than sintering pressures reported for other
oxide materials (6,10). To control for the effect of the notch on cracking behavior, a specimen

without a notch was also tested.

Sinter-cracking experiments were carried out in a tube furnace held at 1000 °C (80% of the
melting temperature (Tp,e) of CuO) with a maximum heating rate of 10 °C/min. By leaving one
end of the tube open, in sifu monitoring of the specimen was performed using a 22.3 megapixel
Canon SLR camera equipped with a 200 mm lens and 2x extender. Photographs were taken at 5
second intervals. A K-type thermocouple placed behind the specimen allowed direct monitoring
of its temperature during the experiment. Image analysis was performed with Fiji (12) using
binary thresholding with particle and point analysis to determine relative density and crack
length as functions of time. Quantitative results are presented here for a single specimen;

however, the data are characteristically consistent with multiple experiments of this type.

A specimen cross section was obtained by impregnating the specimen with transparent epoxy,
followed by polishing with SiC and 6 pm diamond paste. A second epoxy infiltration of the
porous specimen surface was performed with subsequent polishing to 1 um diamond paste,
followed by 30 min of vibratory polish with colloidal silica. The polished surface was sputter
coated with 1 nm of gold prior to imaging under high vacuum SEM. Image stitching was

performed using commercial software™.

3. Results and discussion

§ Stress due to gravity was calculated as DgH, where D is the density of the green body, g is the acceleration due to
gravity, and H is the height of the gauge section of the specimen.
** Adobe Photoshop CC 2018, Adobe Systems Inc., San Jose, CA

5



3.1. Qualitative observations

Fig. 3 is a series of photographs showing the specimen at various stages of sintering. At
temperatures below 1000 °C, shape change in the specimen is minimal with only slight vertical
opening of the notch, and the specimen profile shown in Fig. 3a is approximately identical to that
at room temperature. As the specimen reaches the sintering temperature, opening of the notch is
accelerated while the initially sharp notch roots become rounded. The straight specimen edges
adjacent to the notch taper inward, indicating the concentrated stress field around the roots of the
notch. After 114 minutes at 1000 °C, the height of the notch has increased to 1.0 mm, its roots
have become less sharp, and a small triangular crack has initiated at its right side, as shown in
Fig. 3b. As densification continues, the crack grows in both its length and opening distance, the
included angle of the crack increases to 65° (corresponding to a crack blunting mechanism), and
a new crack initiates on the opposite side surface of the ligament at approximately the same
vertical position (Fig. 3¢). Also visible in this image is a bright region ahead of the original crack
representing a difference in emissivity of the material, probably caused by a process zone of
accumulated damage ahead of the crack tip. Finally, just before fracture, Fig. 3d shows a jagged
crack surface, a large dangling ligament, and a thin connective particle strand bridging the crack

void, all pointing to a tortuous crack path and a highly ductile fracture mode.

The observed increase of the included angle of the crack is caused by continued densification of
material adjacent to the crack and reveals the ductile nature of sinter-cracking. The sinter-
cracking process displayed in these images is characterized by a slow-tearing fracture mode with
periods of growth interrupted by periods of crack arrest. This ductile character is made
particularly evident by compiling the still images into a movie, which is available as

supplemental material Fig. S1.



The nature of the crack and the evolution of damage in the sintering material can be better
understood through close examination using SEM. In Fig. 4, a series of micrographs from
interrupted sintering experiments is shown, demonstrating the progression from green body to
fractured material. The appearance of the as-printed specimen in Fig. 4a is of uniform roughness
and the presence of the binder is evident by a greater brightness than in Figs. 4b and 4c. Sites of
likely crack nucleation are already evident as areas of greater roughness around the notch, where
the printing process failed to form continuous layer regions. In Fig. 4b, the binder has been
removed by raising the specimen to 1000 °C and allowing it to cool immediately. Already, the
nucleation of a crack can be seen, as the rough region at the notch root has become more porous
due to slight densification and vertical opening of the notch. Other defects have become visible
in the form of vertically aligned pockets and furrows, artifacts of the binder jetting process that
are likely due to dispensing of the binder: this process involves forceful application of the liquid
to the powder, and that along with the binder’s surface tension can lead to disruption of the
initially smooth powder surface. After 30 min of sintering at 1000 °C, the porous material at the
notch root has developed into an open crack, propagating through printing defects in a direction
mostly perpendicular to the direction of restraint; the printing defects observed at earlier stages
have been exacerbated by the sintering cycle. The influence of the stress field ahead of the crack
can be seen by tapering of the furrows toward the crack, and a process zone of damage is
evidenced by the development of porous regions and growth of voids ahead of the continuous
crack. The triangular crack shape that was evident in the photographs can also be observed here,
reminiscent of the fracture geometry observed by several other investigators in studies on sinter-

cracking in notched powder rings (13), rigid inclusions (6), and pre-cracked films (4).



In their detailed investigation of sinter-cracking films, Bordia and Jagota observed a tortuous
crack path in alumina densifying under planar restraining conditions. They found diffuse damage
zones ahead of the main crack as well as a rough fracture surface and bridging ligaments within
the crack, similar to features observed here (4). For example, magnification of the boxed region
in Fig. 4c gives a descriptive view of the particle-scale activity that has resulted from the
cracking process as shown in Fig. 5. Immediately obvious are ruptured strands of particles
decorating the surface of the crack: these features indicate a slow tearing, ductile fracture mode
whereby sintering material is gradually pulled apart, leading to elongation of connected material

just prior to rupture.

The findings here can be related to previous work, and thus related to an analytical framework
that aids increased understanding of sinter-cracking. The dangling particle ligaments shown in
Fig. 5 are similar in appearance to the elongated strands observed on the alumina fracture surface
by Bordia and Jagota, pointing to a similar fracture mode. The microstructure of these strands, an
array of connected material thinned down to a terminus of just a few particles, is reminiscent of
the desintering phenomenon observed by Sudre and Lange in a zirconia system, where the
mechanism of final rupture was attributed to tensile forces and grain coarsening (5). Also
important to note is the still-connected material spanning the crack opening in the background of
Fig. 5. Such crack-bridging ligaments will toughen a material against fracture, lowering the
stress intensity at the crack tip, and have been analyzed in the context of high-temperature creep

cracking in oxide systems (14).

While details such as shape change and particle behavior can be gleaned from surface imaging of
the specimen, a polished cross section of the material allows analysis of the relative density and

its variation with position around the notch and the crack. Such measurements can lead to an



understanding of the stress field and how it may be quantified, as well as its influence on
microstructural evolution. Fig. 6 shows a cross section approximately halfway through the
thickness of the specimen shown in Figs. 4c and 5. Easily seen in the cross section are the defects
arising from the binder jetting process (vertical furrows and aligned pockets). The width of the
furrows and diameter of the pockets are on the order of a typical binder droplet (50 um), and
their vertical alignment is consistent with the travel of the binder jets during the printing process
(perpendicular to the recoater travel direction as indicated in the figure). While the impact of the
binder and the effect of its surface tension on the arrangement of particles in the powder bed is
the most likely cause of the observed defects, another possible source is uneven spreading of the
material, a problem for fine powders in particular. The ultimate result of these defects is to lower
the effective toughness of the sintering powder aggregate, as would defects formed through other
powder processing methods (15). These defects influence the trajectory of the crack during

sintering just as defects in fully dense ceramics affect their toughness and fracture behavior.

In addition to printing defects, trends can be seen in the porosity of the sintered material in
different regions of the specimen. Directly above and below the notch, the material has densified
uniformly, and the regions show lower overall porosity. This is consistent with the lower tensile

stresses near the horizontal free surfaces.

Moving away from the notch, interesting trends can be observed in the sintered material. The
crack emanates from the side of the notch with a large opening devoid of material, but at farther
points along its length, bridging particle strands can be seen. These strands are porous, an
indication of the gradual tearing involved in the fracture mode. What appeared on the surface of
the specimen to be a single main crack is found here to have divided into separate branches, with

highly porous material lying between them. The implication is that the sinter-cracking process is



ductile, and the rupture of material in one region of the specimen does not immediately
propagate to adjacent material, thus providing a toughness that is able to resist catastrophic

failure.

Above the tip of the main crack, the material is more porous. Unlike the material lying above the
notch, the material in this region experienced the full effect of restraint at the onset of
densification. As the crack opens, the restraint on the adjacent material is relaxed; the specimen
becomes more compliant, and densification is allowed to progress. Ahead of the crack, however,
the stress due to restrained densification remains concentrated. As can be observed in the cross
section, dilation of printing defects and separation of bound material reveal a process zone of
damage, a response to the intensification of stress in the material ahead of the crack tip prior to
its linking with the main crack. Beyond this process zone is a region of lower porosity where the
material was free to densify due to lateral shrinkage of the material, possibly aided by particle

rearrangement. Above the process zone the material can also be seen to have a lower porosity.

3.2. Quantitative image analysis

The major advantage of in sifu imaging is the ability to monitor changes in the sintering
specimen over time, allowing correlation between quantities such as crack growth, densification,
and their respective rates, quantities difficult to obtain through interrupted experiments. Using
image analysis software (12), photographs such as those shown in Fig. 3 can be thresholded,
converted into binary images, and used to evaluate relative density and crack growth in the

sintering specimen as functions of time.

3.2.1. Densification
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Measurement of densification from the in situ images was based on the change in projected area
of the sintering specimen. The measurement assumes a uniform density throughout the specimen.
The specimen cross section shown in Fig. 6 indicates that this is not the case and that the local
density varies with position around the notch. This is borne out by image analysis of the cross
section, which reveals that the average relative density far from the notch is greater than that near
the notch. Nonetheless, the measurement provides insight into the instantaneous densification
behavior of the material at sintering temperatures, a quantity otherwise difficult to obtain. This
measurement also assumes a negligible overall vertical shrinkage due to the restraint placed on
the specimen as well as isotropic horizontal shrinkage in the two lateral dimensions due to
random particle packing; it does not assume uniform specimen thickness, which is appropriate to
account for the effect of the notch. Based on the given assumptions and the definition of density,

the following equation is derived to compute the instantaneous average relative density of the

specimen, p:
AOWO
P=Poaw> (1)

where pj is the initial average relative density of the specimen, A and A, are the instantaneous
and the initial projected area of the specimen, and Wand W are the instantaneous and the initial
projected width of the specimen. gy was determined from the mass and volume of a printed
cylindrical specimen after it was heated past binder burnout such that sintering with minimal
densification occurred. We approximate W, as Ay/H and Was A/H, where His the projected
height of the specimen between the grips (taken to be constant). This accounts for the variation

in the width of the specimen along its height due to the effect of the notch.
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The resulting plot of density versus time is shown with the corresponding temperature profile in
Fig. 7, beginning at a temperature of 845 °C. Data are shown until the point of complete fracture
of the right side of the specimen. At temperatures below 900 °C, densification does not occur;
shrinkage due to binder burnout is negligible due to its low volume fraction and the specimen
remains at its initial relative density of 0.33. After passing 900 °C, the rate of densification
increases rapidly from zero to a maximum of 0.042 hr'! until the isothermal stage is reached,
after which the rate begins to monotonically decrease to a final value of 0.005 hr'!, yielding a

final average density of 0.48.

Determination of specimen density through the in sifu images can be compared with image
analysis of a polished cross section of the specimen microstructure like that shown in Fig. 6.
From the in situ images, the average density of the specimen shown in Fig. 4c was found to be
0.39. The average relative density of the microstructure based on image analysis of the cross

section is 0.44, in good agreement with the value determined from the in sifu images.

During densification, stress builds in the specimen due to the vertical restraint placed on it. This
stress acts on the notch and causes initiation and growth of cracks. It can be seen from the plot
that, although cracking begins at 1.4 hours, densification continues at a nearly steady rate, thus
continuing to drive the fracture process. The continuously diminishing rate of densification is
consistent with previous observations of constrained sintering in multilayer composite films (16).
For the case of the un-notched specimen, the densification curve is similar in shape, although the
initial stage is more rapid. This may be caused by a more uniform stress distribution in the

material due to the lack of a notch.

3.2.2. Crack growth
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Crack length is plotted against time in Fig. 8, spanning the same period of time as that for
densification; the plot terminates at the moment of complete fracture of the right side of the
specimen. Length of the crack was calculated from the in sifu images as the horizontal distance
of the crack tip from the notch root, taking into account the change in position of the notch root
due to densification. This process was carried out manually using the point analysis feature of
Fiji. Position of the original notch root was tracked by visual interpretation of the change in
shape of the notch; position of the crack tip was regarded as the rightmost edge of the continuous

background emanating from the notch as the crack grew.

Cracking begins around the same time as densification, highlighting the correlation between the
two processes. The graph reveals interesting characteristics of the sinter-cracking process:
regions of steady growth are separated by crack-arrest phases in which the crack length actually
decreases due to continued densification of the material; the regions of growth exhibit roughly
the same rate of crack length increase over time (an average of 0.29 mm/hour); the regions of
arrest and shrinkage are likewise similar (average rate of -0.03 mm/hour); and the final stage
prior to total failure is marked by a slower increase in crack length which we attribute to the
overall change in shape of the specimen rather than the rupture of new material. That the
cracking behavior observed here is caused by the notch is made clear by comparison with the un-
notched control experiment: no major fracture was observed in the tensile specimen prepared
without a notch. This demonstrates the tendency of the forces in a sintering material to balance,
leading to densification. It is possible, as observed by Martin et al., for cracking to occur without
the presence of a notch: when the tangential viscosity acting between particles is sufficiently

large, particle rearrangement is inhibited and a buildup of internal stress occurs, leading to
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rupture of particle contacts (8). In the present case, however, the force-amplifying effect of a

stress-concentrating defect (the notch) was required to disrupt densification and cause cracking.

A graph of the type shown in Fig. 8 makes it possible to relate sinter-cracking behavior to the
traditional fracture mechanics framework: sinter-cracking is closely related to creep cracking,
where low stresses and high temperatures lead to gradual, time-dependent failure (17). One
essential quantity in this framework is the rate of crack growth with respect to time (18), a
quantity made easily obtainable by in sifu monitoring. Such measurements, if combined with
knowledge of the sintering stress, can lead to determination of important fracture mechanics
parameters like the stress intensity factor; this in turn can lead to experimental evaluation of the

sintering material’s fracture toughness.

The final plot in Fig. 9 combines the outcome of both density and crack length measurements.
Immediately evident at low relative densities is a brief incubation period in which densification
takes place without any cracking. A certain amount of microstructural change and stress buildup
is required before crack initiation takes place. The regions of growth and arrest seen in Fig. 8
become more pronounced in Fig. 9, and it is clear that a crack arrest mechanism is in effect.
While densification during crack growth is to be expected, the arrest and decrease of crack length
while densification continues is surprising. This indicates the existence of microstructural
processes which cause the crack to stop growing, and may be caused by phenomena such as
particle rearrangement (7,8) and stress relaxation (16,19) identified by others as important to
inhibiting sinter-crack development. The jumps in crack length that lie between the arrest phases
may arise from the main crack linking with voids lying ahead of it in the process zone, such as

the printing defects observed in Fig. 6. Such process zone influence, also observed in sintering
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films (4) as well as fully dense materials (17), may be a function of variable structure in the

material and will have a strong effect on sinter-cracking behavior.

4. Conclusion

We have presented a novel method for in sifu observation of cracking caused by the self-stress
induced in materials sintering under restraint. The method enables direct observation of the time-
dependent fracture process and allows measurement of quantities such as density and crack
length as functions of time. Our method is enabled by recent advances in 3D printing technology
which make possible the preparation of test specimens that are difficult to produce through
traditional powder processing methods. Through analysis of both in situ and ex situ data, we

identify several important phenomena:

e The fracture mode is ductile in nature, with a tortuous crack path, significant crack-bridging
ligaments, and evidence of slow tearing through particle strand rupture;

e During the growth phase, the rate of crack length increase is roughly linear and constant
across separate crack growth phases;

e Growth phases are separated by distinct phases of arrest in which the crack length decreases

due to continued densification.

Finally, we observe that in situ monitoring experiments like that presented here enable an
advance in the understanding of sinter-cracking by making available important fracture
mechanics quantities such as the crack growth rate. When combined with knowledge of the
sintering stress, these measurements can lead to the evaluation of the fracture toughness of a
sintering material and thus design of processing regimens that preclude cracking during

sintering.
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Figures and captions
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Fig. 1. (a) Front profile of the notched panel specimen placed in the stainless steel restraining
fixture, showing relevant dimensions. The open slot in the top part of the fixture prevents stress
build-up due to thermal expansion. The axes indicate the direction of build, printhead travel, and
powder recoat. (b) Side profile of the specimen and fixture. (c) Experimental setup used to

monitor sinter-cracking in situ.
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Fig. 2. SEM micrograph of powder feedstock showing its irregular morphology. The particle size

distribution was bimodal with average values of 1 and 9 um.
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b 1000°C 1000°C 1000°C
I 114 min, 282 min. 408 min.

Fig. 3. Photographs showing changes in the specimen over the course of sintering: (a) the shape
of the specimen before significant change begins; (b) after widening of the notch and initiation of
a crack; (c) the crack has grown 0.22 mm from the notch root and a brightly colored process

zone is visible at its tip; (d) near complete fracture of the original 2.6 mm ligament with a thin
particle strand bridging the void. Times are referenced to when the maximum sintering

temperature was reached. Scale bars are 2 mm.
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1000°C
30 min.

Fig. 4. Time-series SEM micrographs showing a sinter-cracking specimen at interrupted heating
intervals: (a) the specimen as printed; (b) after being raised to 1000 °C and allowed to cool; (c)
after sintering for 30 min at 1000 °C. The white dashed line indicates the original shape of the

notch. Scale bars are 1 mm.
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Fig. 5. Magnified view of the boxed area in Fig. 4c. Crack-bridging ligaments as well as ruptured

particle strands are easily visible.

23



ack-brar

Fig. 6. Polished cross section of the specimen shown in Fig. 4c. Variations in porosity due to
constrained sintering and the notch are evident, as well as defects from the 3D printing process.
The crack which initiated from the notch root has branched as shown by the arrows. The
direction of powder spreading is horizontal with respect to the figure (indicated), the direction of

binder application (via the printhead) is vertical, and the build direction is normal to the page.
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Fig. 7. Relative density as a function of time, measured from the in sifu images by means of the
projected specimen area and Eq. (1). Density measurements begin at a temperature of 845 °C.
The sintering temperature of 1000 °C is reached at 1.5 hr and cracking begins at 1.4 hr. Data are

shown until the point of complete fracture of the right side of the specimen.
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Fig. 8. Crack length as a function of time measured from the in situ images, spanning the same
time as Fig. 7, with the temperature profile shown above. Crack length is determined with
reference to the original notch root, as shown by the inset. Measurements are for the crack
growing from the right side of the notch only. The sintering temperature of 1000 °C is reached at
1.5 hr, the second crack begins at 5.8 hr, and the terminus of the data represents complete

fracture of the ligament.
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Fig. 9. Crack length plotted against the relative density as measured from the in sifu images. An
incubation phase of no cracking appears at low relative densities. Regions of growth and arrest
are pronounced and show similar rates of change. The termination of the data represents total

fracture of the right side of the specimen.
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