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Abstract

This paper explores the compressive responses of alumina ceramics subjected to various levels
of pre-damage via internal cracking. Pre-damage is achieved by subjecting the samples to
thermal shock. Mechanical loading is performed using a load frame for quasi-static strain rates
and a Kolsky bar for dynamic strain rates. Digital image correlation is used to obtain two-
dimensional strains alongside independently measured applied stresses. Data acquisition used in
this study allows for the calculation of apparent elastic moduli as a function of strain. This allows
for the study of change in mechanical response with strain, strain-rate, and level of pre-damage.
There is a complex interaction between pre-damage and compressive loading, leading to
mechanical damage accumulation being divided into three stages rather than a single damage
accumulation function. It was also found that shear modulus change was more indicative of

physical failure phenomena during loading than Young’s modulus or Poisson’s ratio changes.
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1. Introduction

There are two distinct but related phenomena tied to the concept of damage in materials,
especially for brittle ceramics. The first is physical damage, which is all of the changes to a
material that physically manifest such as cracks[1-6], phase change [7-11], twinning[12,13], and
comminution [14-18]. Post-mortem analysis[14,19-22] is often used to determine the extent of
physical damage after a loading event, and under quasi-static loading, in situ X-ray imaging is
possible[23-26]. When the material is transparent[27-29], or allows coherent X-rays to pass
through the sample such as with single crystal materials[30], physical damage propagation can
be studied under dynamic loading conditions. In contrast to physical damage, the second type of
damage is what we define as mechanical damage, which is how physical damage manifests as
apparent changes in mechanical properties. This can be a change in material failure
strength[22,31-34], fracture toughness[35-39], or the speed of sounds in the material[40-44]
that relate to elastic constants such as Young’s modulus and Poisson’s ratio. A primary
distinction between physical and mechanical damage is in how they are measured, in that
physical damage is present regardless of loading and typically characterized via imaging, while
mechanical loading is required to characterize mechanical damage. Due to the fact that physical
damage causes mechanical damage, can be measured directly, and does not need a load to be
applied, it is desirable to be able to derive mechanical damage behavior from observed physical
damage in order to predict how materials will react to loading. Past models have predicted the
macroscopic response of brittle materials by taking into account the effects of a single crack
[1,2,45,46] or the interaction of multiple cracks[3,4,47-49], but only using the initial flaw
population, which is a measure of physical damage, and has had as model inputs has had limited
success in simulating the mechanical damage observed in experiments[50,51]. More research

into the relationship between physical and mechanical damage is needed.

In brittle materials, physical damage is considered an irreversible process, as once a crack is
present, the crack faces will not fuse together again[1-3,45,46]. However, physical damage does
not translate to mechanical damage linearly or even monotonically[52-54]. For example, in the
study of quasi-brittle rocks associated with seismic faults by Aben et al.[52], there was a region

where pulverized rock demonstrated higher wave speeds, and thus higher elastic moduli, than



less damaged rocks that were merely fractured. In another study, Shea and Hanson[54] showed
that wave speeds in coal samples under compression did not demonstrate linear or monotonic
change during the failure process. Building upon previous work with brittle materials under
quasi-static and dynamic loading, Koch et al.[55] used ultra-high-speed (UHS) photography and
digital image correlation (DIC) in conjunction with a Kolsky bar apparatus as outlined by Lo et
al.[56] to study mechanical damage accumulation in advanced ceramics (e.g., silicon carbide,
aluminum oxide, boron carbide) under dynamic loading conditions. Key results of that study
were[55] that changes to the apparent Poisson’s ratio were more indicative of damage than
changes to Young’s modulus, and that both forms of mechanical damage were nonlinear and
non-monotonic with respect to strain. The apparent Young’s modulus was observed to increase
above pristine quasi-static values just before failure in many of the tests, which stands in contrast
to prior models that assume that physical damage can only manifest as a decrease in apparent
Young’s modulus[47,57-59]. Based on prior models[45,47,48] and experiments[32,54,60], this
apparent increase in Young’s modulus was hypothesized to be caused by the closure of pre-
existing cracks with crack faces normal to the loading direction. Crack-closure explains the
apparent increase in stiffness by requiring a reduction in apparent Poisson’s ratio due to material
moving axially into the void space instead of expanding laterally outward. This pore-collapse-
type behavior has been seen in in situ scans of concrete under triaxial compression[60] and in
scanning electron microscope images of rocks under uniaxial compression[6]. From scanning
electron microscopy and X-ray tomography by Lo et al. [56], Li et al.[61], and Amirian et
al.[62], the scale of these voids in pristine materials are on the order of micrometers, reducing

the extent to which crack closure behavior can manifest before material failure.

Building on these past works to understand both how physical damage arises and evolves in
brittle materials and how mechanical damage manifests in brittle materials under various loading
conditions, this paper explores the effects of physical damage on mechanical damage evolution.
This paper uses thermal shock to induce internal cracking in samples as described by Lo et
al.[63] and extends the use of mechanical damage analysis[55] to these already damaged
materials. By introducing large internal cracks without fully fragmenting the material before
loading, the crack closure phenomenon seen in non-ceramic brittle materials[6,32,46,49,52—

54,60,64] can be studied within the context of advanced ceramics under uniaxial compression. In



addition, this study also explores the use of the shear modulus change as a method of explaining
observed mechanical damage accumulation, as compressive loads need to be translated into local
tensile[65-68] or shear loading[16-18,48,69—71] in order to result in physical damage. This
paper thus investigates the complexities of damage accumulation under uniaxial compression,
and using analytic methods in order to present how physical damage relates to the evolution of

apparent mechanical damage evolution.

2. Experimental Setup & Methods

a. Experimental Set Up

Material behaviors in this investigation are studied within a context of uniaxial compression,
using samples machined into cuboids of dimensions of 3.5 mm x 2.7 mm x 2.3 mm. These
sample sizes were used in both quasi-static and dynamic testing and were chosen to conform
with prior samples[20], but reduced in dimensions in order to produce higher pressures with less
force used, particularly in Kolsky bar experiments. The material of interest in this study was
AD995 alumina from CoorsTek, Inc., with the “995” portion of the name referring to the fact
that the material is 99.5% aluminum oxide by mass, with the remaining 0.5% being silicon
dioxide. AD995 was selected for use because of its ease of acquisition and for being a
representative material used in armor and industry[36,40,71-74]. Additionally, it has been used
in previous papers by the authors of this study[55,75], providing a commonality of data. The
previously gathered data[75] showed that AD995 had average grain sizes of 8.0 £ 3.0 um,
minimal internal void spaces, and the silica is located at the grain boundaries as part of the
interstitial material rather than present as large defects or incorporated into the grains. AD995 is,
thus, almost entirely homogenous, and the only source of difference in material properties from
another alumina of equal chemical purity would be from grain sizes. Temperatures of 1300°C are
considered ‘low’ for sintering high purity alumina[76] and, thus, keeping the thermal shock
temperature well below this level means that the only microstructural changes will come from
the thermal shock, and not grain growth or recrystallization. Where materials such as boron
carbide have graphitic inclusions[20] and additives can produce complex phase
structures[11,39,77-79], AD995 is not known to have any of these complexities.
To produce internal cracks and damage in the alumina, the ceramic samples were thermally

shocked in preparation for testing by heating them with a butane torch for 120 seconds and then



visually checking for uniform thermal glow, and heating for an additional 30 seconds if glow
was not uniform and repeating the inspection. By this method the samples were heated until
above 750 °C. Thermal shock is then achieved by quenching the sample in room temperature
water, causing the exterior of the sample to rapidly drop. This rapid temperature change is
capable of causing the formation of internal cracks that have been shown to lead to mechanical
damage in ceramics[80]. Previous studies focusing on the behavior of pre-damaged materials
have primarily been interested in geomaterials[50,52-54] or concrete[32,60] damaged by
mechanical forces. Testing of pre-damaged advanced ceramics has usually been limited to
repeated loadings under dynamic conditions[81,82] or studying already comminuted
powders[83], but Krimsky et al.[84] have used thermal shocking on boron carbide. In Krimsky et
al.[84], the pre-damaged samples were subjected to one or two cycles of heating and quenching,
and then characterized with X-ray computed tomography to determine crack surface area. The
thermal shock method is preferred for this study because the degree of damage can be controlled
by subjecting the samples to repeated heating and shocking cycles, with each sample in this
study being subjected to between 1 and 8 cycles to produce a variety of damaged states. If a
sample exhibited external physical damage such as surface delamination or loss of integrity, it
was excluded from further testing. X-ray computed tomography was used by Lo et al. [56] to
confirm the presence of internal cracks, with Figure 1 showing reconstructions of these internal
cracks for three samples subjected to one, two, and eight thermal shock cycles. From Figure 1 it
can be seen that one shock cycle produces physical damage, and eight shock cycles produces
significantly more physical damage than one cycle. The difference between one and two shock
cycles is, however, not as great as between zero and one or one and eight cycles, and thus the
number of shock cycles should be taken as a qualitative measure of physical damage. As a result
of the complexity of crack size, orientation, and their interactions with respect to loading
direction, the number of shock cycles and the amount of physical damage present remains a
qualitative measure for this study. Information on the number of cycles applied to each sample
and the resulting peak compressive failure stress and failure strains found during testing are
shown in Table 1. Samples are labelled according to the number of shock cycles (SC) they went
through, whether they were subjected to quasi-static (QS) or dynamic (DYN) loading, and what
sequence in a series of similar conditions they were subjected to. For example, SC0QSO01 is the
first quasi-static sample subjected to no shock cycles (i.e. pristine), while SCADYNO2 is the



second dynamic sample subjected to four shock cycles. The mechanical response of pristine
dynamic samples have been previously described in Koch et al.[55], and four quasi-static
pristine tests are included in this study for completeness. In addition, a quasi-static baseline
derived from manufacturer specifications is included in many of the figures demonstrating
mechanical property measurements, and this serves to show the behavior that would be expected

in a purely brittle elastic response.

In these studies, the quasi-static compressive strength and Young’s modulus were independently
examined using an MTS 810 materials testing machine that compressed samples to failure. The
servo-hydraulic controls allowed for precise measurement of forces, and Digital Image
Correlation (DIC) was used to determine axial and lateral strains. The DIC setup is discussed in a
subsequent paragraph. A Promon U750 camera recording at 100 Hz were used to capture the
entirety of a 30 to 50-second-long quasi-static experiment. While the framerate was sufficient to
capture axial and lateral strain data that could be used to calculate Young’s modulus and
Poisson’s ratio values, 100 Hz is insufficient to capture the behavior of samples during actual
failure (i.e. post-peak stress), as the events occur too quickly. For pristine samples, this yields no
additional data beyond verification of manufacturer values. These mechanical values are a
Young’s modulus of 370 GPa, a Poisson’s ratio of 0.22, and a failure strength of 2.70 GPa[85].
The quasi-static values of Young’s modulus and Poisson’s ratio are used as the pristine values
when determining damage later. For the damaged samples subjected to quasi-static testing, their
stress-strain and lateral vs. axial responses are non-linear and of interest to this study in seeking
to understand relationships between physical (pre-cracking) and mechanical damage (Young’s
modulus and Poisson’s ratio evolution).

Dynamic testing was done using a Kolsky bar testing apparatus and an ultra-high-speed
Shimadzu HPV-X2 camera capable of capturing at ten million frames per second and 400 x 250
pixel resolution. For the experiments performed here, a framerate of 500,000 to 2,000,000 frames
per second (FPS) was used at full resolution, and the camera system was coupled with a K2
Infinity Lens to fill the sample in the 4 mm by 6.5 mm field of view of the camera, with an
example of such an image seen in Figure 2. The Kolsky bar apparatus used incident and
transmitted bars that were 12.7 mm in diameter and made of maraging steel (Service Steel

America C-350) with a Young’s modulus of 200 GPa, Poisson’s ratio of 0.29, yield strength of



2.68 GPa, and a density of 8100 kg/m3. The incident bar was 101.6 cm in length, while the
transmitted bar was 91.4 cm in length. Using compressed gas to provide the impulse, a projectile
made from maraging steel was launched into an incident bar, which produces a strain pulse from
the impact. The strain pulse is the transmitted into a ceramic sample held between the incident
and transmission bars. The strain signal received by the transmission bar corresponds to the
strain received by the sample while it was intact and remained in contact with both bars. In order
to protect the incident and transmission bars from damage by the harder ceramic samples, 5 mm
thick and 7.94 mm diameter tungsten carbide platens jacketed in 12.7 mm outer diameter
titanium rings were used. High pressure grease was applied at the platen-sample interfaces in
order to reduce the transmission of lateral or shear strains from the bars into the samples and to
ensure that the input pulse was as uniaxial as possible. This setup is consistent with others in the
literature, as noted by round robin testing performed under the supervision of Swab and
Quinn[86]. A near-triangular pulse is considered ideal in Kolsky bar experiments for brittle
materials[64,87], and this was achieved by using a 3.175 mm diameter and 1 mm thick tin pulse
shaper, with a final strain rate on the order of 10! to 102 s occurring over a pulse length of 200
us. These pulse durations are much longer than typically used in the literature of 50 to 100 ps
rise times[64,87], but have allowed us to achieve good stress equilibrium[55] and
measurements[56] for the purpose of our current study. As a demonstration of equilibrium in the
experiments in this paper, Error! Reference source not found. shows axial strain vs. time and
stress vs. time simultaneously for SCODYNO2. Axial strains are shown for both the entire area of
interest and for sub-sections of the sample surface (right in Figure 3), which shows that the strain
field is uniform and the stress follows the strain, showing uniform deformation and good
equilibrium. This methodology has previously been described and validated by Lo et al.[63] and
Koch et al.[55]. In the experiments, strain was measured by six strain gauges arranged in three
pairs, with two pairs on the incident bar, and one pair on the transmitted bar. Each pair had an
additional two gauges not connected to the bars but connected together to form a full wheatstone
bridge, with each bridge connected to its own Vishay 2310b amplifier, which sent their signals to
an HBM Geng3i high speed portable data acquisition system sampling at 2 million samples per
second. The strain gauge types were Micro-Measurements CEA-06-250UN-350 350 ohm
resistance gauges secured in place via cyanoacrylate adhesive. Tests were only considered

successful when strain responses and camera images confirmed that samples failed in loading on



the first loading pulse through the material. This setup has been used previously in Koch et al.
[75]and Lo et al.[88] and has been established as part of the state-of-the-art in ceramics Kolsky

bar round robin supervised testing by Swab and Quinn[86].



Digital image correlation techniques were applied to camera images from the quasi-static and
dynamic tests in order to obtain lateral and axial strain measurements of the samples. DIC is a
computer vision method used to track changes in the position of speckle patterns on the surface
of an object in order to compute deformation fields, and has been well established in the study of
many different materials[65,89-92]. DIC has been used previously in Kolsky bar experiments by
the authors [55,61-63,88]. Due to the small size of the samples in our study, special measures
were required to produce a speckle pattern that would produce more accurate measurements and
lower error in correlation, requiring use of an airbrush with a 0.15 mm nozzle in order to produce
speckles (speckles are seen in Figure 2) which corresponds to speckle areas of approximately
1300 to 2600 pm?. Due to the high speed of image capture and thus low exposure times (~200
ns), a high gloss metallic paint for the speckles and high intensity LED ring light (REL Inc.)
were required in this study to produce sufficient contrast in the images. DIC analysis was done
using the commercial VIC-2D (v6 2018) software from Correlated Solutions (Irmo, South
Carolina, USA), with the regions of interest discretized into 27 by 27 pixel subsets with a step
size of 7 pixels. Correlation analysis was carried out using the optimized 8-tap interpolation
scheme, with the shape function being internal to the software but based on derivatives of
displacements and using a zero-normalized sum of squared differences criterion. Pre-filtering of
images was done with a low-pass filter, while subset weighting was done via a Gaussian
weighting, with no additional post-processing smoothing. Overall confidence intervals for
correlations were consistently within the range of 102 to 10 pixels, leading to measurement
uncertainty arising primarily from equipment and taken to be no greater than a conservatively
large 5% in total. The largest possible source of uncertainty was the initial size of the samples in
the visual field, taken as being 0.1 mm out of the 2.7 mm side length of the 2.7 mm by 3.5 mm
face used for measurement, which amounts to ~4% uncertainty. Strains were computed from the
displacement fields using the engineering strain tensor in the DIC software. The computed strain
histories were matched to the stress histories produced by strain gauges on the Kolsky bar to
determine stress-strain curves for each of the experiments, as is commonly done in Kolsky bar
experiments in the literature[64,93,94]. This produces stress-strain plots that do not need to
assume material properties of the sample. As a result of stiffness not being assumed as constant

and axial and lateral strains being independently measured, variations in the Young’s modulus



and Poisson’s ratio response can be tracked with time and strain, allowing us to track mechanical

damage evolution in these properties.

b. Damage Quantification

With the experimental capacity to determine axial and lateral strain and stress all
independently from each other, it becomes possible to measure apparent elastic properties such
as Young’s modulus and Poisson’s ratio, and to examine how these properties deviate from
linearity during loading. This study is focused on the deviation from linear elastic behavior, so
normalizing the values against pristine values better illustrates change than simply plotting the
apparent elastic response values. This normalization process also allows simpler comparisons
between materials with different intrinsic properties, and the normalization produces values that
can be compared to those predicted from previous models on damage accumulation in brittle
materials[47,49,95]. With access to both Young’s modulus and Poisson’s ratio from the
measurements of stress, and axial and lateral strain, Young’s modulus and Poisson’s ratio can
each have their own damage term that accounts for how these properties evolve during loading,
and these values can vary independently of one another mathematically. The values of Young’s
modulus and Poisson’s ratio are not independent from each other in a physical sense, as the
mechanical damage arises from physical phenomena that affect both properties simultaneously.
It is through the interaction of mechanical damage for Young’s modulus and Poisson’s ratio that
a more complete understanding of the underlying physical damage evolution can be determined.
A more detailed derivation of the calculation of damage values is found in Koch et al.[55], where
the important mechanical damage terms to the Young’s modulus and Poisson’s ratio being
denoted as Dg and D,,, respectively. From experiments performed in this paper, these values are

calculated using Equations (1) and (2):

Eq
D, =~ 1 @)

where E, and v, are the pristine Young’s modulus and Poisson’s ratios determined from the

quasi-static experiments, respectively, and Eg,,, and v, are the apparent Young’s modulus and
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Poisson’s ratio at each data point in a given experiment, respectively. The apparent elastic

properties are calculated using Equations (3) and (4):

o
Eapp = g,:?mt ®)
ins
_ ingt
Vapp B Exinst (4)

where oy, is the instantaneous stress, €, . is the instantaneous axial strain, and €y, is the

instantaneous lateral strain, with “instantancous” here referring to each individual stress-strain or
lateral-axial strain data point collected for a given experiment. For these experiments, each DIC
image paired with time-matched load data from the strain gauges represents a three-component
data point that allows for Ej,,, and v,,, to be calculated for a given strain, which can then be
used to calculate D and D,, for a given strain or time. In the discussion of the results probing the
response of the undamaged and pre-damaged samples, the primary interest will be in damage

accumulation with axial strain.

Investigating damage in the form of Equations (1) and (2) is also motivated by experimental
data[55,61,88] where both D and D, varying simultaneously suggest phenomena such as crack
closure that are not apparent when only analyzing one damage value at a time. Fortunately, there
are elastic moduli that combine together Young’s modulus and Poisson’s ratio in their
description, such as the shear and bulk modulus; tracking these are also of interest here to
explain observed phenomena. For an isotropic linear elastic material, the shear modulus (G) is

calculated from Young’s modulus and Poisson’s ratio by:

E

G = ()

T 2(1+v)

The same process used by Koch et al.[55] to generate Equations (1) and (2) are used here to

generate Equation (6), which gives the apparent shear modulus Gg,y,:

G Eapp (6)

PP = 51 +vapy)
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with the apparent shear modulus calculated by the apparent E,,, and vg,, produced by
Equations (3) and (4), and the pristine shear modulus G, calculated through the insertion of the
values of E,, and v, into Equation (5). With G, and G, so calculated, the shear damage D can

be calculated using Equation (7):

Ga

In these equations, Dy and D,, are calculated from a single apparent elastic modulus each and are
thus considered primary damage responses, while D is determined from two apparent elastic
moduli and is, thus, viewed as a secondary damage measure. The calculation of D, from
Equation (7) serves as a complement to understanding Dz and D, together. Next, experimental
results are discussed in three stages: direct experimental results, primary damage response, and
secondary damage response. Each stage serves to expand upon the insights of prior stages to
better understand how intact and physically damaged advanced ceramics behave during

mechanical loading.

3. Results

a. Mechanical Properties

The stress-strain data curves for the twenty tests examined are seen in Figure 4, with the
sample names described in Table 1. The legend in the figure denotes that the color of the curves
are associated with the level of shock cycles (e.g., SC1 being 1 shock cycle), with repeated
experiments denoted at the end of the label as 01, 02, etc. In Figure 4(a), the curves are plotted
for all experiments and all levels of damage. In Figure 4(b) to 3(d), the stress-strain curves are
sub-divided according to levels of damage and this helps with visualization when specific tests
are discussed here. In all sub-figures, a straight red line is included to denote the mean quasi-
static behavior of the alumina AD995 material, which serves as a reference for understanding the
effect of damage on the stress-strain responses for both quasi-static and dynamic conditions. For
the experiments on the intact (undamaged) samples, the average strength for the quasi-static tests

12



are 2.5£0.2 GPa and for the dynamic experiments are 3.9+£0.1 GPa. The stiffness is 360+10 GPa
for both, and the failure strain is 0.0068+0.004 for quasi-static and 0.0102+0.0002 for dynamic
experiments. From Figure 4, the trend for the pre-damaged samples typically begin with an
apparent Young’s modulus 10-20% below pristine (290-325 GPa). The stress-strain curves then
inflect after a certain level of axial strain, with the axial strain required for inflection generally
being between 0.001 and 0.004 strain. The samples subjected to the most shock cycles have the
highest inflection strains, but more shock cycles do not translate into a larger strain at the
inflection point. The quasi-static tests all fail catastrophically at peak stress and no strain
information is collected for post-peak collapse due to framerate and triggering challenges for the
camera for quasi-static testing. In the dynamic samples, some post-peak strain behavior is
captured, which forms discussions later. Generally, from Figure 4, the failure strains increase as
they become more pre-damaged. For the pre-damaged dynamic experiments, the peak strength of
the damaged samples is reduced to 3.0£0.4 GPa, and also generally decreases as a function of
pre-damage. For the quasi-static experiments, the pre-damaged tests mostly have lower strengths
than the intact tests, with exception to SC8QS01. Unfortunately, beyond 8 shock cycles, the
specimen macroscale integrity becomes unstable, and the samples cannot be reliably handled
before suffering external damage that renders them unsuitable for testing, and so we were unable
to investigate higher shock cycle trends with the thermal shock approach. In the quasi-static tests,
trends in strength as a function of pre-damage are complicated as the failure strength appears to
increase as a function of shock cycles for quasi-static loading, which is, perhaps, counter-
intuitive. This will be discussed later in the Discussion section. Lastly, noticeable are some
interesting behaviors in Figure 4: 1. sample SC3DYNO2 has a steeper stress-strain slope, which
indicates a higher Young’s modulus, and additionally SC3DYNO2 has a lower failure strain than
all other samples; and, 2. samples SC8DYNO1 and SC8QS01 show a convergence of behavior
near failure. Both show an increase in failure strain over pristine samples and both have high
inflection points, with SC8DYNO1 inflecting at 0.0033 strain and SC8QS01 inflecting at 0.0051
strain. These samples were motivators for investigating damage accumulation in the shear
modulus as it will be shown later in the Discussion Section to provide an explanation for the

behavior observed in these and other tests.
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Next, we show the corresponding lateral vs. axial strain relationships for all intact and pre-
damaged tests in Figure 5. Again, the figure is sub-divided based on pre-damage levels for
improved visualization and a legend is included where color notes the level of shock. The
baseline quasi-static behavior (red line) is also shown in each sub-figure for reference on the
effect of damage on the lateral vs. axial strain relationships. Note the y limits for sub-figures (b)
to (d) are magnified from (a) in order to show more distinct trends, with asymptotic behavior for
each experiment still clear in (a). For the intact experiments, the slope (or Poisson’s ratio) of the
lateral vs. axial strain is 0.22+0.01 for the quasi-static experiments and 0.29+0.08 for the
dynamic experiments, and this is consistent with the manufacture’s value of 0.22. For all pre-
damaged samples across both rates in Figure 5, there is a region of non-increasing lateral strain
for increasing axial strain at lower axial strains, followed by a mostly linearly increasing region
for lateral strain as a function of axial strain. The inflection point does not strongly associate with
the number of shock cycles. The non-increasing region is likely related to void collapse and
crack closure, which will be discussed later in the Discussion Section. The rate of increase for
lateral vs. axial strain behaviors of curves do not follow any clear trends in this plotting
convention as a function of pre-damage or strain rate, nor do the inflection points. Trends
become more apparent later when investigating these behaviors with respect to changes in shear
modulus in Figure 9 and Figure 10. Dynamic tests generally show a larger lateral response than
quasi-static tests of the same pre-damage level, with the exception of SC1QS01 having a greater
lateral response than SC1DYNO1 or SC1DYNO2. The number of shock cycles does not seem to
follow a significant trend in terms of average lateral strain at failure, with SCO > SC4 > SC3 >
SC1 > SC8 > SC2. The greatest lateral response tends to come during unloading for dynamic
tests, but SC1QS01 demonstrates a series of abrupt jumps in lateral response during loading.
These large lateral responses during unloading imply that internal cracks are growing internally
and require additional volume to accommodate their growth and thus must expand laterally to do
s0. This unloading behavior is most extreme in SCODYNO1, where during unloading the strains
measured by DIC become out of sync with the stresses measured by the strain gauges. This is
seen in Figure 4 as the stress remaining near constant while the strain rapidly decreases. While
non-physical in nature, what this result tells us is that the lateral expansion of the cracks is
causing out-of-plane movement that the DIC is interpreting in part as a decrease in axial strain.

This is supported by SCODYNO1 showing extreme lateral strain increase in Figure 5. The
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equilibrium seen in Figure 3 and the pristine quasi-static values conforming to manufacturer
specifications indicate that our methodology is accurate up to failure (near peak stress). After
failure the measurements are considered qualitative, as such post-peak behaviors are not well
known in the literature for advanced ceramics due to the short time span (>10us) they occur

over.

The data taken from experiments to this point show a number of trends with physical damage
(e.g., failure strain increasing with number of shock cycles), but also a number of anomalous
behaviors (e.g., failure strength increasing with the number of shock cycles for quasi-static
loading). The primary inferences that can be drawn from Figure 4 and Figure 5 on their own is
that the relationship between physical damage and mechanical response is non-linear and non-
monotonic. This is known to occur in geomaterials[52-54], but in those studies the degree of
physical pre-damage was not as controlled. Further analysis of the material requires shifting from
examining the stress-strain and lateral vs. axial curves to examining the primary mechanical
damage values of Dy and D,,. The most interesting features of these tests are associated with low

stress-strain or lateral-axial responses that are not clearly observed in Figure 4 and Figure 5.
b. Damage Accumulation

The primary damage variables Dy and D, are calculated from the stress oy, axial strain &, .,
and lateral strain €y, ¢ using Equations (3) and (4), respectively. The plotting of D vs. axial

strain is shown in
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Figure 6, and the plot of D,, vs. axial strain is shown in Figure 7. The same legend and sub-

plotting scheme from Figure 4 and Figure 5 are used in
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Figure 6 and Figure 7. The red line corresponding to the expected quasi-static behavior is also

shown in both
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Figure 6 and Figure 7, and this manifests as a horizontal line due to the fact that a purely linear

elastic brittle response would demonstrate no damage of any sort up to failure. The samples in
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Figure 6 all show large negative Dy values at lower strains before an inflection occurs, and the
values begin to converge towards Dp = 0, with two exceptions. The first exception is
SCODYNOL1, which exhibits the opposite initial behavior by exceeding the pristine Young’s
modulus at low axial strains, before converging to D = 0, and then having an increasing Dg
value during unloading. The second exception to the general trend is SC3DYNO02, which passes
its pristine stiffness and continues to increase its apparent Young’s modulus up to failure,
exceeding Dy = 0 and having Dy = 0.30 at failure. In isolation, this Dy behavior is hard to
reconcile with past theory which suggests that brittle materials in compression should only lose
stiffness with axial strain once crack growth begins[45,47,59]. Additional insights are found via

examination of D, and D; in Figure 7 and Figure 10, respectively.
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Next, Figure 7 shows D, vs. axial strain, and reinforces the observations from Figure 5 in that
damage does not accumulate in a consistent manner across all of the pre-damaged samples.
Most of the pre-damaged samples show initial D,, values of -0.5 or lower, and then these increase
in D,, as axial strain increases. The result of D, being positive at failure for the majority of the
samples is the most important observation that can be drawn from these experimental
observations. A positive D,, involves the introduction of new volume to the system in order to
increase Poisson’s ratio above pristine, which is consistent with materials experiencing crack
growth. The general description of the D,, vs. axial strain is that the samples start with a negative
D,,, reach an inflection point, and then trend upwards. This trend of D,, increasing before failure
holds for all but SCIDYNO1, as might be expected from crack closure[6,60]. However, they do
not follow a consistent pattern for the number of shock cycles influencing the axial strain at
which inflection occurs. The SC3DYNO01, SC3DYNO02, and SCA4DYNO1l samples that
demonstrate unloading behavior with axial strain decrease also show a D,>1.5 at failure.
Samples such as SC3DYNO02 and SC4DYNO1 have extreme values of D, at failure, being 7.6
and 12.7, respectively, which are not plotted with the other D, damage curves as they are so
large as to obscure the primary behaviors between —1 < D, < 1. These extreme values of D,, are
likely non-physical, but they do demonstrate how the large the lateral strains become in
comparison to the axial strains, which provides information on what must be happening
internally to produce such results. Additionally, all samples except SCIDYNO1 demonstrate a
positive D, at failure, indicating that their apparent Poisson’s ratio has increased above the
pristine quasi-static value of 0.22+0.01, which is a process that requires the introduction of new
volume to the samples. Next, only SC8DYNOL has a strong inflection point in D, at the same
strain as the strong inflection point in Dy, which is suggestive of extensive physical damage as
this strong inflection suggests a change in physical processes involved in mechanical response.
This observation coincides with knowledge that it has been subjected to the most thermal shock
cycles of all samples and thus it is expected that it has the most physical damage. Finally, while
only SC8DYNO1 has a strong inflection point, its quasi-static counterpart of SC8QS01 also
shows a transition from one form of behavior to another, with the mechanical damage at high
axial strain following the same curve as the dynamic test with the same number of shock cycles.
This convergence of behavior suggests a possible convergence of mechanical behavior between

quasi-static and dynamic tests when the initial physical damage is large. However, with no
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general trends emerging for D,, as a function of the number of shock cycles, further analysis of
secondary damage measures such as D; will be explored in Figure 8.

To now, the raw data and the primary damage values Dz and D,, have demonstrated some clear
trends such as initial physical pre-damage producing initial Dg values below zero or failure being
associated with D,, > 0, but outliers remain. It is at this point we move into the secondary
damage values, and examine how D, values calculated from Equation (7) influence
understanding of the experiments. This understanding is first presented in Figure 8 for
SC3DYNO02 in specific and then explored for all cases in Figure 10. Previously, the greatest
outlier of all of the pre-cracked materials examined in this study is SC3DYNO2, as this sample
shows a large increase in Young’s modulus over pristine values and the lowest failure strain of
all dynamic and quasi-static tests. By plotting Dg, D,,, D, and stress vs. axial strain in Figure 8
the anomalous behavior shows a clearer trend. Namely, D, is negative or approximately zero
through the entire loading process. When Dy becomes positive at 0.0041 axial strain then D,, has
a sudden increase that causes D, to become negative once again, undergoing a rapid decrease up

to failure. Asseen in
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Figure 6, for most samples, Dy trends towards Dy = 0 as axial strain increases up to failure, while
Figure 7 has D, demonstrating much more varied and asymptotic behavior before failure for all
samples. Figure 8 also illustrates that when SC3DYNO?2 is plotted as D, vs. axial strain, three
loading phases are seen. The first phase, from 0 to 0.0041 axial strain has the sample starting
with a low D; value, with D,, being negative and Dz being less than D,. In the second phase
from 0.0041 to 0.0049 axial strain, D; = 0 + 0.05, indicating that the sample has an essentially
pristine shear modulus even while Dy and D,, are continuing to evolve. In the third phase, from
0.0049 strain to catastrophic fracture at 0.0057 axial strain in Figure 8, D, rapidly decreases.
This and evidence from other tests not shown for brevity suggests there are three distinct loading
processes associated with D, which we propose to name recovery, plateau, and failure stages.
Figure 9 shows D; vs. axial strain curves for SCODYNO02, SC1DYNO1, and SC4DYNO1, with
these stages highlighted to better show these changes in behavior. Notably, while SCODYNO02
and SC4DYNO1 show distinct failure stages, SCIDYNO1 does not show a failure stage, as the

sample undergoes fragmentation that prevents DIC measurement of strains during unloading.
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However, while SCIDYNO1 has a lower D, during the plateau stage than either SCODYNO2 or
SC4DYNO1 and has no failure stage, its plateau stage ends at the same strain as SCODYNO2 and
at a higher strain than SC4DYNO1. For these three tests the number of shock cycles does have
an apparent correlation with a parameter, in that the length of the plateau increases with
increasing pre-damage, and the length of the recovery stage decreases with increasing pre-
damage. With these observations we can now examine all of the D; vs. axial strain curves to

demonstrate the patterns seen in Figure 8 and Figure 9 continue to hold.
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Figure 10 shows D vs. axial strain for all pristine and pre-damaged samples, following the same
conventions for panels (a) through (d) as in prior figures. Here it can be seen that all samples fail
with a negative D, value. For the pristine dynamic tests D, values at ultimate failure are between
-0.7 and -1.0, with -1.0 being a total loss of shear modulus, while the pre-damaged samples show
D, values at failure between -0.2 and -0.6. While it seems counter-intuitive for pristine samples
to have greater D; damage at ultimate failure than pre-damaged material, the overall curves help
explain why pristine samples would have a more negative D value at ultimate failure. Namely,
the more pre-damaged samples frequently have no failure stage, in comparison to the extended
failure stages of the pristine samples. This lack of a failure stage is due to the fact that the
samples fail catastrophically in a way that DIC cannot capture the change in mechanical behavior
while the material physically disintegrates. For example, in Figure 10 the pristine SCODYNX
samples, SC3DYNO01, SC3DYNO02, SC4DYNO01, and SC3DYNO3 demonstrate definite failure
sections. Specifically, SC1QS01 demonstrates large drops in D during loading, caused by the
large jumps in lateral vs. axial strain seen in Figure 5(a) at 0.0030 and 0.0064 strain. All other
pre-damaged samples have their curves end with no distinct failure stage. This suggests that
intact materials are able to tolerate a failure stage before fracturing, while the samples with more
pre-damage will fracture as soon as the failure stage begins. Further examination of the tests in
Figure 10(c) shows how physical damage increases could change how mechanical damage
behavior manifests. Figure 10(c) contains the samples that underwent 1, 2, or 3 shock cycles and,
thus, there is an increasing amount of pre-damage. Here the SC1 series demonstrate the lowest
D plateau values of the three shock cycle series shown, no distinct failure stage, and low failure
strain. The SC2DYNOL1 test shows the highest failure strain, and during the plateau stage,
demonstrates a D,; value between that of the SC1 and SC3 samples. Finally, the SC3DYNO1 and
SC3DYNO02 show the greatest recovery of shear modulus, but also considerably lower failure
strains and pronounced failure stages. Comparing between quasi-static tests alone, SC1QS01
has a much lower D; and failure strain at fracture (D; = -0.64 at 0.0076 strain) than SC3QS01
(D; = -0.15 at 0.0084 strain). This suggests that physical damage manifests as mechanical
damage in a complex manner that affects the ability of the sample to tolerate shear modulus
degradation. Combining the general observations of Figure 10 with the insights from Figure 9, a
trend emerges: samples with a low number of shock cycles exhibit large initial degradations in

the shear modulus and are prone to fragmentation without a distinct failure stage, but their
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plateau stages reach approximately the same axial strain as the pristine materials. As the amount
of pre-damage increases, the materials have higher initial D; values and greater recovery towards
D; = 0, but at the cost of the failure stage beginning at lower axial strains. The presence of
failure stages in highly pre-cracked material thus becomes indicative of early failure.
SC8DYNOL1 reverses this trend by having a low value of D, initially and at failure, and by
having the highest failure strain of all tests, but the behavior of SC8DYNOL1 is convergent with
SC8QSO01. These and other previously noted behaviors are further examined in the Discussion in

the context of the relationship between physical damage and mechanical damage.

4. Discussion

This research has discovered a number of key points about the relationship between physical
damage and mechanical damage, and how the accumulation of both serves to degrade properties,

which are summarized as:

1.) Physical damage reduces mechanical properties such as failure strength, failure strain,
and apparent Young’s modulus, but it is not a linear relationship where more physical
damage results in more mechanical damage as previously assumed [34,47,59,95,96], and
there is an additional interaction when comparing dynamic to quasi-static loading;

2.) Quantitative end points such as failure stress and strain are insufficient to explain the
behavior of pre-damaged material, as the accumulation of damage involves a series of
stages from the recovery stage to the plateau stage to the failure stage, each with
different behaviors that depend on initial and current physical damaged states; and

3.) Damage to the shear modulus (D;) of a material appears to be the most indicative
factor for damage accumulation as a criterion for failure rather than damage to Young’s
modulus (Dg) or Poisson’s ratio (D,). All of these points have not been predicted by
prior models of brittle fracture processes[34,47,59,95,96], but elements of the physical
phenomenon have been seen in other fields[6,46,48,50,52-54,97] that will guide the

interpretation of the observations made in this paper.

27



First, the complex relationship between physical damage, mechanical damage, their evolution,

and strain rate is well illustrated in Table 1,
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Figure 6, Figure 7, and Figure 10. The data there shows that the physical damage caused by
thermal shock reduces failure strength, failure strain, and initial apparent Young’s modulus,
while dynamic loading increases failure strength and failure strain in comparison to quasi-static
loading. However, increasing physical pre-damage causes quasi-static failure strength and failure
strain to increase, even above the pristine value, which has profound implications for models that
use the quasi-static failure strength as an input, such as the JH-2 model[34], the Paliwal-
Ramesh[47], or Hu-Ramesh[59] models. This phenomenon of improved quasi-static
performance and degraded dynamic performance has been observed in advanced ceramics in the
past, with Arab et al.[97] showing that the addition of SrOs to zirconia toughened alumina was
able to increase fracture toughness under quasi-static conditions with a specific percentage
addition of SrOs, but decreased fracture toughness under dynamic loading for all percentages.
This was attributed to the SrOs forming a secondary phase at grain boundaries that increased the
porosity of the material, which increased the fracture toughness in quasi-static loading when
there was an optimal concentration of SrOs, but weakened the material for dynamic loading in all
cases. This exact behavior can be seen with SC8QS01 and SC8DYNO1, with SC8QS01 showing
greater failure strength and strain than pristine, which, on their own, suggest that the material has
superior failure strength despite being the most highly damaged sample. SC8DYNOL1 on the
other hand has the lowest D, during its plateau stage of all the dynamic tests, and since the
purpose of the thermal shocks is to produce internal cracking and thus increase the porosity of
the material, the situation is analogous to what occurred with Arab et al.[97]. The complexity of
how physical damage manifests in mechanical damage across multiple potential performance
metrics, such as failure strength or apparent Young’s modulus response, suggests that there are
multiple possible mechanisms for the material to accommodate strain, and which mechanisms
are dominant during a test depends upon the interaction of pre-damage, total strain experienced,
and strain rate. The complex relationship between the responses feed into the second point about

the importance of how damage accumulates with increasing strain, and this is explored next.
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Following on the idea that the thermal shock induced physical damage has a complex effect on
the mechanical response of the materials, it can be seen that the SCODYN series have a
noticeably different shape from the SC8 samples, even though by Table 1 a sample experiencing
eight thermal shock cycles results in an average failure strength 77+5% of pristine and a 6£2%

increase in failure strain. Qualitatively, the behavior seen in Figure 4, Figure 5,
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Figure 6, Figure 7, and Figure 10 are distinct between the pristine, moderately damaged, and most
damaged samples. Examining Figure 10 by seeking the recovery, plateau, and failure stages, the
trend suggested is that the pre-cracking physical damage is something the material
accommaodates through the rearrangement of cracks at the cost of reducing the strain at which the
plateau stage ends and thus the failure stage begins. At a low number of shock cycles, the
amount of apparent rearrangement is low, as seen in Figure 9 by the way SC1IDYNO1 has a
relatively short recovery stage and a change in D; of 0.0060 between the start and end of the
plateau stage. This rearrangement to accommodate stress reduces apparent shear modulus and
reduces the capacity to sustain a failure stage. For SCADYNOL in Figure 9, the initial loss of
shear modulus is lower than the less damaged SC1DYNOL, but its plateau stage ends at a lower
strain than SCODYNO2 or SCIDYNOL, and the other SC4ADYN curves in Figure 10 shows that
the early failure is even more pronounced in SC4DYNO2 and SC4DYNO03. Just within Figure
10(c), going from 1 shock cycle to 3 shock cycles shows an increased recovery of D, but the
failure stage begins at lower strains and the more pre-damaged samples show larger changes in

D, than the less pre-damaged samples, which fracture at the end of their plateaus.

Second, extending and interpreting the second discussion point, the presence and absence of the
recovery and failure stages allows for the complex interaction of pre-damage and strain rate
effects to be better understood. Comparing SCODYN to SCOQS shows that the dynamic tests
have a recovery period where D, # 0 while the quasi-static tests remain at D; = 0, and for all
samples with pre-damage up to the SC8 series, the dynamic tests have a higher failure strain than
the quasi-static tests. One inference is that starting from pristine quasi-static as a baseline, pre-
damage past the first shock cycle and dynamic loading have a similar effect: a recovery period

and an increased failure strain. The first shock cycle is the exception, likely due to the difference
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in pre-existing flaws between SCO and SC1 being much larger than between SC1 and SC8, with
any intermediate behaviors not captured. The fact that pre-damage and dynamic loading have
similar mechanical responses suggests that a similar physical mechanism is responsible for both
behaviors. This physical response is hypothesized here to be the activation of additional flaws,
identified in the literature to be a cause of the difference in behavior between quasi-static and
dynamic response[98]. In a sample with large amounts of initial pre-damage, the cracks have to
be rearranged to support applied loads, forcing the activation of flaws smaller than the most
significant flaw in order to facilitate load transfer to the bulk material. Under dynamic loading
this is caused by the material not having sufficient time to communicate the presence of a
loading event to the most significant flaw without activating other flaws in the way[98]. This
similarity in response between pre-damage and dynamic loading suggests that the early recovery
and plateau stages may contain important information on how a ceramic will perform once it

reaches the failure stage.

The third discussion point to address is that the shear modulus shows a more useful description
of the behaviors expected to arise from physical damage than the apparent Young’s modulus or
Poisson’s ratio demonstrate. Prior findings[55] already suggested that the Poisson’s ratio damage
was more indicative of accumulating physical damage than Young’s modulus damage for brittle
materials subjected to dynamic loading, but this paper now shows that their combined behavior
in the apparent shear modulus is more indicative. As seen in the behavior of SC3DYNO2, the
apparent Young’s modulus can increase, so long as Poisson’s ratio increases faster, and, thus,
shear modulus decreases. This is a key insight for models that use a damage term, as those
models assume that their equivalent terms for damage Dy vary from 0 to -1[34,47,59,95,96].
Taking Equations (5) through (7) and assuming that Poisson’s ratio remains constant (Vgp, = Vo)

produces Equation (8):

Eapp
_ 2a+vg) _ Eapp _
DG__E() _1—_E _1—DE (8)
2(1+vp) 0

Equation (8) states that under the assumption that v does not change with an applied load that

D; = Dg, which means that any prior model making this assumption of Poisson’s ratio
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invariance would not distinguish which of these two elastic moduli was changing. With a
growing recognition in the literature that shear plays an important role in the failure of brittle
materials[17,18,43,48,69,71,75,99-101], the finding of shear modulus loss as an important
metric in the failure of ceramics provides evidence for future focus on the study of shear failure

in ceramics and how shear modulus damage evolution affects performance.

5. Conclusion

In this paper, we have combined together thermal shocking of ceramics to induce pre-damage
via internal fracturing with previously developed techniques for combining DIC with Kolsky bar
and load frame tests to observe mechanical damage accumulation with strain. Through this
experimental set up we have been able to discover the complex manner in which strain rate and
pre-damage interact with each other, and how physical damage manifests in non-linear and non-
monotonic ways. In particular, dynamic loading can be divided into recovery, plateau, and
failure stages that provide more information and context than end point measures such as failure
strength or failure strains. It has also been discovered that changes to the shear modulus is more
indicative of physical damage accumulation during mechanical loading than changes to Young’s

modulus or Poisson’s ratio.
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SCIDYNO2 SC2DYNOI SC8QS01

Figure 1- Internal crack reconstructions from X-ray computed tomography for SC1DYNO02, SC2DYNO1, and
SC8QS01 from Lo et al.[56] showing the relative evolution of internal cracks. White space is not the absence of
cracks but regions where any cracks present are too diffuse to be present in the reconstruction.
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Figure 2 — An example of an AD995 sample sprayed with a speckle pattern for DIC purposes held between the
incident and transmitted bars of the Kolsky bar. The field of view in the vertical direction has been cropped in order

to better show the features of the sample.
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Figure 4 — Stress-strain curves for the various samples tested, showing the variation in early behavior and the
eventual convergence towards parallel similar slopes after an initial lower value for damaged samples. Panel (a)
shows all tests, panel (b) shows only the tests where no thermal shock cycles were applied, panel (c) has the samples
subjected to between 1 and 3 shock cycles, and panel (d) has the samples subjected to 4 and 8 shock cycles. In
addition to pristine quasi-static samples, a red line has been added to all sub-figures showing the expected linear
elastic behavior based on numerous tests and manufacturer specifications. The three intact dynamic samples show
the highest failure stress, as would be expected, but the most damaged samples of SC8QS01 and SC8DYNO1 have
the highest failure strain, which likely relates to the fact that they had the greatest strain before their slopes became
parallel to the rest of the samples. The quasi-static samples all have lower failure strengths and failure strains than
the intact samples, but as the number of thermal shock cycles increases the quasi-static samples show an increasing
trend in failure strengths and strains. Finally, while the damaged samples fail completely at peak stress and strain,
the pristine samples have unloading sections where stress and strain decrease.
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Figure 5 — Lateral vs. axial strain curves for the various samples tested, showing the variation in the ratio between
the two strains. Panel (a) shows all tests, panel (b) shows only the tests where no thermal shock cycles were applied,
panel (c) has the samples subjected to between 1 and 3 shock cycles, and panel (d) has the samples subjected to 4
and 8 shock cycles. In addition to pristine quasi-static samples, a red line has been added to all sub-figures showing
the expected linear elastic behavior based on numerous tests and manufacturer specifications. Highly damaged
samples abruptly fail, while the less damaged samples show large increases in lateral strain before failure. The
pristine samples, SC4DYNO1 and SC3DYNO2 on the other hand show unloading behavior alongside these large
increases in lateral strain.
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Figure 6 — D, stiffness damage versus axial strain. Panel (a) shows all tests, panel (b) shows only the tests where
no thermal shock cycles were applied, panel (c) has the samples subjected to between 1 and 3 shock cycles, and
panel (d) has the samples subjected to 4 and 8 shock cycles. A red line has been added to all images showing the
expected linear elastic behavior based expected failure strain with no damage before failure. Pristine quasi-static
lines are obscured by the baseline quasi-static line, which captures their behavior. Seen is that all of the samples start
with low effective stiffness before recovering towards their quasi-static pristine value (D; = 0) before plateauing at
some value, with the exception of SC3DYNO02 and SCODYNO1, which show stiffness greater than its quasi-static
value at failure. Of particular interest is the fact that this convergence towards quasi-static pristine also holds for the
pristine samples, even if they begin higher than pristine such as SCODYNO01 and SCODYNO2.
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Figure 7 - D,, Poisson’s ratio damage versus axial strain. Panel (a) shows all tests, panel (b) shows only the tests
where no thermal shock cycles were applied, panel (c) has the samples subjected to between 1 and 3 shock cycles,
and panel (d) has the samples subjected to 4 and 8 shock cycles. A red line has been added to all images showing
the expected linear elastic behavior to failure strain with no damage before failure. Pristine quasi-static lines are
obscured by the baseline quasi-static line, which captures their behavior. The image shows a wide variability in the
behaviors, in comparison to
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Figure 6, which shows a more consistent set of behaviors. However, as before the less damaged samples, including
the pristine samples, demonstrate large increases in mechanical damage during failure.
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Figure 8 — Stress (left axis) and damage measures (right axis) vs. axial strain for SC3DYNO02. Damage measures
track apparent changes in Young’s modulus (E), Poisson’s ratio (v), and shear modulus (G). While the sample
shows an increasing Young’s modulus while loaded, including a final apparent Young’s modulus 25% greater than
pristine quasi-static, it is the shear modulus where the actual damage appears most prominently.
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Figure 9 - D; shear modulus damage vs. axial strain for SCODYNO02, SC1DYNO01, and SC4DYNO1 showing the
different behavioral stages separated by color. The first stage, recovery, is in green and features an initial decline in
apparent shear modulus, before either returning to D; for SCODYNO2 or assuming a consistent state for SCIDYNO01
and SCADYNO1. The second stage in yellow is the plateau stage, wherein the D, value remains near constant as
axial strain increases. The third stage is in red and is the failure stage, wherein the value of D;begins to rapidly
change with axial strain, including axial strain decreasing. In this figure only SCODYNO02 and SC4DYNO1
demonstrate a failure stage, with SCIDYNO1 suffering catastrophic fragmentation at the end of its plateau stage and
thus losing correlation.
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Figure 10 - D, shear modulus damage for all samples. Panel (a) shows all tests, panel (b) shows only the tests where
no thermal shock cycles were applied, panel (c) has the samples subjected to between 1 and 3 shock cycles, and
panel (d) has the samples subjected to 4 and 8 shock cycles. A red line has been added to all images showing the
expected linear elastic behavior to failure strain with no damage before failure. Pristine quasi-static lines are
obscured by the baseline quasi-static line, which captures their behavior. The image shows that shear modulus
damage is consistently negative at failure, even when materials such as SCODYNO1 exhibits an apparent increase in
Young’s modulus before failure. In this way of showing the data physical damage primarily manifests as a
reduction in the capacity for the sample to tolerate shear damage before fracture.
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Tables

Table 1 — Key data on damaged samples tested, with the number of thermal shock cycles and the failure strength and
failure strain when subjected to compression.

Name Thermal | Failure Failure Strain
Cycles Strength (GPa) | (%)
QS Baseline 0 2.60 0.72
SC0QS01 0 2.73 0.75
SC0QS02 0 2.60 0.64
SC0QS03 0 2.42 0.66
SC0QS04 0 2.25 0.65
SCODYNO1 0 3.91 1.00
SCODYNO02 0 3.74 1.00
SCODYNO3 0 4.06 1.05
SC1QS01 1 1.83 0.76
SC1DYNO1 1 3.01 0.98
SC1DYNO02 1 2.78 1.00
SC2DYNO1 2 3.33 1.02
SC3Qs01 3 2.43 0.83
SC3DYNO01 3 3.30 0.91
SC3DYNO02 3 3.10 0.63
SC4QS01 4 2.43 0.84
SC4DYNO1 4 3.39 1.03
SC4DYNO02 4 3.09 0.92
SC4DYNO03 4 2.07 0.67
SC8QS01 8 2.82 1.08
SC8DYNO1 8 3.17 1.08

56



