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Abstract

This thesisis concerned witlthe experimental mechanics of Hatfailurein advanced ceramics

It seeks tdoridge global damage accumulatiom local failure phenomenaluminaserves as the
primary model material Other advanced ceramidsilicon carbide and boron carbidend
cermetsare included for the purposes of compansagainstalumina Microstructural features
such as grain boundaries, grain sizes, inclusionary boalies,internal pores and cracks are
obtained for alumina and compared to mechanical responsé®r all brittle materials,
experimentsused to probe the mechanical response and failure behawitwde quasstatic
compressivetesting, Kolsky pressure batynamc compressivetesting, and impact testing.
Failure behaviors are captured usinfra-high-speedimaging which also allows forthe
determination of 2D strain fieldgia digitatimagecorrelation.With 2D strains contributions
derived from this researcire made to better model damage evolutiomll materialsduring
loadng andcatastrophic failureDamage evolution isxpanded to include thehanges to axial
lateral response asgell as stresstrain response. Experimerdemonstra nonlinear and non
monotonic changes in behavior. Further refinement of mechanical response tracking
demonstrates thenportance of sheanodulusto compressive failurdnternallocal phenomena

like crack volume changesan beinferred from global phenomenauch as simultaneous
changes in apparent Y o u n g dhss thests cconktitutea naajord P o i S
contribution to the field of mechanics bfittle materials in generaland advanced ceramjda
particular The understanding of physical failure processegeatly improved, along witwhich

characteristics are of significance to dynamictiree and failure.
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Figure 3471 Stressstrain curves for advanced ceramics AD85, AD995, and SiC, and TitanMade® cermet
under dynamidoading, obtained from combined strain gauge measurements anrspleigtt DIC. Key

points are (1) AD84 maximum strain, (2) AD84 failure, (3) AD9951 maximum stress and strain, (4)
AD995-1 failure (the curve goes back to the left from 3), (5)-$i@aximum strain, (6) Si€l failure, (7)

TM-1 maximum stress, and (8) FMfailure. The advanced ceramics show linear loading up to maximum
stress followed by a decrease in stress and strain before failure. By contrast, the cermet samples show an
initial linear loading followed by softening and long increases in strain without significant increases in
stress before stress begins to drop as strain CoNtiNUES tO.LISE.......ceeeeeeeeeeeiieeie e 51

Figure 3571 Lateral vs. axial strain curves for AD85, AD995, SiC, and TitanMade® cermet under

dynamic loading, obtained from higipeed DIC. Key points are (1)AD85maximum strain, (2) AD84

failure, (3) AD9951 maximum stess and strain, (4) AD99failure, (5) SiC1 maximum strain, (6)

SiC-1 failure, (7) TM1 maximum stress, and (8) FMfailure. The advanced ceramics demonstrate

complex load paths with changes in the ratio of lateral to axial strain before reachirdjngjlaawhich

point axial strain decreases while lateral strain sharply increases. In contrast the cermet samples show a
continual increase of lateral strain with axial Strain............ccccooiiiiiiii e 52

Figure 361  pversus axial strain curves for AD85 AD9951, SiG1, and TM1 cermet under

dynamic loading. Due to noise early in the experiment, points below 0.001 strain are removed. Key points
are (1)AD85-1 maximum strain, (2) AD84 failure, (3) AD9951 maximum stress and strain, (4)

AD995-1 failure, (5) SiC1 maximum strain, (6) SKT failure, (7) TM1 maximum stress, and (8) Fl

failure. As TM1 has gy of -0.99 at failure, it has been excludadrder to better show the features of

the adanced ceramics. The advanced ceramics have minimal stiffness evolution before catastrophic failure
as axial strain decreases. While ABBand AD9951 demonstrate a loss of stiffness at the end of the

test, SiC1 demonstrates an increase in strength. In contrast the cermet shows an extended loss of stiffness
through the entire loading process and continually increases in strain. Additionally, both-AR@&83he

cermet experience an initial period of stiffngssn before reaching their pristine value and then

decreasing in StiffNESS ONCE AQAIN-..........uuiiiieeiiiiiii e e s e e s s rr e e e e e e anes 59

Figure 371  hversus strain for AD88, AD9951, SiG1, and TM1 cermet under dynamic loading.

Due to noise early in the experiment, points below 0.001 strain are removed. Key points are (1) AD85
maximum strain, (2) AD84 failure, (3) AD9951 maximum stress and strain, (4) AD9B%ailure,(5)

SiC-1 maximum strain, (6) SKQ failure, (7) TM1 maximum stress, and (8) FMfailure. The advanced
ceramics demonstrate a decrease in Poissonds rat.i
sharp rise as axial strain decreases. The addareramics also show a rise and sharp decligehjust

before the unloading segment, with the phenomenon being the most pronounced irlAdb@Pigast
pronounced in Si€l. The cermet on the other hand shows a near continuous incrgakeAilh these
brittle materials demonstrate a positive f-4nal Po
and Figure $ AD9951andSiCL s how the | argest decrease in Poi s:¢
having the highest stiffness and failureeapth of the materials studied, suggesting that a neggtive

significant in the strength of brittle MaterialS..............uueviiiiiiiiii e 6l

Figure 38  fand  hdamage curves for AD85 alumina and the images associated with various

points on the plots. Image 1 shows the sample before damage has become visible on the surface, and is
also a local minimum fof h Image 2 is when the first cracks app at the upper corners of the sample,
indicated by arrows. Image 3 is the absolute minimunyfgiand  h Image 3 is when the material is at
maximum strain of 1.35% ang his at its lowest. Image 4 shows the last frame where coherent data is
obtaned from the DIC measurements; beyond this point surface cracking moves into ibieiaie@est
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Figure 391  pversusy hfor AD85-1, AD9951, SiG1, and TM1 cermet under dynamic loading. Key

points are (1) AD84. start point, (2) AD83 maximum strain, (3) AD84 failure, (4) AD9951 start



point, (5) AD9951 maximum stress and strain, (6) AD9%ailure, (7) SiCl start point, (8) SiC

maximum strain, (9) Si€ failure, (10) TML1 start point, (11) TML maximum stress, and (12) TM

failure. The cermet demonstrates a similar load and unlatddbgfore it diverges, and begins to lose all
stiffness whiler hcontinues to increase. The advanced ceramics demonstrate a much more complex
relationship betweeg and r h The Roman numerals indicate the different Cartesian coordinates
correspondig to fly-apart (I), voidgrowth (II), crushkout (1), and crackclosed (IV).......ccovvvveeennnn..n. 65

Figure 31071 'O GrersusO’ for the same AD88 sample shown in Figure& with boundaries drawn

based on the maximum values of transitionary behavior for AD&8&o0ss multiple tests. Key points are
(1)AD85-1 start point, (2)AD88L maximum strain, and (3)AD8&b failure. The intact to damaged bound

is based off the values f@ ‘Gand'O ' where surface cracks begin to appear on the surface, while the
damaged to failure bounds are based on the values for when the sample disintegrates. For the majority of
a test the sample remains within the intact lieahregion, with only a few points in the damaged region.
While the material ends its curve within the damaged boundary, for all the tests the curves move outside
the damaged to failure boundary at SOME POINL...........uuiiiiiiiiiiiiiiir e, 67

Figure 41i Internal crack reconstructions fromrdy computed tomography for SC1DYNO2,

SC2DYNO1, and SC8QS01 from led 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
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Figure 421 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.............ccccccciviiiiiiiierenneen. 7

Figure 4317 Combined strain vs. time and stress vs. timefpioBCODYNO2 on the left, and the sample
showing the various DIC regions of interest on the right. The average strain vs. time response and the
stress vs. time response follow each other and the individual strain responses are not strongly affected by
the region, showing that the sample is experiencing good equilibrium...............cccccoieiiinninninnee. 80

Figure 441 Stressstrain curves for the various samplested, 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
apdied, 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 pristinestpticssamples, a red line has been
added to all suffigures showing the expectedédiar 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 quasatic samples all have lower failure strengths and failure strains than the
intact samples, but as the number of tershock cycles increases the gisdatic 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 dadrefise....86

Figure 4571 Lateral vs. axial strain curves for the various samples tested, showing the variation in the

ratio betveen 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 cyitiexddition to pristine quastatic samples, a red

line has been added to all sfigures showing the expected linear elastic behavior based on numerous

tests and manufacturer specifications. Highly damaged samples abruptly fail, while the lessldamage
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 lat@&®al strain.



Figure 4671 'O Gstiffness 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 thessauigécted 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 failurePristine quasstatic lines are obscured by the baseline gstasic line, which captures

their behavior. Seen is that all of the samples start with low effective stiffness before recovering towards
their quasistatic pristine value@ O 11 beforeplateauing at some value, with the exception of

SC3DYNO2 and SCODYNO1, which show stiffness greater than its-qtaigi value at failure. Of

particular interest is the fact that this convergence towards-sadisi pristine also holds for the pristine
samples, even if they begin higher than pristine such as SCODYNO1 and SCODYNO2............... a1

Figure 47-O'Poi ssonbs r at iiabstraina Paaey(a) showsralktests, panad (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 cyclése Aasbteen

added to all images showing the expected linear elastic behavior to failure strain with no damage before
failure. Pristine quasstatic lines are obscured by the baseline gstasic line, which captures their

behavior. The image shows a widariability in the behaviors, in comparison to Figw& #vhich 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...........cccccvvveeeeeeeen. 92

Figure 481 Stress (left axis) and damage measures (right axis) vs. axial strain for SC3DYNO02. Damage
measures track apparentchangas Yo un g 6B , mdPdu Iswgan@dshearmodulusy. (

Whil e the sample shows an increasing Youngds modu
modulus 25% greater than pristine gessitic, it is the shear modulus where thiialkcdamage appears
MOST PrOMUINENTIY .. ...t e e e e e e e e e e e st e e e e e e e e s anb b e e et e e e e e anbbnreeeeeeeanns 94

Figure 49 - 'O "Ghear modulus damage vs. axial strain for SCODYNO02, SC1DYNO01, and SC4DYNO1
showing the different behavioral stages separated by color. rEhstéigerecovery is in green and

features an initial decline in apparent shear modulus, before either retur@n@dio SCODYNO2 or

assuming a consistent state for SC1IDYNO1 and SC4DYNO1. The second stage in yellglaigdioe

stage wherein théD "Qalue remains near constant as axial strain increases. The third stage is in red and
is thefailure stage wherein the value dD "0egins to rapidly change with axial strain, including axial

strain decreasing. In this figure only SCODYNO2 and S€MD1 demonstrate failure stage with

SC1DYNOL1 suffering catastrophic fragmentation at the end pfateau stagend thus losing
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Figure 410 - 0 "Ghear modulus damage for all sampleanel (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 cyck 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 quasstatic lines are obscured by the basefuasistatic line, which captures their
behavior.The image shows that shear modulus damage is consistently negative at failure, even when
materials such as SCODYNO1l exhibits an apparent i
way of showng the data physical damage primarily manifests as a reduction in the capacity for the
sample to tolerate shear damage before fracture............ooooiii i 97

Figure 5117 An example of an -Series boron carbide sample sprayed with a speckle pattern for DIC
purposes that is held between the incident (left side) and transmitted bars (right side) of the Kolsky bar.
The field of view in the vertical directidmas been cropped in order to better show the features of the

Xi



Figure 5271 Strain and stress vs. time plot foL.$ on theleft, and the sample showing the various DIC
regions of interest on the right. The average strain vs. time response and the stress vs. time response
follow each other and the individual strain responses are not strongly affected by the region, shbwing tha
the sample is experiencing good equUIlibIiUML..........coviiiiiiiiiie e 110
Figure 53 - Stress vs. strain for short projectile with polyethylene pulse shagts 1000 + 200°top,

panel A), long projectile with polyethylene pulse shaper tests 400 +1@@iddle, panel B) and long
projectile with tin pulse shaper tests 200 * 2@ttom, panel C). The quasiatic tests for the-Series

are summarigd as a single linear line that shows how dynamic conditions cause deviation from linear
elastic behavior. The arrow seen in Panel A points to an example of a test where the strain decreased
faster than the stress. This behavior can be interpreted asreasie in apparent stiffness.............. 115
Figure 54 - Lateral vs. axial strain for short projectile with polyethylene pulse shaper @&§s-200 3

(top, panel A), long projectile with polyethylene pulse shaper tests 400 £ 100dslle, panel B) and

long projectile with tin pulse shaper tests 200 + 2(bsttom, panel C). The quastatic tests for the-S
series are summarized agregée linear line that shows how dynamic conditions cause deviation from
[INEAI ElASTIC DENAVIO ... ....ci it e e e e e s e e e e e s s bbaeeeeeeeeane 117
Figure 55 - $ %s. strain for short projectile with polyethylene pulse shaper tests 1000 # #00,s

panel A), long projectile with polyethylene pulse siiatests 400 + 100'§middle, panel B) and long
projectile with tin pulse shaper tests 200 + 2@ottom, panel C). The quastatic tests for the-Series

are summarized as a single linear line that shows how dynamic conditions cause deviatiioedrom
elastic behavior. The arrow in Panel B points to the té$?% which increases and decreases Wb

during the unloading process. This can also be SEeLPZ............ccccvvvveviveiiieiiiiiiiiiieeeeeeeeeeee, 120
Figure 56 - $u vs. strain for short projectile with polyethylene pulse shaper tests 1000 # g00,s

panel A), long projectile with polyethylene pulse shaper tests 400 #"1@@iddle, panel B) and long
projectile with tin pulse shaper tests 200 + 2@ottom, panel C). The quastatic tests for the-Series

are summarized as a single linear line that shows how dynamic conditions cause deviation from linear
elastic behaviorTests that show large and persistent initial deviatiof&iim Panel A are labelled as 1

for SSP2 and 2 for BZP3. ZLP3, SLP2, and . TP3 are all labelled as 3, 4, and 5, respectively, and
show tests that prominently feature abrupt drofdito bdow -1 right before rapid increase $u

during the UNIOATING PrOCESS. ... ..uuiiiieeiiiitii e ettt e et e e et e e e e e st e e e e e e e s anbnreeeeeeas 123
Figure 57 - $ ' vs. strain for short projectile with polfg/lene pulse shaper tests 1000 + 20(tsp,

panel A), long projectile with polyethylene pulse shaper tests 400 +"1@@iddle, panel B) and long
projectile with tin pulse shaper tests 200 + 2@mottom, panel C)). The quasiatic tests for th&-series

are summarized as a single linear line that shows how dynamic conditions cause deviation from linear
2T E= TS ol o =] =/ [ | U 125
Figure 5871 $ % %4, and$ ' damage for S TP1 plotted vs. axial strain, showing the lowest strain rate
test in the Sseries at 200°s The figure demonstratéisat$ ' and$ %verlap near exactly, andEands

are adjusted such that they use values derived from this test rather thastatiagalues then the test
shows no damage accumulation in any of the values up to 0.0137 strain (peak stress), at wi§ich point
and$ %oth begin to decrease SIMUItANEOUSIY. .........coccuriiiiiiiiieiiiie e 126
Figure 591 $ %$u, and$ ' damage for SSP1 plotted vs. axial strain, the highest strain rate test inthe S
series at 1100's$ ' and$ %verlap up to the point of failure at maximum strain of 0.0123 strain, at
which point they diverge due to the rapid iNCreasBof............c.oooviiiiiiiieee e 127
Figure 5107 Images of SSLT1 (Panel A) and-SP1 (Panel B) one frame before correlation of surface
strains is lost due to surface crackingSIST1 shows no signs of damage at the surface, wHi@Bhas
cracks emerging at the edgeslod sample and an axial crack running across the surface. This crack is
insufficient to cause a loss of correlation in the DIC algorithm across the entire area of interest28

Xii



10

15

20

25

30

Chapter 1 - Introduction

1.1. Motivation

High strainrate loading of brittle materials is an areasignificant research in minifdy,
planetary scieng2], and armomapplication§3]. In contrast with planetary science and mining,
armor research focuses on studying mmaadeceramics rather thanaturally occurring rocks.

For armor applicationghe interplay of factorssuch asmaterial strength, stiffness, toughness,
speed of sound, artblefailure modé€s) thatgovernprojectiledefeatis particularly complexThe
mechanics of brittle failurgives certain brittle materials particular ability to resist kinetic
penetrator impacfdi 11]. Rather than failinglue tolocalized shear the watat ductile metals

do[12i 15], brittle ceramics fracture and fragment in a conoidal volume that better distributes the
forces andmpactenergy.In further contrast to metals, ceramics comminute into a fine powder
during impadtl6,17] which can be ejected away from the projectile as an alternative to
remaining in the front of the projectile. This processher dissipates energy and toutes to
eroding and blunting the projectileeducing its penetrative capacity, and potentially, leading to
projectile defedfi8,19] Ceramics also demonstrate features such as -sat@ndependent
hardening up to their Hugoniot elastic lingEL)[20], and this means that propertgsch as
hardness and failure strengtincrease in importance up to the hypervelocity impac
regimg2,21,22] The materials of highest interest for these properties are termed advanced
ceramics due to the high degree of technical sophistication required to manufacture them at high
purities. Examples of advanced ceramtbat receive significant attentiom the scientific
literature and in engineering applicatiom® alumina, boron carbide, and silicon carbiblee
complex properties that make advanced ceramics attractive for use resisting ballistic impacts also
make them difficult to model under dynamic cdialis due to the fact that their properties
change with strahimate This means that properties obtained using gsiaic testing are not
necessarily applicable under dynamic conditions. Furthermore, the actual failure process occurs
on a scale of micrezonds. Under impact conditions a material retaining its resistance to
deformation for a microsecond longer can be the difference between defeat of a projectile and
penetration of the ceranig3i 25]. In order to improve the prmance of these materials, better

modelsthat incorporate how advanced ceramics behave under dynamic conditions and how they
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go from intact to fragmentedre required to facilitate simulation durimigsign. In order to
improve modelssuch as the Johnsatolmquist constitutive modg6], a better understanding
of the properties of advanced ceramics and how they evolve with strain andataim to total
failureis required This thesis seeks to address this problewutih the use of new experimental

and analysis techniques

Primary material propertieof interest within the literature arfacture toughnessfailure
strength elastic modulusand crack speg@7i 31]. Experimentsfrom the literaturealso show

that these properties can change with increasing strain Matterial propertiesarise froma
combination of the chemicatonstituents and miugcale structural featureg-or example,
defects, such as secondary inclusions and pores, serve as favorable failure nucleation sites, but in
guastistatic conditions may not influence properties sgnificantly as under dynamic
condition$32i 35]. The orientation of dects also influencethe failure of a ceramic, as
modelled by Hwet al[36] and observed experimentally by Hogatral[37]. In some caseswb
materials camavesimilar quasistatic properties budivergent properties as straiate increases,
such as in impaf22] or compression baxperimentB38]. A material deemed to have superior
gualities under quasitatic testing may also prove inf@ under dynamic conditionsAn
illustrative example of this phenomenon is found in the vafrArab et al[33]. For their work

they were seeking to improve the fracture toughra#ssirconia toughened aluminum oxide
(ZTA) through the addition of strontium carbonate. Under gsi@ic conditions this addition
increased the fracture toughness by forming a secpnutaase at the gm boundariesThis
secondary phasealso increased the porosity of the materilhen performing dynamic
compressiontesting via split-Hopkinson pressurdar, all of the specimens with strontium
carbonate had inferiofracture toughness and failurstrength to pure ZTA-The authors
attributedthe poor dynamic performance to the added porogihych was what had improved
guasistatic values These tests demonstrate the complexities betwesaterial design
fabrication,microstructureand strairrate dependent mechanical propertieise work of Arabet
al.[33] servesas an extreme example of a discrepancy between experimentally observed
behavior and the predictions made based upon -gtetst behavior. Other discrepancies
betweentheoreticallypredicted and experimental behavior of brittle materials under dynamic

loading forms the core of this thesis.
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Ideally, one would be able to produce a model or simulation capable of taking information from
nontdestructivecharacterization experiemts and use them poedictaccurately the behavior of a
given eramic.Due to thestrain-rate dependencig®r ceramicsthis is not a computationally
simple processAs anexampleof the complexity of ratelependenciesn the edgen-impact

(EOI) experiments of Strassburget al[39143] to determine how damage propagates in
ceramicsusing highspeed video, there are two general damage propagation regemelepend

upon impactor velocityThe first regime has crack speed increase with increasing impactor
velocity, while the second regime features crack speed not increasing as significantly with
increasing impactor velocity, with this plateauing velobéng associated with some fraction of

the speed of sound within the ceraf8fj. With two different behavior domains below the HEL,

and each with a different response to increasing impact energy, any model that seeks to capture
this behavior will need to acuoat for how materials respond to kinetic impacts differently
depending on what stramate regime they are .ifiThis serves as a single example of the
difficulties in capturingstrainrate dependeriehavior ofa material as it transitions froquast

staticto dynamic and then &hockdiscontinuitybehavior.

From an initialliteraturereview that will be further motivated by the Introduction-selations of

the chapters througlut this thesisa picture emerges of multiple related but distinct phenomena
interacting to govern the dynamic behavior and failure of advanced cerdumdsr impact
loading the material directly in contact with the projectile is subjected to an initial compressive
loadind16,37,39,44]and thus how these materials perform under easily controlled compressive
loading is the foundation of predicting how it will perform under the more complex impact
loading.Brittle fracture theoryholdsthat globally compressive loading is transformed iotal
tension or shear loadifdbi 48], while constitutive models track global changes in material
behavio[37,49 54] where the propagation of failure &n intrinsically local phenomenon.
Recent advancements éxperimentatools and échniquesave allowed improvements in how

we studythe failure of brittle materiaJsproviding new data offailure behaviorsThis thesis
explores failure phenomena with wmeexperimentaltools capable of capturing previously
unobserved behavior and the implications that stem from this new Ftataexample, &ey

di scussion point S t he di stinction bet ween
damageo. P h yeteiis o #$heé irredasible ghanges that occur in a sample such as crack

formation and growth. Apparent mechanical damage is caused by physical damage, and it is how

3
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mechani cal responses such as Youngdés modul us

ability to relate the two forms of damage is key to modelling and simulation, but the work done

in this thesis shows that the relationship is more complex than previously assumed.

1.2. Objectives

Thethesis objective is to develop a better understanding through experimental mechanics of how
an intact advanced ceramic becomes damaged and then fails from a owediamaterials
perspectiveFrom this understandinghe design and performance atlvancd ceramicsunder
dynamic loading can be better predictethis is achieved by utilizing newliagnostic
technologiessuch asultra-high-speed cameras, digiathagecorrelation, and photeDoppler
velocimetryto improve expemental data gathering methodshe datagathered in experiments
contains informatiorsuch as lateral strain and straessin from the unloading phase of failure

not anticipated byprior theorieson damage accumulatif®6,36,55] requiring evaluation of

results with more fundamental theories such as wmgk growtfs6] and developingnethods

of expressing the data in a manner consistent veiih gsultsThis has resulted in the expansion

of damage accumulation formulations this thesisto now include changes to the apparent
Poi ssonds rati o and shear umgds!l umo,dul as hars
used26,36,49,50,54,55[The outcomes of this thesis will be important to: 1. the desigrewf
materials that have tailored mechanical properties and microstructures to better resist dynamic
failure, 2. for the development and validation of computational models describing fracture in
advanced ceramics, and 3. for better understanding the lolwaligdtic performance and high

rate response of advanced ceramigsdin personal protectioaquipment
Through this thesis,Haveaccomplislkedthe following research goals:

1 Usda novel experimental diagnostics such lagh-speedimaging and digitatimage
correlation (DIC), high-speed strain gauges, and phot@oppler velocimetry to
determine axial anthteral strains, and global stresses during impact to determine elastic
and inelastic behaviors and how they evolve with a specified Tgrupressive stress.
Particular emphasis is given to the process of bulking (also known as dilatancy), which is

the process by which crack expansion incredsespparent volume of a saniplg].

tp



1 Usd high-speedimaging in impact andSplit-Hopkinsonpressure bar experiments to
observe localized crack formation and propagatiomatds betterunderstanthg how
failure events are sequencéere exists limited measurements of this kind, and so |
haveprovidel new insights into the speed and mechasifmncrack growth.

125 1 Characterize the microstructures and chemistry of advanced ceramics to understand how
initial chemical and physical structur@sluence local and global failure events. In
particular, two different grades of aluminum oxidereused asnodel materials so that
the differences in microstructure can serve as the primary difference rather than more
extreme chemical differences such as between aluminum oxide and silicon carbide.

130 Aluminum oxide is also a widely used material in military andustrial applications
(e.g. abrasives, insulators, protective coatingsjl thus its study has wide applicability.
These characterization efforts provide insights into the important microstructural length
scales and features thgvernfailure of thesematerials.

1 Compare and contrast behaviors found in aluminum oxide to other advanced ceramics

135 (e.g. silicon carbide and boron carbidegrmets, and gematerialsin orderto determine
which newly observed failure processes are commdrritde materialsand which are
unigue to advanced ceramics or individual ceramic typEsis improves the
understanding ofvhich performance metrics are most important for resisting failure at
high strainrates, and how chemical and microstructural differences producediff

140 outcomes Some of these comparisons are made by additional experimentalevgprk
performing the same experiments on boron cajbmbile some are made by drawing
upon data available in the literature.

91 Studied how observable macroscopic changedrassstrain and axialateral responses
of advanced ceramics imply microstructural changes during compression. In particular

145 changes to the apparent Poissonds ratio
close, as thehanges require either the loss addition of volume that can only come
from the rearrangement of crack geometries.

1 Building on work done by past researchers dhe failure of brittle materials
[36,52,55,56] | haveexpanded theoretical formulatiof@e how to describedamage in

150 brittle materials by introducingdditional terrs to stressstrain response equations in

order toencompass observathanges tapparentP o i s s 0 nob shearr neodulusm
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addition to Youngds modulus. This all ows f
behavior into theory in order to includbese behaviors into future predictioridhis

constitutes the main fundamental contribution of my thesis, and this work istanpo

because it provides new insights into dynamic failure of materials and renewed
motivation for improving brittle failure models describing their behavior.

Discovered here exists at least two different damage accumulation behaviors that are
strainrate dependent for brittle materials. In the lower strate quasbtatic regime

bul king does not contribute to failure be
modulus is sufficient to model the material response. As staéénincreases, bulking
beommes significant and the elastic modul C

and the shear modulus.

1.3. Thesis Structure

This thesis is structured based off of research published as journal articles and is presented in the
following order:

1 Chapter 1:fAIntroductiord. Discussesthe background and motivation for stimty

advanced ceramics and outlines the major contributions to the field done by the thesis.
Chapter 2finfluence of Microstructure on the Impact Failure of Alungin@ublishedn
Materials Science and Engineering #&sBrendan M. L. Koch, Phillip Jannotti, Debjoy
Mallick, Brian Schuster, Tomoko Sano, Jani#svid Hogan,Volume 770 (2020. A

study into the chemical and microstructural features of two grades of aluminum oxide
(alumina) and how these grades differ in their response to an impact loading event.
Correlations between impact response events and material microstructure show the
importance of low porosity and high chemical homogeneity to the ability of alumina to
resist peetration by a kinetic impactoiThis study demonstrated how variation in
microstructure affected the ability of a cefanto stop a ballistic impactoand also
provided initial interest in how shear mechanics were significant to failure phenomena
Chapter 3:fiTwo-Dimensional Dynamic Damage Accumulation in Engineered Brittle

Material®. Published inEngineering Fracture Mechanicas Brendan M. L. Koch,

6
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Calvin Lo, Haoyang Li, Tomoko Sandpnathan LigdaJamesDavid Hogan Volume

244 (2027). A study on two grades of alumina,silicon carbide, and a brittle cermet
material subjected to dynameompressivdoading via Kolsky barTheincorporationof

digital image correlation technology to data collection allows for the observation of
dynamic twedimensional stresstrain responses, providing experimental data for the
guantification of mechanical damage caused by physical danTége.experimental
technique allowed for the development afmethod for analyzing twdimensional
strains This techniqgue demonstratedore complex mechanichlehaviors and allowed

for the observation of previously unseen damage accumulatiechanismsin
compressive loadm

Chapter 4fiDynamic Mechanical Response of Damaged Alumina ADB9REblished in

the Journal of the European Ceramics SocietyBrendan M. L. Koch, Calvin Lo,
Haoyang Li, Tomoko Sano, Jonathan Ligda, James David HMdgdome 41, Issue 3
(2023). Thisinvestigationconcerns the study of one grade of alumina subjected to zero to
eight thermal shock cycles in order to accumulaternal physical damage. With
previously established damage metritem Chapter 3,this allows for correlation
between the dege of physical damage and how mechanical damage manifests in quasi
static and dynamicompressivdoading. This study demonstrated that tloss of shear
modulus provided a more physical description of the behavior of the materials than the
previouslyass med | oss of [266U59]g6s modul us

Chapter 5:fiDamage Accumulation Mechanisms During Dynamic Compressive Failure
of Boron Carbidé. Submitted toActa MaterialiaasBrendan M. L. Koch, Calvin Lo,
JonatharLigda, James David HogaWorking with two different grades of boron carbide
compressed in a Kolsky bar at strain rates fromtd@.C s*, this studyexpands on the
usage of shear modulus damage as being indicative of failure. One grade undergoes
transition in damage accumulation behavior within the strain rate range tested, while the
other does not. This study shows that the best description ofgdaatgumulation in
ceramics is not change to Youngo6és modul
and Poissonds ratio.

Chapter 6: Conclusion. A summary of the findings of the thesis and important

contributionsto the field of mechanics dirittle mateials.

a

us



215 The flow of ideas motivating each chapter is as follows:

1 Chapter 2 serves as the foundation for overall interest in the dynamic properties of
ceramics. The microstructure characteristics of@and AD995 are studied in detail
and their responseto impact conditions are examingdf direct relevance to armor
220 applications, these experiments showed the importance of wave speed to the failure
process of advanced ceramics. The wave speeds of materia¢dased totheir density
and elastic prope#ds, motivating the acquisition of more information on the straie
dependencies of those properiilesubsequent chapters
1 Chapter 3 is motivated by questions raised in Chapter 2, and by access to new equipment.
225 Experiments continued to use A and AD-995 due to the interest generated in
Chapter 2, but also included silicon carbide and a titaraluminumalumina cermet.
These new materials were included serve as brittle materials with different
compositions in order to better understand what ¢ntaggs and damage accumulation
behaviors are general to brittle materials rather than specific to aluminao
230 unanticipated results motivated further work throughout the rest of the thesis. The first
was that the apparent mechanical properties suchasyaus modul us and Poi
could change noemonotonically. An explanation for this behavior was that the
microstructure was evolving in a complex manner, such as cracks being closed by
compression. This possible microstructure evolution motivated the development of the
235 experiments performed in Chapter 4. The sdconexpected result was that the materials
with the highest failure strength and stiffness, SiC and98b, did not fail as expected.
These two materials could exhibit i ncreas
expected behavior sofmoautdesr @aadi nqhcYeasg d g
only reliably seen in the cermdthe unusual behavior of the stronger ceran{sB-995
240 and SiC) motivated working witbven strongeand stifferboron carbide in Chapter 5.
1 Chapter 4 sought to determine if thenrmonotonic changes in mechanical responses
observed in ChapterB8ere related to changes in microstructure. This was accomplished

by using samples with pexisting crack networks produced via thermal shock cycles.
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The presence and extent of the cra@tworks were characterizethy Lo et al[60].

Mechanical responsanalysis showed thatmaterial with physical damage could recover
reduced stiffness by mechanisms such as crack closure. It was alsd fbwadt Y oun g o ¢
modulus could not just recover but increase past egtasc value. By computing the
shear modulus from observed Youngés modul u
shear modulus would consistently be less than its eutasc value afailure. In Chapter

2, the shear wave speed was determined to be of importance to the failure processes in
impact and so Chapter 2 and Chapter 4 have links with respect to the importance of shear
failure in ceramicsShear modulus change was deemed gl inportance to track in
subsequent studies.

Chapter 5explored the mechanical responses of two grades of boron carbide across a
range of straifrates, motivated by the unexpected behavior of9®B and SiC irhaving

an increasing appseenenGhapteyd Bothdodons of iarch garbides
demonstrated increases in apparent Youngos
grade did not exhibit this behavior consistently. The grade of interest was the stronger

and stiffer of the twaboron cabides and the inconsistency failure behaviorwas

related to the strairate. At lower strairatesn o change i n Poissonds
during failure and Youngds modulus decrea
strainrates Poi s s onibs c rreaatsieod during failure, whi

modulus can increase even as shear modulus decreases. Priorctmorgnly used in

the literaturehad been based uponquast at i ¢ observations where
ratio were not significant. Asuch these observations suggest that there is a transition

from quasistatic type damage accumulation to dynamic type damage accumulation. This
transition appears related to thaselinepropertiesof a material. A higher stiffness

appears to correlate thi a higher quasstatic to dynamic transition strarate. This

discovery integrates prior findings in this thesis and the literature.
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Chapter 2 - Influence of Microstructure on the Impact Failure of Alumina
2.1.Introduction

The study of thelynamic failure of ceramics is an area of active research, owing to the
fact that ceramics have properties under high strain rate loading that make them ideal for
incorporation into amtballistic protection systems. In addition to high hardness that lcent b
and erode projectil§s], one of the keyroperties of ceramics that makes them appealing is the
way that they demonstrate increasing strength with increasing strai®,24(62,6164].

Various experimental studies done to determine material properties such as fracture toughness,
density, elastic modulus, crack speed, also show that these properties can change with increasing
strain rat@7i 31]. A key question for modelers and designers are how these properties and their
ratedependencies are controlled by the microstructure of these materials. For example, defects,
such as secondary inclusions and pores, serve as favorable failure nucleation sites, but in quasi
static conditions may not influence properties as stronglyrader dynamic conditions. The
orientation of defects also influence the failure of a ceramic, as modelled by &[B6] and
observed experimentally by Hogahal[37] Two materials can also have the similar gtsiatic
properties but divergent properties as strain rate increases, such as in impact or compression bar
experiments. A material deemed to have superior qualities undersa@sitesting may also

prove nferior under dynamic conditions. An example of a ceramic with superior-siadisi

fracture toughness but inferior dynamic fracture resistance can be found in the experiments of
Arab et al[33]. In their tests, the addition of strontium carbonate to zirconia toughened
aluminum oxide (ZTA) increased the fracture toughness when added at an optimal quantity by
forming a secondary phase at the grain boundaries, but this also increased the porosity of the
material. When performing dynamic testing via Kolsky bar, all of the specimens with strontium
carbonate had inferior strength to pure ZTA, with the authors attrgoutie poor dynamic
performance to the added porosity inducédese tests demonstrate the complexities between

microstructure and strairate dependent mechanical properties.

For armor applications, aluminum oxide (alumina) is of particular interest dwinidpeing both

a suitably hard and lightweight ceramic, as well as being inexpensive to produce on an
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economical scale. The high availability of materials and equipment capable of producing
alumina allows for increased capacity to experiment with addif’3,34,6567]. The ease of
production opens up new manufacturing options such as 3D pr[e8in@0], with the work of
Joneset al.in examining 3D printed alumina body arn{6®] being of particular interest. In

their study they compared the microstructure and dynamic performance of both their 3D printed
materials and a standard hot pressed alumina ceramic. Insta@sicharacterization, they found

that the 3D printed aluminlaad more variability in its density, had lower flexural strength, and
higher hardness, with scanning electron microscope work showing that the 3D printed material
had fewer pores, but the pores had a larger size. Further tests with armor piercing rounds
examined the depth of penetration and residual mass of the penetrator for the two aluminas and
found that the 3D printed alumina performed worse in these ballistic tests. The authors attributed
the lower performance of the 3D printed alumina primarily ®ltiwer flexural strength and the
larger pore sizes encountered in the 3D printed material. Combined, this demonstrates some of

the connections between microstructure and the ballistic performance of advanced ceramics.

In contrast with performing multiplests on one material, one can also perform the same test on
multiple materials to understand what is occurring. Differences in mechanical response
correspond to differences in physical properties that arise from chemical compasition
microstructural difierences.An example of this and in how advancements in diagnostic
techniques improve impact experiments is demonstrated by the extensive work of Elmar
Strassburger in edgatrimpact (EOI) experiments. Over the past decade and a half, Strassburger
et al[391 43] has shed light upon how damage propagates within ceramics by usingpleied
cameras to observe how damage grows across the surface of opaque ceramics, as well as in the
interior of transparent materials. One particularly notable result of these experiments is that the
speed at which damage propagates occurs within twaaemegimes in impacts that generate
shocks bew the Hugoniot elastic limit.The first regime has crack speed increase with
increasing impactor velocity, while the second regime features crack speed not increasing as
significantly with increasing impactarelocity, with this plateauing velocity being associated

with some fraction of the speed of sound within the cer@®jc Since the speed of sound
directly relates to the stiffness of the material, this means that stiffer materials propagate damage

more quicky. With the speeds of sound in advanced ceramics above 8 km/s and tile thicknesses

11
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typically measured in millimeters, this means that damage events take place in hundreds of

nanoseconds to just a few microseconds.

Building on past works, this paper exaesntwo grades of alumina through microstructural
characterization, mechanical testing, and impact testing, using multiple data acquisition methods
for all tests to increase the breadth of information gathered and the number of comparisons that
can be maden microstructural characterization activities, multiple characterization techniques
give precise data on the physical dimensions and chemical composition of individual and
aggregate microscale features. In mechanical characterization activitiesstgtiagsind Kolsky

bar testing is performed to evaluate rdegpendent strength and failure behaviors. In impact
testing, the higlspeed acquisition of visual-¥y, and deformation velocity data simultaneously
allows for the correlation of events in onetal@et to events in another. From there we link
together phenomena such as material failure to strains that could not be previously observed
simultaneously at these speeds. The speed of data acquisition also allows for microsecond
resolution of difference behavior between a ceramic tile that defeats or is penetrated by a
projectile. Finally, by combining microstructural information and impact data, an increased

understanding of how the former affects the latter becomes possible.

2.2.Experimental Setup

2.2.1. Maternals and Characterization

This experimental series utilized two different grades of alumina,8Band AD995, both
provided by CoorsTek Engineered Ceramics, Witble 2-1 listing the relevant mechanical
properties provided by the manufacturer. The numbers 85 and 995 refer to the percentage of the
material that is alumina (85% and 99.5%, respectively), witmehminder being binding agents

or trace impurities. For all of the qualities listedTiable 2-1, the manufacturer lists ADR95 as

having higher numrical values than AE5. The differences in properties are attributed to
microstructural and chemical differences between the two materials, with other characterization
performed in this study to probe these differences. The samples were machinedoids otib
dimensions of 3.5 mm X 2.7 mm X 2.5 mm for use in gqgs¢sic and dynamic testing. These

sizes were chosen to conform with prior samples, but reduced in dimensions in order to produce

higher pressures with less force used, particularly in Kolskyelzperiments. In this paper, the
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MTS 810 materials testing machine and both grades of alumina were found to have properties in

line with those described by the méacturer.

Table2-171 Key properties for AEB5 and AD995

AD-85 AD-995
Flexural Strength (MPa) 296 375
Elastic Modulus (GPa) 221 303
Compressive Strength (MPa) 1930 2068
Hardness (Rockwell 45 N) 73 78
Fracture Toughness (MPa'fip 3-4 4-5
Poi ssonb6s Ratio 0.22 0.22
Density (g/cm) 3.42 3.9
Calculated Transverse Wave Speed (m/s| 8,000 10,000
Calculated Shear Wave Speed (m/s) 5,100 6,200
Crack Speed (Dynamic Compression) (m| 1800 + 600 2200 +400
Crack Speed (Impact) (m/s) 4600 + 1800 4800 + 1300

In addition to quasstatic testing, additional characterization was done using a Kbéskigsting
apparatus to obtain stiffness and strength values and a ShimadzxX2HBNfa-high-speed

(UHS) camera was coupled to the experiments to obtain crack speeds. The Kolsky bar apparatus
used incident and transmitted bars 12.7 mm in diameter ofach@raging steel (Service Steel
America G3 5 0) 200 GPa,
2.68 GPa, and a density of 8100 k§/m projectile made from the same steel was launched

with a Youngds modul us of
using compressed gas to strike an incideart which then transmitted the strain pulse into a
sample of alumina, with another bar receiving the remaining stress pulse from the event. A
copper pulse shaper was used in these tests, as recommended in [@dratlire This set up

allowed for strain rates of 1@ 10° s™ to be produced.

Multiple techniques were used for microstructural characterization to study properties such as
grain size and the chemical composition of individual grains and impurities. Initial examination
of physical microstructure was done via SEM (FEI Nova NanoSEM 600). Hiecairckscatter
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diffraction (EBSD) (TEAM Pegasus Integrated EBBSD) was used to determine the
crystallographic orientation of the grains within the microstructure. This gave information about
whether the grains had a preferred orientation or if they wardomly oriented. EBSD in
conjunction with SEM also determined the size and shape distributions of the grains.- Energy
dispersive Xray spectroscopy (EDS) (TEAM Pegasus Integrated -EBSD) was used to
determine the elemental composition and distributamml could focus upon individual grains or
impurities to determine their individual composition, rather than the average composition of an
ensemble of grains and intergranular material. Together SEM, EBSD, and EDS produced
information on the sizes, shapasdacompositions of individual alumina grains, as well as the
presence and composition of intergranular materials such as amorphous phases or agglomerated

impurities.

2.2.2. Impact Setup

Figure 2-1 shows the impact sefp with a variety of sensors trained upon a target, with a full
description given previously in Jannodti al[72]. Impact experiments used spheres 6.4 mm in
diameter of tungsten carbide (WC) impagti6.4 mm thick and 38.1 mm diameter discs of
alumina held within polycarbonate (PC) holders. The WC spheres were held in PC sabots and
fired from a 7.62 mm smoothbore powder gun, with velocity varied based on powder load.
Striking velocity was determimleby light screens a fixed distance from the target and verified by

a photeDoppler velocimetry (PDV) probe just ahead of the target. A range of velocities were
tested, but for this study the impact velocity of ~400 m/s is of greatest interest and ghall be
focus of discussion. At 400 m/s, the projectile completely penetrate85At is defeated by
AD-995, and thus attention in this paper focuses on studying this outcome. The impact velocity
of 400 m/s chosen is based on EOI experiments done by l&irgsset al[39] where the
damage velocity in alumina were shown to be related to both the speed of sound of the materials
and the velocity of the impacting projectile. For the alumina materials studied in the Strassburger
work[39], the general behavior adaved had an initial rise in damage propagation speeds before
reaching some plateau value. For the 98% pure alumina used in that study, velocities greater than
200 m/s were beyond this transition point of 5500 m/s to 9500 m/s for the damage velocity, and
so we selected 400 m/s for our impact experiments to avoid this transitional behavior at lower

velocities.
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Figure2-17 Impact experiment setp, showing the arrangement of highbeed cameras andrdy heads in relation
to the target and shot line. Also present are PDV laser probes trained upon the rear of the target. Description
previously given in Jannotti et pi2]

During testing, the target failure response was characterized using a ranggwfliagnostics,
including UHS cameras sampling at 2 MHz (Shimadzu B9V8-head flash xay tubes (L3
Communication 150 KkV tubd§B], and back face PDV probesAG Photonics
1CL15A070LSD035m). PDV is a method whereby the velocity of an object is measured by
detecting the Doppler shift in frequencl/ a laser reflected off of the tardjé4] and is able to

detect changes of m/s to km/s over time scales of nanoseconds to micrdgé&goidggering

for the diagnostics was provided by a break screen adhered to the target surface that registered
the impact and began the various sensecending. This set up means that the delay between
impact and the beginning of all sensors recording is on the order of 100 nanoseconds or less,
much less than a single frame of UHS video at 2 MHz, so there is high confidence that events

recorded synchrome up with each other.
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2.3.Experimental Results

2.3.1. Microstructure Results

The microstructure analysis helps to explain the observed mechanical properties and impact
behavior of both grades of alumina by showing how their composition and grain structures
differ. SEM images like those shown kigure 2-2 show the general microstructure of A3

and AD-995 and allows for comparison between the two. From S&ages the grain sizes were
determined as 3.0 £ 0:3n for AD-85 and8.0 + 3.0>m for AD-995. Outside of the grains, there

are two other types of features seen in SEM images. The first are dark features, and the second
are lighter areas that fill the irregular spaces between the grains. -85Ade dark features are

larger than thewverage grain size, containing features resolvable at the magnification used, and
appear separate from the grains. Comparing98b and ADB85, AD-995 also has a lower

presence of intergranular material, with most grains in direct contact with other grains.

HV [spot| mag | det WD HFW 50 pm HY |[spot det mag WD HFW 40 ym

15,00 kV| 5.0 |2 000 x/GAD 7.0 mm 149 pm *15.00 kV| 5.0 GAD 3 000 x 6.1 mm 99.5 ym

Figure2-2 i SEM images of ABB5 (left) and AD995 (right), showing the sizes and shapes of microstructural
features in both grades of alumina. Present within8&Dare large inclusions that appear dark under SEM, as well

as lighter regions that exist between graicenfirmed with XRD to be amorphous silicate pha3éwese glassy

phases are expected from prior work in the literafiire Dark spots are also present within ADB5, hut are
significantly smaller and appear to be contained within grains rather than between them. The average grain sizes are
3.0 N 0.38%mandr8.AD 9.0 em for AD
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Figure 2-3 shows EDS maps of the various elements in-89) showing that the dark areas
observed in the SEM images detected as carbon rich and have a significantly lower content of
other elements preseerlsewhere. To further probe these dark features, SEM examination of
fragments inFigure 2-4 shows that AEB5 has significant numbers of internal prand we
believe these correspond to the dark areas seen in the SEM images of the flat surfaces. As a
result of this, the carbon seen kigure 2-3 is most likely caused by hydrocarbon compounds
used in sampleleaning andoreparation becoming entrapped within the deep pores instead of
being removed from the surface. Next, we explore the intergranular material observed in the
SEM images corresponding &reas of low to no aluminurfigure2-3, comparing Frame B and

C), and the presence of silicoRigure 2-3, Frame E) and calciunFigure 2-3, Frame G).
Magnesium [Eigure2-3, Frame F) appears to be primarily present as aaoanant bound within
alumina grains rather than-between grainsPrior examination$y Brandonet al[76] have

shown ADS85 to be composed &}Al,Os (corundum) with MgAl,O, (magnesium spinebind

Ca O A@:A S i (@northite), with up to 20% of the material being a glassy phase between
graing76]. This composition corresponds to ourdiimgs inFigure2-2 andFigure2-3.
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Figure 2-3 7 SEM and EDS images of AB5 showing the chemical composition of the grains, intergranular

465  material, and impurities. Frame A: SEM image of an impurity surrounded by grains and amorphous regions. B: EDS
map of the distribution of aluminum, showing thaisiconcentrated in the grains but not the intergranular areas. C:
EDS map of the distribution of oxygen, showing that it is present everywhere except for the dark spots in the SEM
image. D: EDS map of the distribution of carbon, showing its concentratitineidark areas of the SEM image.
These were shown to be caused by carbon materials from prep work remaining within pores-gper 24. E:

470 EDSmap of the distribution of silicon, showing that it is concentrated in the intergranular areas. F: EDS map of the
distribution of magnesium, which is weakly scattered in the intergranular areas but also concentrated in what
appeared to be a regular clusté grains in the SEM image. G: EDS map of calcium. H: EDS map of titanium,
showing that it is randomly distributed in trace amounts throughout the microstructure.
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475  Figure2-41 SEM image of an AEB5 alumina fragment generated in a qisatic crush test, showing a polished

surface on the left side of the image and a fragmented surface on the right side of the image. The dark spots on both
sides of the image are confirmedpits caused by porosity.

Next, we consider the ADR95 case, wherBigure 2-5 shows EDS maps for AB95, showing
almost uniform distribution of aluminuniigure 2-5, Frame B) and oxygerFigure 2-5, Frame
480 C), with all other elements falling beneath the detection levels at the resolution presented. Areas
where the primary elements are of lower concentration correspond teefeatuthe SEM image
such as grain boundaries and grain pullouts from polishiradple 2-2 lists the overall elemental
composition of the ABB5 and AD995 samples as determined by EDS, both in terms of weight
percentage and atomic percentage. Atomic percentage is particularly useful for comparing the
485 ratios of aluminum to oxygen as in pure alnaenthere should be a 2:3 ratio between the
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elements, and an excess of atomic percentage of oxygen would indicate oxide contaminants,
while an excess of aluminum would indicate metallic contaminants. Fabite 2-2, AD-85 is
primarily composed of aluminum and oxygen mixed with traces of magnesium (1.0 atomic %,
1.3 weight %), silicon (3.8 atomic %, 3.8 weight %), calcium (0.3 atomic %, 0.7 weight
percetage) and a large carbon content (22.7 atomic %, 14.9 weight %). By considering
individual grains, we observe oxygen content of 55.8 atomic % and aluminum 31.3 atomic %,
which suggests that the 85% alumina purity given by the manufacturer is accurate.tlé&v

EDS mapping, the metallic impurities are likely present as oxides and formed as binders between
alumina grains produced by the liquid phase sintering processed used to produce the material.
For AD-995, the composition appears to be almost entoefuminum and oxygen, as expected

of aluminum oxide, with only 0.1% of atoms being silicon. This value is less than the 0.5%
implied by the name AB95, although as the silicon is present as silicon dioxide (silica), so

some portion of the oxygen detedtis not part of the alumina.
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500 Figure2-57 SEM and EDS of AEB95 showing the chemical composition of the grains and intergranular material.
Frame A: SEM of a polished surface of AA95. Frame B: EDS map of the distribution of aluminum, showing that
it is distributed evenly across the surface. Frame C: EDS map of the distribution of oxygen, showing that it is
distributed evenly across tharface. Other elements are present in quantities too low to be detected at the relevant
resolutions, confirming that the material is 99.5% alumina.
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Table2-27 Elemental composition of AIB5 and AD995 asdetermined by EDS

AD-85 AD-995
Element Atomic % (Weight %) Atomic % (Weight %)
Carbon 22.8 (14.9) 0.00
Oxygen 48.4 (42.3) 59.5 (46.6)
Magnesium 1.0 (1.3) 0.00
Aluminum 25.0 (36.8) 40.3 (53.2)
Silicon 2.4 (3.8) 0.1 (0.2)
Calcium 0.3(0.7) 0.00
Titanium 0.1 (0.3) 0.00

Figure2-6 shows EBSD maps for AIB5 and AD995. These images show the crystallographic
orientation of the grains at the surface of the examined samples. For both grades of alumina,
there appears to b preferred orientation, and these images are also used to establish grain
sizes and shapes. ABD5 has an average grain size of 8.0 +>8r) and AD85 has an average

grain size of 3.0 £ 0.3m, noting that a significant amountthie AD-85 material isn the glassy

binder phase The imageswere chosen for clarity, with the amorphous material seen in SEM

images of AD85 not well represented Figure2-6.
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Figure2-6 i EBSD maps for the two different types of alumina, showing the polycrystalline nature of the samples
and the differences in grain size and grain size distribution between thé\tmap for AD-85 is visible on the left
with grain sizes of 3.0 + 0.8m and a map for AED95 on the right with grain sizes of 8.0 + 3:10.

2.3.2. Strain Rate Dependencies

Figure 2-7 shows the compressive strength of -86 and AD995 as a function of strain rate.

Low strain rate measurement comes from the gstasic testing (2.0 + 0.1 GPa for A& and

2.4 £ 0.2 GPa floAD-995), while higher strain rate measurement comes from Kolsky bar testing
(2.6 £ 0.3 GPa for AEB5 and 3.6 £ 0.5 GPa for AB95). While the quasstatic testing shows
strengths in agreement with those of the manufacturer, under dynamic compressianesxp

the strength at failure generally increases by a factor of 1.5 for botB5A&hd AD995. The

rate sensitivities (acquired 2016) are consistent with those from previous versions of alumina
materialg29,31,77,78]
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530 Figure2-71 Strength vs. strain rate plot for AB6 and AD995, showing the change in strength from cissaiic
conditions at 18 s™ strain rate to dynamic conditions betweeAdrd 16 s* from Kolsky bar experiments.

In addition to acquiring strength measumssits, we have also visualized dynamic failure during
Kolsky bar testingFigure2-8 shows a sequence of images of a sample o8BRIumina being
compressed to failure, where images are selected to demonstrate: Frame A, no load; Frame B,
535 peak stress and the beginning of cracking and chipping; Frame C, no stress and the development
of long axial cracks; and Frame D, the cracks after coalescence and the material starting to
pulverize.Figure 2-9 shows the same sequence of events for98B. The primary difference

between ADB85 and AD995 is that crack speed measurements can only be taken of the large

singular cracks before crack coalescence.

540
Figure 2-8 1 Sequence of images from a representative sample e8 ABDompressed to failure in a Kolsky bar.
Frame A shows the uncompressed, pristine sample 0 ¢€s
cracking and chipping at one cornerthatoccersapeak stress i s reache-deveped 42 ¢ s.
axi al crack at 50 €s into the event, along with the co
545  sample has failed and is no longer supporting stress. Frame D gh®vwsample disintegrating as the cracks
coalesce.
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Figure 2-9 7 Sequence of images from a representative sample e®@¥compressed to failure in a Kolsky bar.

Frame Ashows the wuncompressed, pristine sample 0 €s into
cracking and chipping at one corner that ocdewlomd as pea
axi al crack at §with the contirtued crackireg arel ¢héppirig at the tomers. At this point that

sample has failed and is no longer supporting stress. Frame D shows the sample disintegrating as the cracks
coalesce. The samples A®5 go through a similar sequence of @gen

When measuring crack speeds, -8B has a crack growth pattern that is tracked at 1800 + 600
m/s. AD-995 in contrast shows a much greater extent of small cracks, with its large cracks often
propagating across the entire face of the sample in a siagie fiThis places a lower bound of

these sorts of cracks with a velocity of 3500 m/s, but they could conceivably be higher and it
would not be measurable using the acquired framerates in these videos. It is also possible that the
cracks grow in such a wakadt they are not visible until they are already well developed. From

the available data, an estimate of 2200 = 400 m/s is determined for the crack speed¥Om AD
These measurements highlight how the vastly different microstructures manifest in sarehgth

crack speed measurements, and this will be important when comparing impact results.

2.3.3. Impact Results

Next, we contrast the behavior of the two materials during impact testing for a selected velocity
where the AB85 did not defeat the projectile and the AB5 defeated the projectile. Here, only

the AD-995 is shown for brevity. A sequence of higfeed vieo images irFigure 2-10 shows

the initial progression of failure during impact testing, as captured byspgbd back face
videos for AD995. The fist image is the first frame in which radial cracking becomes visible at
4.1 >s after impact. By tracing the growth of several crack (iNys8 for both materialsframe

by-frame from the moment they are visible to when they are no longer traceable ettieyrat

to have average radial crack speed of 4800+1300 m/s, significantly higher than the crack speeds

observed in uniaxial compression in Kolsky bar testing. The second im&gguire 2-10 is at
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5.1 >s after impact when the radial cracks are well developed. The final image =& &fter

575 impact is when an inward radiating phenomenon visible as a darkening of the alumina makes
contact with the radial cracks. This phenomenon is believed to be the holder delaminating from
the alumina target, and any further growth of radial cracks is not observable past this point.
Although not shown, at 12.3s the PC backing begins to radiatlyack, completely obscuring
the activity in the alumina. A similar sequence of events occurs feBZDwith radial crack

580 speeds of 3800+1000 m/s, also higher than for Kolsky bar testing.

al radi al
when radi

Figure2-107 Key frames fromthe AR 95 i mpact, showing the i
well established at at 5.1 s, and at 7.6
delamination has begun at the edgesdi&arack speeds are 4800+1300 m/s

585 Figure2-11shows a selection of flash-bay images of the projectile interacting with A95 at
the impact velocyt of 400 m/s. In the first frame at>% the projectile can be seen as a distinct
circle. In the second frame at5 the bottom has flattened out. For the third frame at39.1
the flattening process has begun to affect the curvature of the back mfojbectile. Finally, at
25.2>s the projectile is almost completely flat. This sequence shows how a spherical projectile
590 undergoing interface defeat behaves, and importantly it demonstrates that byHas already

begun to flatten. AER95 notshown for brevity.
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Figure2-117 Series of flash Xay images showing the progression of the interaction between the projectile and
target . At time 0 e€s the pr oshavsddrdular shagesindioating thatltcas nt act
595 not undergone deformation from its initial spherical s
considerable deformation and by 25. 2 cedefeatfter i mpact i f

Figure 2-12 shows the PDV traces for AB5 and AD995, and, when linked with higépeed
videos and Xray images, gives important information on the sequence of events during impact.
At a projectile veloity of 400 m/s these traces are particularly important as8Bs penetrated

600 by the projectile while AEB95 defeats the projectile, so the differences between the two traces
provides evidence for differences in behavior between defeating and not detegtiojectile.
Between 2.5>s and 6>s the back face undergoes primary acceleration at an average rate of 45
m/>s. It reaches a peak velocity of 168 m/ s at
deceleration 0f24 mpbs’t 0 1 00 m/ swhibhypoirt ifterferaence fram the holder makes

605 further data unusable. For AE®5, the velocity trace remains close 0 m/s for>&efore it
begins to accelerate at an average rate of 28’mA peak velocity of 133 m/s is reached at 5.8
€s. K face velaitycthen decelerates at an average ra#5ahbs?, reaching 20 m/s by
10 ¢s, at which point PC del amination begins
available from characterization and impact experiments, it then becomeslgadssibegin

610 correlating together the microstructure, straite dependent compression measurements; high
speed video, flash-Xay, and PDV traces to examine the properties of a ceramic that can aid in

the defeat of a projectile. This is done in the dismrs
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Figure2-121 PDV traces for AB85 and AD9 95 ov er t hReakivalocitg torresppndsts the time of

highest stress and thus the decrease in velocity corresponds to a relaxation of stress, an indicator of material failure.
For both traces the rise in velocit yluminatalget fomthe PG s i s a
backing and subsequent interference, and the point at which the data can no longer be considered valid.

2.4.Discussion

2.4.1. AD-85 and AD995 Compared

We have investigated the chemical and microstructural composition of the two diffeadas g

of alumina, and observed how they behave mechanically undersgatisj dynamic, and impact

loading. We have found that AB95 has larger grain sizes but far fewer chemical impurities and
physical defects such as pores and intergranular matesial AD-85 has. Mechanically this

mani fests as greater strength at failure, hi
penetration by an impactor for AB95 over AD85. We will now explore more of the

mechanisms that would produce these particuaste

We begin by looking at the differences in microstructure and how they are expected to contribute

to differences in performance. For A the presence of intergranular inclusions and porosity
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630 provide crack nucleation sites, while the amorphous pkdsss cohesive than alumina grains in
direct boundary contact with each other. Landingham and (3#&gegetermined that while
smaller grain sizes in ceramics were superior for ceramics resisting penetration by high velocity
projectiles, there were four other microstructural features that would negatively affect this
performance. These features were: 1) pibyobetween ~b vol%, 2) greater than 2 vol% of

635 finely dispersed impurities, 3) small amounts of features such as larger than average grains or
agglomerated impurities, and 4) greater than 10 vol% of highly elliptical grains. While having
smaller grainsAD-85 has both a significant presence of finely dispersed impurities and large

impurities. Together, these are believed to contribute to inferior performance.

Supporting the effects of porosity being greater than grain sizes, Longy and J2@halso

640 found for alumina that while grain size played a role in the strength at the Hugoniot elastic limit
(HEL), porosity played a greater role in determining the HEL than grain size or chemical purity.
Their flyer plate tests showed that alumina of different chemicalyphatl the same HEL so
long as the percentage volume porosity was similar. Of particular interest was that when
examining postmortem fragments with high resolution microscopy, Longy and CagRdlx

645 observed little transgranular cracking or microplastic deformation asdwinning within the
alumina, with the primary mode of cracking being intergranular and within amorphous glassy
phases when present. For A5 with its large amounts of amorphous intergranular phases, this
becomes an important mechanism in producingss Istrong material witinferior ballistic
performance.More recent work with alumina by Acharyet al[77] showed microplastic

650 deformations in alumina subjected to high strain rate compression, bualdeeyound that
cracks were mostly caused by intergranular cracking, glassy phase cracking, and the growth of
dislocations. This lends further weight to the idea that defects such as pores and intergranular
material are more important to failure than dé&fesuch as intergranular boundaries or grain size

effects.

655 Comparing the effects of microstructure on strength and crack speed measurements shows noted
differences between AB5 and AD995. Namely, a strength of 2.0 + 0.1 GPa was measured for
AD-85 and 24 + 0.2 GPa for AE995 at 1¢ s?, and 2.6 + 0.3 GPa for AB5 and 3.6 + 0.5 GPa
for AD-995 with strain rates between?l@nd 18 s*. In compression Kolsky bar experiments,
the crack speeds were 1800 + 600 m/s for-&Dand 2200 + 400 m/s for AB95. Urder
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impact conditions crack speeds of 3000+1800 m/s for8aland 4800+3000 m/s for AB95

were observed. The higher average crack speed and narrower deviation is attributeg9%% AD
being both a stiffer material and having a more homogenous micros¢ruBiuhaving a higher
stiffness than ABB5, the speed of sound within AZ®5 is higher and thus the limit on crack
growth is higher as the limiting factor is usually taken to be at the absolute most 50% of the
Rayleigh wave speed, with 25% being more tgpi®©,80]. The smaller grains, more pores, more
inclusionary defects, and amorphous phases providing a more varied path for cracks to g
cause the higher variability in speed for 8B. Defects in AB85 are larger and more varied in
chemical nature than ADB95, further contributing to this greater variability in crack speed. In
comparison to compression experiments, under impact loadingjtions the crack speeds for
AD-85 and AD995 are much closer to each other. This is likely attributable to the fact that when
impact loading, both AEB5 and AD995 feature mostly continuous crack growth behavior and
are subjected to a more complexest state that includes significant contributions from tension
and shear. The higher crack speeds under impact can be attributed to the higher input energy, as

seen by Strassburget al[39] in theiredgeornrimpact experiments.

When comparing the PDV tracestween ABR995 and ADS85, the largest point of comparison
between the two is that AD95 has a much higher acceleration and deceleration tha®5AD

and reaches a lower peak velocity. Given that395 defeated the projectile while A& did

not, this suggsts that these back face velocity curves are indicative of how these behaviors
occur. They also show that the most significant part of the PDV curve can occur within the first
five microseconds, an important consideration for when designing materialaréhahore
resistant to impact. It is possible that the higher stiffness o8B allows it to respond more
quickly to the impact event, hence its faster rise time, while the greater strength and stiffness
means that the energy of impact is more effegtidedsipated, hence the lower peak velocity and
successful stopping of the projectile. Further testing is required to confirm this hypothesis across

a range of materials and impact velocities.

2.4.2. Event Correlation in Impact

By linking video and Xray images to the PDV traces, we attempt to correlate events seen in

different sets of measurements with each other. This is done so that we can understand the
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sequences of events and thereby learn more about the process of dyamhmec $uch as

whether peak strain occurs before or after the onset of radial cracking. Analysis of the timing of

events requires knowledge of the speed of sound in the material, with the two fastest being the

longitudinal @ (also called compressionr @rimary) and transverse (also called shear or

secondary) waves. The density, el asti

the calculation of these speeds using Equaehsind2-2.

The calculated values have been includediahle2-1 as part of the material properties of AD
85 and AD995. For the tungsten carbidé the projectile, wave speeds are 6200 m/s for the

c modul u

O —  —for’ ™ [2-1]

o J— [2-2]

l ongi tudi nal wave and 4000 m/ s for

t he

t ran

mechanical properties. Using the thickness of the target and diameter of the WC projectiles of

6.4 mm allows for theime required for the wave fronts to transition the materials to be
calculated byo -. This allows for correlation with events seen in the PDV traces, the high

speed photographs, and the flasha¥ images. There are several necessary assumptiotmssfor

forthcoming analysis:

T

Material properties remain constantdamage does not change the elastic modulus or

density. This assumption fails once the material is damaged, but for the purpose of

analysis it is assumed constant before the appearanceafaradking.

Lengths remain constanteither the projectile nor target deforms significantly.

Waves that reach the surface of a material will produce a reflected and transmitted wave

i the energy partition between reflection and transmission dependstlwpalegree of

mismatch between the impedance of the materials.

A wave that has been reflected once off an interface such as WC to air or alumina to PC

retains sufficient energy to produce a significant transmitted wave into the other dense

material.
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1 Wauves retain their form after a transmission or reflecfiolongitudinal waves remain

longitudinal, transverse waves remain transverse.

Figure 2-13 shows the relationship between the back face velocity and the communication of
events through the target, with the addition of lines that mark the arrival of significant wave
720 fronts at the bek face of the target to the PDV trace for AB. Figure 2-14 shows the same
labelling of wave front arrivals for the AB95 trace, but based upon thigher speeds of sound
in AD-995. The first two wave fronts tracked are for the longitudinal and transverse waves
generated by the impact that travelled through the target. Figare 2-13, the arrival of the
impact shear wave corresponds to an initial rise in back face velocity {85ADut as seen in
725 Figure 2-14 this correlation is not seen in A895. Reverberations within the target of
longitudinal and transverse waves were also considered, but were not found relevani8far AD
as activity begins before a full reverberation could be made.ABe®95 the longitudinal and
transverse wave fronts have sufficient time to make a full round trip from the back face to the
front face and back again to arrive in time for significant effects. The longitudinal and transverse
730 wave fronts arising from with the WC projectile that reflect off the back face of the projectile
and then transmit into the target are ter med
somewhat ambiguously associated with the onset of radial cracking, they do appeaaliyotenti
related to the largest rise in back face velocity. Other waves such as Rayleigh surface waves
were also considered, but they have a path length long enough that their arrival is too late to
735 contribute to significant activity within either the UHSdegbs or the PDV traces. Wave
transmission from alumina to PC likely also occurred, but the speeds of sound of PMMA are less
than a quarter of that of AB5 and less than a sixth of AZ®5, so wave fronts in PC are too

slow to influence the alumina overtlime frame of interest of the first6.

32



200 |

First Longitudinal
Arrival

First Transverse

150

| Longitudinal
Release Arrival

Transverse
Release Arrival

Radial Cracking
Beginning Zone

Velocity (m/s)
2

N
)

0 2 4 6 8 10
Time (ps)

740  Figure2-137 PDV trace for AD85 showing the arrival of the firshost significant wave fronts and the period of
time where radial cracking could have possibly begun. Here the first longitudinal wave appears to correlate with the
first major rise in back face velocity, with the first transverse wave correlating msstycto the possible onset of
radial cracking. The longitudinal and transverse release waves occur after the onset of radial cracking, but appear to
potentially correspond to rises in measured velocity.
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Figure2-141 PDV trace for AD995 showing the arrival of the wave fronts deemed most significant and the period

of time where radial cracking could have possibly begun. Here the first longitudinal and transverse waves
correspond to m activity in the PDV trace, but the second longitudinal wave arrives around the first time that non
zero activity is detected, and the second transverse wave arrives at the earliest possible moment for radial cracking
to begin. The longitudinal releaseve front also arrives just before the earliest point of radial cracking, while the
transverse release wave arrives just after cracking has definitively begun and during the rise in velocity.

For both AD85 and AD995 the most significant correlation isathboth begin to experience

their largest acceleration at approximately the same time as they begin radial cracking, and do
not experience cracking from interactions with the first longitudinal wave to arrive. Given that
AD-995 defeated the projectile whiAD-85 was penetrated, the long delay between impact and

back face activity for ABB95 suggests that AD95 causes the WC projectile to dwell on its
surface for an additional 2 ¢€s, further high
defeat or nodefeat. Furthermore, the waves that correspond best to significant activity in the
PDV traces and UHS video are shear waves, suggesting that the material may be failing in a
shear mode. While for the purposes of calculation the elastic properties cétiréaie are kept

constant since the actual changes are unknown, damage significant to cause radial cracking to
become visible is |Iikely significant enough t
Poissonbds rati o, b o t shearfwave vetocitg. Thwshshearhvavesetitar aeea s e

calculated to arrive slightly too soon are good candidates for being the communicator of the
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onset of cracking, with both AB5 and AD995 having these sorts of suspected wave fronts.
Review of the literatw lends further credence to the idea of shear waves having a greater

importance for damage events.

Previously discussed in relation to microstructure studies, Achetrya[77] found that in

Kolsky bar ompression experiments plastic deformation mechanisms were primarily of mode I
(in plane shear) and mode Il (eof-plane shear) cracking; not mode | (opening). Furthermore,
Yu et al[81] discuss the quantification of damage of concrete under compressive loading based
upon Xray computed tomography and found that mode Hp{ane shear) cracking better
explained permam¢ damage than mode | crackinghese studies support the idea that
compression causes damage to brittle materials more through translation to mode Il and mode Il

shearing stress than to mode | tensile stress.

Prior work in the literature also supports the importance of shear andvedess on the failure

of ceramics in impact experiments. For example, McCaelext[82] performed experiments in
transparent ceramics using the EOI technique with Strassburger and were able to visualize the
expansion of stress waves within the material using both shadowgraphs and cross polarized
images. In one particait experiment (McCaulegt al. Figure 182] as an exemplar) wheniog

a spherical projectile impacting a target, they imaged three distinct and well separated
phenomenon: 1) a longitudinal wave front leading, 2) a shear wave front behind the longitudinal
wave front, and 3) the damage front behind the shear wave frastsiligests that the shear

state is more important to the accumulation of damage to a brittle material than the compressive
tensile state of the longitudinal waves. Other EOI experiments in that study that used cylindrical
projectiles also demonstrated gh8eparation of event fronts, but the distinction between event
fronts was less visually clear as with spherical projectiles due to the shape of the impactor.
Similar separation of longitudinal, shear, and damage fronts has been seen in the impaltt of basa
by Ramesthet al[2], with the added information that damage begins to accumulate in brittle
material in their configuration before the arrival of unloading waves from reflected surfaces.
The variation in Bear wave profile with projectile shape is of interest due to the findings of
Wilkins [5] with ceramics and &vik et al[83] in steel, which had blunt projectiles more likely

to penetrate targets at lower velocities than sharp tipped projectdesk Bt al[83] had the

additional contribution that while blunt pegtiles were more likely to penetrate ceramics at
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lower velocities, sharp tipped projectiles retained more energy after penetration at higher
velacities. This information in the literature and experiment together suggests that blunt
projectiles are supemi@t damaging materials by the generation of shear waves. At lower speeds
this means that a blunt projectile can make the minimum traversal to penetrate the target by
having a path through damaged material, but at higher speeds this means that more energy

spent damaging the ceramic than damaging what is behind the cfamic

The importance of shear on failure was also found by Hokdrad[84] and Gambleet al[85].

Their work found that when designing composite ceramic and metal armor systems, moving
metal from the back face of the target to the front face impaired performance, due to the metal
layer failing in shearand transferring that shear into the ceramic, which is less capable of
resisting shear. Related to this phenomenon is a study by Bethai¢86] on the penetration of

silicon carbide targets by long rod penetrators where copper discs were added in front of the
targets and improved the efficiency of the ceramics at resisting penetration.er Béhad.
suggest that the copper provides a buffer that attenuates shock, which can be brought into
alignment with our findings by considering that copper is a soft metal. In comparison to the steel
used in the works of Hollandt al[84] and Gamblest al[85], copper likely slows down and
reduces the magnitude of an impact but cannot couple shear waves into the ceramic as
effectively. Additionally, boron carbide is known from past work in the literature to undergo
amorphization when she#aded87i 92], adding additional importance to the consitieraof

the shear waves in future work. With our experimental observations combined with prior insights
in the literature, this suggests that for the design of roaliponent armor systems, the
introduction of sections of shear decoupling layers may pesvemportant addition to the

systems.

2.4.3. Insights in Prior Ballistic Testing Work

The various interactions noted previously also help demonstrate how experimental set up can
influence results in not immediately obvious ways. A literature review of the development of
armor ceramics by Wall¢93] discusses that the literature remains divided on determining which
experiments are the most useful for studying high strain rate loading of ceramics. Early work on

ceramic and ceramimetal layered armor by Wilkingsi 7] used ballistic limit (\4., more
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frequently called Y, in modern literature), the velocity at which a given projectile penetrated the
system 50% of the time, as a measure of a mat
considerable insight into how ceramics fail, the methods involve large numbers of testgg and V

is a measure of the overall system being used, not any individual components-cétiedso
Ashatter gapo phenomen ospas a measueeqierforimancem ltish e us
possible for certain ceramics to undergo changes in behavior at higher impact velocities that can
cause penetration less than 50% of the time before further rise increases in impact velocity brings
the penetration probabilities abov@% again, thus creating twosy/value$94]. While the

dynamics that cause projectile fracture at higher velocities are interesting on their own, the
ability to generate two differentsyvalues demonstrates the issues with the technique. Biess

al.[95] proposedhe use of the depth of penetration (DOP) method, whereby a ceramic sample is
placed in front of a block of metal. The metal is sufficiently thick to stop completely a given
projectile type, creating a baseline depth of penetration value that can tcbempared to the

depth the same type of projectile reaches when, for example, there is a layer of ceramic in front

of the metal. The purpose of DOP experiments is to produce a measure of the ballistic efficiency
that was unaffected by how the system wastaoted, and thus a material property. From DOP
experiments, Rozenberg and Yesh(@éh found that ballistic efficiency increased
monotonically with what they called the fAnorm
average of quastatic and dynamic strength measurements. While DOP experiments are a more
efficient method of screening materials than manufacturing a number of body armor panels and
shooting them, the method has the back face of the ceramic confintbdthé/ results of our

study suggesting that what is on the front face of the target, including the projectile itself,
influences the failure of a ceramic, this brings new considerations to modelling and design.
Rozenberg and Yeshuri@6] found that the ceramic tiles had to have a thickness of at least half

of the projectile diameter to produce consistent results. In light of the impact experiments and
PDV traces, this suggests that if the ceramic is too thin the event of thet ioap@aot be fully
communicated within the projectile before the ceramic fails, revealing different failure
mechanisms than typically seen under these conditions. For the purposes of modelling, the
information on the sequence of events during defeat aludefacan better help validate models

and simulations. The experimental knowledge that key events are over within the first five

microseconds can also be of great value to modelers by allowing for a narrowing of the temporal
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windows of simulations, savingrocessing time so that only the most significant events require

modelling.

2.5. Concluding Remarks

This study has examined the microstructure of two grades of alumina and their behavior when
subjected to impact loading. Scanning electron micrggapctron backscatter diffraction, and
energy dispersive Xay spectroscopy were used to assess the microstructural properties, giving
detailed information on grain sizes, chemical compositions of grains and defects, and defect sizes
and spacing. Lowerysity AD-85 alumina had smaller alumina grains than higher purity AD
995, but these grains were mixed in with amorphous silica and large pores, producing a weaker
material that was less able to resist impact from a project. In Kolsky bar experimers, AD
showed an increase in strength in comparison to t@sc conditions, but still demonstrated
lower failure strength and stiffness than AD5. In impact experiments, higpeed
photography, flash Xay photography, and phef@oppler velocimetry weresed to examine the
behavior of alumina tiles with suinicrosecond temporal resolution. At a velocity where-8®

was penetrated by a projectile but ADB5 defeated the projectile, the PDV traces show
important differences that point towards phenomena itapbto the behavior of a ceramic
occurring within the first five microseconds of impact. Beyond that, by tracking when wave
fronts generated by the impact should arrive at the back face of the target and correlating to
events seen in the PDV traces dmgh-speed videos, this study shows that the behavior of the
projectile in generating shear influences failure events such as radial cracking. The importance
of shear in materials in contact with the front of a ceramic upon the failure of the ceramic has
been seen elsewhere in the literature, and with this new experimental information modelers of
important periods and characteristics to consider. For the design of armor systems, these
experiments show new insights into ways to maximize the efficacy afmtes for the stopping

of projectiles. This work also motivates further work exploring the PDV traces of different

ceramics at different velocities to find further points of commonality between them.
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Chapter 3 - Two-Dimensional Dynamic Damage Accumulation in
Engineered Brittle Materials

3.1. Introduction

The defining characteristic of brittle materials is that they undergo little to no plastic
deformation before failure, but instead undergo crack formation and growth. A popular method
of modelling crack growt is the wingcrack moddB8,46 48,5%,55,97,98] which is based upon
studies of crack growth in brittle transparent materials such ag4fhass'he core formulation
of the wingcrack model was first posed by NerhNssser, Horii, and Obata in the 19B1@

48,56] whereby the various mechanisms of macroscopic crack ¢ethy8®] are combined
together into a single formulation that can be iterated to produce predictions of sisests#ia
behavior of brittle materials undergoing frac{@&49,50,100] Further expansions to this

formulation have been made to introduce factors such as crack intd@tipn

The specific theory of wingracks beginsvith a crack of arbitrary orientation to the direction of
loading. When a stress is applied, the crack will begin to grow along the same axis as the applied
stres§45]. Initial flaws have random orientations with respect to the loading direction, but the
wing-crack phenomenon causes cunahin crack that becomes linear parallel to the direction of
loading. The cracks grow parallel to the loading direction because stress concentrations will
cause compressive loading to be resolved as tensile loading at the crack tip. This stress state
produces a Mode | tensile opening failure that results in both the length of the wings increasing
and a separation between the faces of the \bgé7,99] The crack can also grow by the faces

of the central crack sliding apart, which results in the volume occupied by the crack increasing.
From examining the mechanisms in this manites, seen that sliding and opening mechanisms
alter the relationship between linear deformation and volume as crack opening will result in an

increase in the total volume of the material.

All three of these modes are captured in the original model by Neasser and Obd&6].
Their modelassumes that the influence of the wargcks acts in superpositidn standard
linear elasticity.The formula thus produces linear elasticity in the absence of thecnacls

with the strain vectdr beingthe product of the compliance tens}band thestress vectofl. The
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model then assumes a distribution/dhumber of cracks at angfeof initial starting lengti2c,

grouped together 49 & 0. Next introduced are coefficients for the slip between crack faces,

b, crack face openingg, and wingcrack length,/. For the crack extension mechanism, the

i ndi vi el ast i ¢ wamthe sheanmodulysare requioed. Sisabyntites

dual

model accounts for the angle the crack is to the applied stress through the dirétieOOI,

==, A, A, ), ands, which are all related to the cratdé-load anglel and wingcrackto-main

rat

crack anglad. Figure 3-1 illustrates the geometry of these variables in order to show how their

influences interact with each other and overall crack volume. All of these factors are combined in

Equation 8-1) to desabe a stresstrain relationship for a brittle material with whagacks.

o C0& 0@ cha
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(3-1)

This formulation is an iterative model, as strains will cause the valugs thrand especially

to change through streg®ncentrations that alter the microscopic stress experienced by the

cracks. Further complexity in the model formulation is achievable via such additions as allowing

the cracks to interact with each oth®&5] or expanding from a twdimensional to three

dimensional formulatio36]. The overall formulation can be seen as an addition to standard

elasticity, and a popular modelling methf@b,52,55] is to introduce a damage term that
encapsulates the additional strains as a dserén elasticity. This method allows for physical

damage caused by the formation, extension, and coalescence of cracks to be manifested as a

change in mechanical response. In order to differentiate between physical cracking and the

changes in elasticepso n s e

t he

t er ms

A typical formulation of the mechanical damage ternOis
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p O OwhereO is the
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modulus. The bounds @ are usually given as being between 0 and 1, with 0 being the pristine

state and 1 being a total loss of resistance to deformation in this formulation. Expansions upon

this formulation will typically involve ideas such as the idwotion of anisotropic damage

[36,97] or allowing for D = 1 to correspond to the compressive strength of the material as a
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work of Clayton and Tong®&l]. Fro m
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used in studying anisotropic materials in literafbit¢, but is assumed to act most significantly

upon the stresstrain response.

945 Figure3-1 7 Wing-crack showing the various dimensions such as the primary crack |&wjttwing-crack length Ij, wing-
crack openinglf), crack face openingd), angle of main crack from direction of compressiar), (and angle of wing crack to
main body §).

A core guestion for these types of modelling methods is what appropriate valfids dfl, and

[ should be used to model the behavior of materials so that they are in agreement with both
950 observed physical charadsics and mechanical respons&echnologies such as -pay

computed tomography (CT) can allow for the actual microstructure of real materials to be
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probed102], but the observed behavior varies from the modedliptions produced when using
physical microstructure propert[@93]. The complexity of the idealized wirggadk model
means that not all of the inelastic mechanism (sliding, crack opening, and crack elongation) will
955 have the same contribution to the loss of elasticity, and the differences in contribution likely vary
with the degree of strg®8], strain ratf88], and stress stdt4]. An example of this variation
is the crack sliding mechanism, which is based on the coefficient abrriof the material with
itself[56]. If the microscopic coefficient is different than the macroscopic coefficient, or if at a
certain strain rate the material transitioned from a static to a dynamic coefficient of friction, then
960 this would be implicitly a variable weighting on the relatiaibution of crack sliding. As a
consequence it is thus sometimes necessary for modellers to select input parameters not based
upon the macroscopic properties of the material but on what produces the best fit between model
output and experimental resyltiscovering the relative weightif%$]. Being able to derive the
relationship of the material properties and crack characteristics that feed into Equation (1) and
965 other models like it from the observed physical properties of a material and the actual
macroscopic behavior under a varietylafding conditions is critically important to efficient
modelling and design of ceramics based systems. This paper seeks investigate what behaviors
observably manifest when physical damage accumulates sufficiently to cause deviation from

linear elastic bleavior in advanced ceramics.

970 The formulation developed by NerdAdasser and Obdt6] shows where an experimentalist
should look in order to learn more about internal crack evolution. These are the inelastic factors
involving volumechanging mechanisms. In order for a crack to slip or dilate the material must
occupy more volume than it didni ti al | vy, requiring a <change
Experiments with brittle materials such as gbjahnd concrefd02] have shown that a matdria

975 can be compressed and show a decrease in Youn
which implies the formation of volumia@creasing cracks. These studies did not examine
advanced ceramics and involved qustsitic compression, but they providgounding for
possible mechanical manifestations of permanent fracture phenomena in brittle mdteeiads
ray imaging done by Poinaet al[102] is especiallyelevant as part of their work allows for an

980 examination of what sorts of physical phenomena are possible in brittle mafEniede effects
include pore coll apse and crack opening witho
modulus. By incorpating these effects into prior damage modé851,105]the net effect of
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multiple mechanisms with complex interactions can be better understood. This understanding
can then be applied tonore complex stresstates such as ballistic impacts where -two
985 dimensional compression and shear are invgh@8]. The process of better understandihg t
complexities discussed above begins by performing simple uniaxial experiments that produce
stress, axi al strain, and | ater al strain dat &
ratio to be tracked with strain and time, allowing for theell@oment of a framework that can
i ncorporate damage to both stiffness and Poi s
990 access to experimental data that has been previously unavailable that shows a greater degree of
complexity for brittle materiafailure than previously expected in modelljg§,49,52,55,105]
This new experimental data prompts the establishment of a methodology for capturing these new
details. Using the experimental set up detailed iret.al[60] and Liet al[107], new data on
stress and twadimensional strain is generated for a variety of engineered brittle materials and is
995 then put into the conté&xof prior theory. Unexpected and even couimduitive behavior is
observed, indicating a need for a model of damage that incorporates changes in apparent
Youngdés modulus and Poissondés ratio. Thi s moc
insight into the fracture and failure behavior of engineered brittle materials, and theoretical

motivation for future experiments that would not have been previously considered.

1000 3.2. Experiments & Results

3.2.1. Experimental Set Up

Compression testing is used to probeaterial behaviors in this study. To perform
compression tests, the samples were machined into cuboids of dimensions of 3.5 mm x 2.7 mm X
1005 2.5 mm for use in quasitatic and dynamic testing. These sizes were chosen to conform with
prior sampleg08], but reduced in dimensions in order to produce higinessures with less
force used, particularly in Kolsky bar experiments. Cuboidal specimens are commonly used in
the testing of advanced ceramics due to ease of machining and polishing, and for the purposes of
this study provide flat surfaces that can bedufor measuring both axial and lateral strains using
1010 Digital Image Correlation (DIC). Both axial and lateral strains are important in this study as the
evolution of Poissonds ratio (the ratio of | a
primary interest for exploring damage accumulation to elastic properties. BEEald€ is not

applicable to capturing out of plane strains, curved specimens would not produce viable lateral
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strain measurementdn these studies, the queasdatic compresi ve strength and
modulus were independently examined using an MTS 810 materials testing machine that
compressed samples to failure. The sdrydraulic controls allowed for precise measurement of

forces, and DIC was used to determine axial atetdastrains. The DIC setup is discussed in a
subsequent paragraph. Promon U750 cameras recording at 100 Hz were used to capture the
entirety of a 30 to 5@econdong quasistatic experiment. While the framerate was sufficient to
capture stiffressand Ps sond6s ratio information, 100 Hz i
of samples during actual failure (i.e., ppsiak stress), as the events occur too quickly.
Triggering a higher speed camera that is capable of operating at half a million frarsesqrel

or higher in the quastatic experiments based on failure events requires additional equipment

not available at the time of publication. Thus gtsatic testing was only used to confirm the

validity of a combined strain gauge and DIC approacid, to confirm that the elastic constants

were as described by the manufacturer, when available. The experiments of primary interest in
this work come from the Kolsky bar experiments where-pesk behaviors are captured using

an ultrahigh-speed camera

The materials that were used were two grades of alumina, AD85 and AD995 from CoorsTek,

Inc., silicon carbide (SiC) from Milburn Mountain Defence (Quesnel, British Columbia,
Canada), and TitanMade® cermet from Lumiant Corporation. ADS85 is 85% puritynalamd

AD995 is 99.5% purity alumina, with further details on their characteristics in Epah[109].
TitanMadeE is a britt]l e-hgtwo-phase titaniuntluminide amle t a | n
70% nanegrained aluminum oxide ceramic phase, characterized by dli[110] and modelled

by Amiran et al[111]. AD85 and AD995 have publicly available elastic properties from the
manufacturdd12], whi |l e t he cermet 6s mechanetaldl0]. proper
Quaststatic testing of the silicon carbide demonstrated elastic properties to be within the ranges
found in the literatufd13]. This information can be found irable3-1 alongside experimentally
determined quasstatic and dynamic values. The alumina and silicon carbide were selected as
representative advanced ceramics used in armor systems and industrial applications, while the
cermet was selected for being a brittle eni@a with a different overall microstructure that would

allow for the possibility of different failure modes to be defined, especially with the new damage
model explored in this paper. The microstructure of the alumina was studied bytka¢h09],

the microstructure and mechanical properties of the cermet was studiedeball[i10] and
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Amiran et al[111], and the microstructure of the silicon carbide was not disclosed by Milburn
Mountain Defense. Where those prior papers sought to understand the influence of
microstructure on the behavior of thesaterials, this paper seeks to combine ttigh-speed
photography, digital image correlation, and hggeed strain measurements to produce high

strainrate twaedimensional stresstrain relationships never before seen in advanced ceramics.

Table3-11 Elastic properties of materials tested with gtsdatic (QS) and dynamic stress conditions. Note that TitanMade
cermet has continual damage accumul at i bermos stadhle albhes at thé dtastofl | st ed
a test. Listed properties are provided where available from the manufacturer or literature. Where properties are urnkisbwn or e

in a range, a * is used to indicate as such.

Material Listed Listed Li st| QSPeak QSE QS 3| Dynamic | Dynamic | Dynamic
Strength | E (GRa) Stress (GPa) Peak E (GPa) 3
(GPa) (GPa) Stress
(GPa)
AD-85[112] 1.93 221 0.22 2.2+0.2 220420 | 0.22+0.03| 3.1+0.2 | 250430 | 0.23+0.02
AD- 2.60 370 0.22 2.4+0.2 37030 | 0.22+0.01| 3.5#0.7 | 410430 | 0.29+0.08
995112]
Silicon 3.04.0* 370 0.15 3.310.1 360+50 | 0.18+0.01 | 4.9+0.5 | 440450 | 0.17+0.04
carbidg¢113] 410* 0.22*
TitanMade® * 280 * 2.78+0.06 | 270+£30 | 0.23+0.01| 3.1+0.3 | 260+10 | 0.29+0.06
[110]

Dynamic testing was done using a custoailt Kolsky bar testing apparatus coupled to an ultra
high-speed Shimadzu HR}¥2 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 kHz was
used at full resolution andhé camera system was coupled with a K2 Infinity Lens to fill the
sample in the 4 mm x 6.4 mm field of view of the camera. The field of view offered by these
optics and the resolution of the HPA2 at 500 kHz currently represent the edge of technological
limits and the state of the art for brittle material fracture studites.Kolsky bar apparatus used
incident and transmitted bars that were 12.7 mm in diameter and made of maraging steel (Service
Steel America€@ 50) wi th a Youngos ommtbwfl02% yietdfstre@gh0 GPa
of 2.68 GPa, and a density of 8100 k§/nThe incident bar was 101.6 cm in length, while the
transmitted bar was 91.44 cm in leng#projectile made from maraging steel was launched
using compressed gas to strike andeait bar, which then transmitted the strain pulse into a
ceramic sample, with another bar receiving the remaining stress pulse from theThesteel

bars were protected from damage by the harder ceramic samples via 5 mm thick and 7.938 mm
diameter tugsten carbide platens jacketed in 12.7 mm outer diameter titanium rings. These

dimensions and materials are similar to those used with other advanced ceramic Kolsky bars, as
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detailed by Swab and Quifiri4]. The platersample interfaces were lubricatedtiwihigh
pressure grease 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, as is considered good
practice in the literatuf@15,116] A neartriangular pulse is considered iddl,71], and this

1075 shape was achieved by using a 3.175 mm diameter and 1 mm thick tin pulse shaper, with a final
strain rate on the ordef @0*to 1s'occurring over a period of 20
are much | onger than typically u[6lerd] buthavet he | i
allowed us to achieve good stress equilibfili@] and measurements for the purpose of our
current study. Strain was measuredsbystrain gauges arranged in three pauth) two pairs on

1080 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 amplifiefich sent their signals to an HBM Geng3i high
speed portable data acquisition system. The strain gauges wereNiéiasnrements CEAQ6-
250UN-350 350 ohm resistance gauges secured in place via cyanoacrylate adhesive. These

1085 gauges are examined for accuracyl precision before testing, and replaced and recalibrated by
an expert technician as needed. 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 Ketlal. [109] and Loet al. [60] and was
used in a round robin test of Kolsky bars coordinated by Swab and[QLdfyrwhere the setup

1090 is comparable to other labs apbduced the same results as leading government and academic
laboratories. At the time of publication, this system can be considered state of the art and reliable

for dynamic brittle material testing.

Digital image correlation techniques were applied teatlligh-speed camera images captured in

order to obtain lateral and axial strain measurements of the samples. DIC is a computer vision
1095 method used to track changes in the position of speckle patterns on the surface of an object in

order to compute deforation fields, and has been well established in the study of many different

material§l18i 122]. Due to the high speed of image capture and lgpogure times, 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. Due to the small size of the samples in
1100 our study, special measures were gl to produce a speckle pattern that would work

correctly. In this study, an airbrush with a 0.15 mm nozzle was used and this produced speckles
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between51 0 pi xel s, which corresponds to s’pAckl e
representativeest sample with applied speckle patterns sedfigare 3-2, demonstrating good
imaging at 200 ns exposure times. DIC analysis was done using the coahé&teRD (v6
1105 2018) software from Correlated Solutions (Irmo, South Carolina, USA), with the regions of
interest discretized into 27 by 27 pixel subsets with a virtual strain gauge set with a filter size of
15 and a step size of 7 pixels. The zone of @deused for DIC was typically the entire sample
excluding edges, but comparison with various subset zones has shown that the strain values are
convergent[60], indicating uniform deformation in the sample. sample image showing a
1110 typical zone of interest and comparing the response e$actions can be seenhkigure3-3 as
part of a larger discussion on equilibrium behavior in the t€ggsire 3-3 shows a stressme
plot taken from the strain gauges and multiple sttiane plots taken from DIC. Each straime
plot corresponds to a different subsection areimterest, with the Average Strain line
corresponding to the strain of the entire aséterest. The image of the ceramic seen on the
1115 right-hand side ofigure 3-3 shows the spatial distribution of these subsections. The subsections
shown inFigure3-3 are not computational elements of the overall -afeaterest, but represent
independent DIC processing. This is done in order to check strain equilibrium across the entire
surface by looking for local variatn. In Figure 3-3 the individual strain curves for each
subsection overlap each other and the Average Strain line up to failure, which demonstrates that
1120 the entire sample is in equilibrium up to failure. The stress and strain curves following each other
up to peak strestiews that the behavior of the material is linear elastic up to failure, as expected
of a brittle material. The correlation shape function is internal to the software, based on
derivatives of displacements, with the correlation criterion used being ZN$®Bges were
prefiltered using the VIED default smoothing of a loywass filter to remove background
1125 noise. Subset weighting was done via a 90% cemégghted Gaussian filter with a window size
of 15 data points. No additional pgstocessing smoothingag performedCorrelation analysis
was carried out using the zemormalized sum of squared differences correlation criterion and
the optimized &ap interpolation scheme. Confidence intervals for correlations were consistently
within the range of 18to 10* pixels. Measurement uncertainty from measurement equipment is
1130 taken to be no greater than a conservatively large 5% in total, with the largest possible source of
uncertainty being the initial size of the samples in the visual field, taken as beimgnOolt of

the 2.7 mm side length of the 2.7 mm by 3.5 mm face used for measurement, which amounts to
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1140

1145

1150
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>4% uncertainty. An elastic test using no sample between the bars showed that the magnitude
and transient response of the strains recorded from DIC arstrtins recorded from the strain
gauges were in reasonable agreement with each other, and mismatch would not contribute to
uncertainty. Strains were computed from the displacement fields using the engineering strain
tensor. The computed strain historigere matched to the stress histories produced by strain
gauges on the Kolsky bar to determine stsdsmin curves for each of the experiments, as is
commonly done in Kolsky bar experiments in the literdfik@]. This produces stresdrain

plots that do not need to assume material propeBiesot assuming material properties, stress
strain and laterahxial responses are alled to vary as functions of time. Furthermore, because
DIC allows for the tracking of strains, the Kolsky bar can be used solely for tracking stress, with
only the transmitted strains and the elastic response of the steel being required, with no need to
use wave equation®IC has been used previously in Kolsky experiments by the authbdf

with the full validity of the process being explored in greater detail bgtlal[60] in terms of
nearconstant strain rate and good stress equilibrium. This was assessed by observing uniform
strain accumulation across the sample and-sgachronization of the stratime and stressme

curves. This can be seenRigure3-3, which shows an example of the same analysis as done by
Lo et al[60] but using data from this work. Kigure3-3 the strain vs. time profiles generated

from DIC analysis for sample SiC using different areas of interest are plotted together to show
that the averagesitrain across the sample face is not strongly affected by local variation. The
stress vs. time is also plotted alongside the strains to show that the material response is in
equilibrium up until failure (i.e., stredgne and straifiime curves track eacother). The stress

time response is taken from the transmitted side of the Kolsky bar and shows a smoethtstress

up to failure. With the stredeme and straiftime curves in agreement with each other before
linear elastic behavior is lost, the straate is taken from the slope of the DIC average strain

curve before deviation from linear.
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Figure3-27 A 3.5 mm x 2.7 mm x 2.5 mm sample of AD85 alumina with speckle pattern applied for DIC purposes. The
1160  micronsized speckles are produced usingaahrush with a 0.15 mm nozzle, which gives a randomized pattern with sufficient
resolution to work with DIC.This sample is loaded between the incident and transmission bars of a Kolsky bar apparatus, with

compressive loading delivered horizontally along the long axis of the specimen.
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1165  Figure3-3i Plot of strain versus time and stress versus time taken from the total area of interest forltlsar8jile, with the
subsection areas of interest illustrated on the right. The global strain as determined by DIC is thus shown to matitie up with
locdized strains. The stress as determined from the transmitted Kolsky bar measurements is also shown to follow the DIC
strains, showing how the two measurement methods are in accordance with each other. The stress curve also reprdsents an inpu
load up tathe point of failure, showing a constant stres®, and thus up to failure a constant strate.

1170
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3.3. Experimental Results

A summary of the linear elastic properties measured in the-gtai& and dynamic tests for

the materials studied in this papsrfound inTable 3-1, and will be discussed throughout the

1175 following paragraphs. These values incorporate data from multiple-stagisi and dynamic
tests, with stiffness and @ap sestions mfostrestrain t i 0 v
relationships and lateral vs. axial strain relationships, respectively. Peak strength was taken as the
highest stress reached, and strain at failure was when peak stress was reached by the sample.
The materials exhibited a #00% increase in failure strength under dynamic conditions in

1180 comparison to quasitatic conditions, which is in line with the expectations of past literature for
these strain ratfs?2,123] St i f fness and Poissonds ratio sho
failure strength, with the quastatic and dynamic Waes being statistically equal. In comparison
to historical results, the elastic properties found here for alumina are in agreement in terms of

Young6és modul us, Poissonds ratiofl24id26d f ai |l ur e

1185 For the Kolsky bar tests, three strassin results for all four materials can be seekigure
3-4. To filter out noise, a Savitskgolay filter of order 3 over across a frame length of 15 points
has been applied to the data presentelignre 3-4, ard later inFigure 3-5 for the lateral vs.
axial data. This filtering smooths out the curves of fluctuations while retaining actual changes in
the stresstrain and lateral vs. axial behaviors. The tests presented within this paper are
1190 considered representative of general behaviors for each material, but multiple tests were
performed on each material even when only one is shown for clarity in later figaidisonal
data on other tests performed have been included in the Appendix SectiorFigGuwaB-4, it
can be seen that the advanced ceramics exhileiaribehavior up to some failure point, when
they begin to unload abruptly. For AD85 the failure behavior shows an initial rise in stress
1195 while strain begins to decrease, before the stress begins to decrease as weHl ABS%bbrief
transition zondefore it begins to unload along a similar path it took while loading.1S6ows
a decrease in strain but near constant stress after failure. This behavior is indicative of the DIC
strain measurements and the strain gauge measurements becoming asyachkitbreach other
as the surface begins to fail while the load applied to the entireseosen of the system that is
1200 recorded by the strain gauges remains near constant. While these results are unlikely to be

physical, they are the best data availadobel are useful for understanding failure mechanisms
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such as whether the surface of a sample fails before the interior. The general responses for all
tests rather than these specific tests can be fouil@hbte 3-1. While the samples fail before
they return to zero stress, if projected to zero stress, the change in apparent stiffness means that
1205 only AD9951 would return to zero strain at zero appliedsstr@and this behavior is not seen in
other AD995 samples. In contrast to the advanced ceramics, the cermets have siramess
curve that increases linearly up to the yield point of 3100+300 MPa at 0.90+0.02% strain, where
the curve reaches a peak. Afterdergoing stress relaxation, the material then begins to strain
harden. Sample TitanMadedoes not reach a second local maximum, while other samples will
1210 reach a second peak at 2800+500 MPa at 1.7+0.2% [&0@]n After this point the material
continues to decrease in stress as strain increases, up until ultimate failure at 2.6+0.3% strain.
This hardeningsoftening behaviois discussed in more detail in the paper byt a[110], and
is related to the metal matrix phase undergoing alternating thermal softening and strain

hardening.
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Figure 3-4 1 Stressstrain curves for advanced ceramics AD85, AD995, and SiC, and TitanMade® cermet under dynamic

loading, obtained from combined strain gauge measurements andpaigtt DIC. Key points are (1) AD85maximum strain,

(2) AD85-1 failure, (3) AD9951 maximum stress and strain, (4) AD9®5ailure (the curve goes back to the left from 3), (5)

SiC-1 maximum strain, (6) SKZ failure, (7) TM-1 maximum stress, and (8M-1 failure. The advanced ceramics show linear
1220 loading up to maximum stress followed &ylecrease in stress and strain before failure. By contrast, the cermet samples show an

initial linear loading followed by softening and long increases in strain without significant increases in stress beddvegitre

to drop as strain continues tsei

Next, Figure 3-5 explores the axial and lateral strains relationships taken from DIC

measurements for each material. These measurements allowgsdcsas t he Poi ssond
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1225 internal crack evolution. For the advanced ceramics, their axial versus lateral behavior is mostly
linear up until reaching a softenii@rdeningphase, wherein the lateral strain increases faster
than the prior linear slope drthen decreases to where it would have been had it followed the
original linear slope. Following this point the ceramics reach their maximum strain point, after
which there is a rapid increase in lateral strain and a simultaneous decrease in axial'ls&ain.

1230 rapid increase is likely caused by internal cracks expanding laterally during failure. On average,
the Poissonds ratio over this I inear regi me
0.17%0.04 for SiC, and 0.39+0.05 for the cermet. These avesagkstandard deviations are
taken acrossll experiments that were performed. Once the materials transition from linear to
nortlinear behavior, the average values are 0.26+£0.13 for AD85, 0.22+0.16 for AD995, and

1235 0.20+0.30 for SiC.Further discussion of these values and their meaning will come in the
discussion of damage evaluation in the Discussion section. In contrast, the cermets have a near
guadrati c | at er al VS. axi al strain cuadfve, S t

0.26%0.12 and ending with a range of 0.48+0.11.
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1240 Figure3-51 Lateral vs. axial strain curves for AD85, AD995, SiC, and TitanMade® cermet under dynamic loading, obtained
from high-speed DIC. Key pointsra (1)AD851 maximum strain, (2) AD84 failure, (3) AD9951 maximum stress and strain,
(4) AD9951 failure, (5) SiG1 maximum strain, (6) SK& failure, (7) TM-1 maximum stress, and (8)M-1 failure. The
advanced ceramics demonstrate complex load pathschvénges in the ratio of lateral to axial strain before reaching unloading,
at which point axial strain decreases while lateral strain sharply increases. In contrast the cermet samples show a continual
1245  increase of lateral strain with axial strain.
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3.4.Formulation

3.4.1. Theoretical Foundation

In this section we present a method to extend prior damage n&8el90] to include

1250 changes to the apparent Poissonds ratio in o
current study. While these models can include anisotropy andxiaff behavior n
simulatior}55], it is not possible to determine experimentally if a change in-&atietdal response
comes from a change in lateral elasticity or fromheacn ge i n Poi ssonds ratio
damage to Poissonds rati o, i n this section we

1255 of isotropic, linear elasticity. This assumption is chosen because brittle materials behave linearly
elasticaly up until failurd127], and that damage begins to accumulate once a certain strain
threshold is reach§sil,62,123] By adding in damage functions in linear superposition with the
elasticity equations, the degree of strain required for damage to begin accumulating can be
determined from when the materials begin to significantly deviate from linegicddabavior.

1260 By adding damage functions to the linear elastic equations it is possible to ensure effects from

crack growth and reorientation are being accounted for.

Modelling begins with the twadimensional compliance tensor with stiffness damage teem se

in Equation 8-2). The compliance tensor is used for similarity with NeMasser and Hoffb6]

and for simplifying a later argumenfhe damageternf), af fect s t he apparent
1265 such that no damag@€0) results in no change to the compliance of the material, while total

damage D=1) results in the material having no resistance to deformation.

- p Tt ”

- - ! p T[ ” (3'2)

G- m T ¢ ¢ »
We then introduce a new damage term that act s
retaining the factorth@ct s upon the Youngbés modul us. The

1270 modulusisrenamedi©®, and the factor that act@®. Thpon t he

process results in Equation-83

- P "p ©O T "
- _— ’ p ’O p Tt ” (3'3)
G- T T ¢ ¢p O
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Initial validation experiments require a simpler set of variables to explore, but anisotropy can be
introduced by giving differenO and 'O values for different dimensional axes, or an entire
damage tensor that modifies alastic constants. The equations are further simplified by

removing shear. For uniaxial loading, each strain component becomes Equaddasd 8-5):
- e (3-4)
- — (3-5)

Rearranging Equations34) and @-5) to express both a linear and Horear contribution

produces Equation8{6) and 8-7).

S (3-6)

] (37)

Comparing these equations with EquatiBfl}, Equationg3-6) and 8-7) will only account for

strains generated when stress is present, where the microcrack formulation ofNdss®&tand
Obatd56] in Equation 8-1) allowed for strains generated by crack sliding and opening be
present even whesi= 0. Experimentally, these would appear as residual strains present after a
material has been loaded sufficiently to cause damage and then unloaded, a phenomenon seen
previously in experiments on concrdi@2]. Such damage is not expected in pristine advanced
ceramics, but severely cracked but not yet fragmented material such as in a ballistic
impac{4,106]leads to such a damage value being necessary to keep track of when studying non
pristine samples. These damage values, since they are not related to the presence of stress, are
dependent upon the strain history of a sample. Continuing the assumption of is@ropy,
damage term that represents residual strain can be added intao&s|@€) and 8-7) to arrive

at the following:

. - — 0 (3-8)

; "p 00O (3-9)
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From prior literature on concr¢i®?2] subjected to loadnload experimentsQ is likely a
function of the maximum strain experienced by a material. In thedobxhd experiments on
concrete, the unload path would show a higher stiffness than when it had beereluvauagiu to

1300 cause damage. When reloaded, the new load path would then follow the unload path until it
reached the prior stres$rain condition, at which point the stiffness would drop again, as if the
sample had never been unloaded. In experimental résutts literature, this behavior did break
down as higher maximum strains were reafh@?|, suggesting that damage to elastic properties

consists of both permanent astdaindependent elements.

1305 The possibility of damage consisting of both permanent and -stepiendent components allows
for the possibility thalD and’O can have negative values. For brittle materials, an increase in
stiffness is not expected, buinee materials such as metals and plastics can undergo
strengthening mechanisms when strained, then it is not impossible to consider the possibility of a
negativeO value, which is an increase in stiffness. Ebr a negative value would correspond

1310 toa decrease in Poissonbds ratio, which corresp
a compressive load, this would be associated with a loss of volume, which would mean that
cracks would be closing rather than opening. Borin ceramics, the st likely cause of a
negative value would be crack closure producing an apparent increase in stiffness over initial
values as void spaces are pressed into each other. For pristine samples this is not likely a

1315 significant concern, but for damaged matettigd remains a distinct possibility.

The combination ofO and 'O values thus provides insight into how internal cracks evolve
during loading. How elastic constants are changing informs how crack surfaces are moving and
thus demonstrates the relatioigshetween physical damage and mechanical damage. In order to
keep nomenclature ordered, this paper will break from prior convention and'@lldav have

1320 any value rather than varying from 0 to 1. This requires changing the sign conventions. Under
this convention, O p is the same a® p, andO p corresponds to a negative
stiffness. A negative stiffness is not considered a physical result and does not appear in

experiment. The adoption of this nomenclature modifies Equatds®sdnd 8-9) as bllows.

) _ o) (3-10)

1325 - ''p 00 (3-11)
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These conventions allow for experi ment al resu

to be analyzed in the same way dsanges in apparent stiffness could be analyzed as

damag36,55,100] These conventions also allow for the apparent stiffness to increase, which

had previously not been considered possible. This apparent rise in stiffness in response to
1330 physical damagean be explained throug andO varying simultaneously. This leads to

insights on the microstructure evolution that can produce these cinimigve macroscopic

observations.

3.5. Damage Evaluation

1335 Experimental damage values f& andO are presnted inFigure 3-6 and Figure 3-7,
respectively. These values are obtained by taking the definitions of daemgen Equations3{
12) and 8-13):

0O — p (3-12)
0O — p (3-13)

1340 where O and’ are the pristine Youngos mablk 3-1, us anc
respectively, andO and’ are the apparent Youngos mo d u

respectively. The apparent elastic properties are approximated as using EqG@&tnand 8-

15):
(6] (3-14)
1345 ’ — (3-15)
where,, is the instantaneous stress, is the instantaneous axial strain, and is the
i nstantaneous | at er al strain. Al nstantaneousad

Figure3-4 andFigure3-5, and each individual data point has its own stiffness calculated at each
moment as a secant line drawn from the origin. Because the data has already gone through a
1350 filter, no further averagingr filtering is needed with this method, although due to the earliest

points of the curve being from before the sample is in stress equilibrium, the first few points are
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excluded as being ngphysically high or low (negative stiffness, stiffness more tthanble a

pristine value). The pristine valué3 and’

are the quasstatic values. While ideally the

starting strain is whel® andO are both zero, if one of these values remains in apnigtine

state then a starting point is decided from whenother value is at or near 0. This is seen in

Figure 3-6 with AD995-1 and TM1 samples, which exhibit an initially low stiffness in the

beginning. Anexample of howO andO evolve simultaneously with axial strain starting with

both values at 0 is seen kigure 3-8, which shows botfO and'O versus axial strain for a

representative sample of AD85 alumina, and also incldidgeses from the ultrhigh-speed

camera.Each material went through this analysis, whilgure 3-6 and Figure 3-7 showing a

representative case from each material for ti@ir and ‘O evolution with axial strain,

respedwely. In the tesshown inFigure3-8, an initial stiffness of 240 GPa was found for AB85
of 220N20 GPa,

1, within the uncertainty of the quasit at i ¢ v al

ue

begins at the value of 0.22, the same as tlasigtatic value of 0.22+0.03. The stiffness remains

at S0 $<0.05 of the pristine value up to 1.3% strain, indicating li@ledamage accumulation

occurs until just before failure, af@ only increases beyond a magnituded©fs<0.05 once the

axial strain begins to decrease during unloading. In cont@stjamage for AD85L shows a

consistent decrease to a value@f = -0.12 before beginning to rise at 1.1% strain, seen in

Figure 3-8-Image 1. This also serves as an example of the sample showing no signs of surface

damage, while at the same tirfle decreases towards a local minimum-@f20. Figure 3-8-

Image 2 shows the first image where evidence of cracking becomes evident, with these cracks

occurring at the corners of the samples where stress concentration would be the highest. Ideally,

the samples would be dumbbell shaped to reduce stress concentratioflfbs}obait for our

purposeghe flat faces are required for DIC and for other experiments involving the tracking of

crack speeds at the surffi@9], and the tradeff was considered acceptablEigure3-8-Image

3 shows more extensive surface damage accumulating ebthers of the specimen and is at the

maximum strain of 1.4% strain before beginning to decrease, Vdheieonly at-0.03 andO

reaches its lowest point ed.18. Finally, inFigure3-8-Image 4, the surface damage égimning

to intrude into the DIC area of interest, and no further data is collected past this point as image

correlation is lost and strains cannot be deterchimece cracks are present within the area of

interest. The loss in correlation can also be seé&igire3-3, where the strain curves from DIC
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only calculated when both strain and stress values are availabléhuateigure 3-8-Image 4
represents the last possible measurement of the material behavior considered. At the end point,
0 =-0.49, the lowest point on the curve, whde has a value of 5.3, which is not likely a value
relating to an actual Poissonds ratio, but
physically separating the test specimen. As a final observation, if the material has incurred a
permanent deformath then strain will not return to zero at zero stress, and thus the unloading
slope would necessarily have a different stiffness than the loading slope. The incliSiantof

the formulation is intended to deal with this issue, although under dymaawiing conditions it

is currently not practical to determine how these values evolve because the materials fragment

during failure and, thus, permanent deformation cannot be examined quantitatively at this time.

The plots ofO versus axial strain forxemplar experiments of each of the materials that are
studied is shown ifigure3-6. The same materials f@ versus axial strain are shownkigure

3-7. The advanced ceramics all exhibit catastrophic failure after maximum, str@i® andO
damage values for the advanced ceramics do not go bel8vibefore maximum strain, with all

the materialsemaining within +0.05 of their pristine stiffness value for the majority of their
strains. The exception among the advanced ceramics to this i85AD9vhich shows the
property of an initial low value 0© = -0.11 before increasing to its pristine value and then
remaining around zero damage for the rest of the experiment, including during unloading. The
cermet also shows this initial increasestiffness before reaching its pristine value and then

continuously loses stiffness as strain increases.
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Figure3-6 1 . versus axial strain curves for AD85 AD9951, SiG1, and TM1 cermet under dynamic loading. Due to noise

early in the experiment, points below 0.001 strain are removed. Key points are (1YLAD®Gmum strain, (2) AD84 failure,

(3) AD995-1 maximum gtess and strain, (4) AD99 failure, (5) SiC1 maximum strain, (6) SiQ failure, (7)TM-1 maximum

stress, and (8JM-1 failure. As TM1 has ar . of -0.99 at failure, it has been excluded in order to better show the features of the
adanced ceramic¥he advanced ceramics have minimal stiffness evolution before catastrophic failure as axial strain decreases.
While AD85-1 and AD9951 demonstrate a loss of stiffness at the end of the testl 8&nonstrates an increase in strength. In
contrast the cermehsws an extended loss of stiffness through the entire loading process and continually increases in strain.
Additionally, both AD9951 and the cermet experience an initial period of stiffness gain before reaching their pristine value and
then decreasing istiffness once again.

Contrasting theO damage inFigure 3-6 with the O damage inFigure 3-7, the advanced
ceramics show a general decrease in Possson r at i o, while the <cer me
increase. The major complexity is that the advanced ceramics show a large inci@aaéen

they reach their maximum axial strain points and then begin to unload. AD995 has the most
complex© curve, wth an initial linear decrease froi@ =0 at the start to a value €9.21 at

0.65% strain, which is also the point at which cracking appears on the surface of the sample in
the highspeed camera image®. then increases to a local maximum of 0.32 .80% strain

before decreasing to a minimum value-0f33 at 1.04% strain. As a fortunate visual guide in
Figure 3-7, the minimum of the AD998 O curve intersects with a section of the SiC curve
before and after this rise and fall behaviofOn This rise and fall behavior i® is seen in all of

the advanced ceramic samples presented, with AEIO8Bowing the most pronounced version

of a softeninghardeningphase and SiQ barely having any of this phase. Both ABB&nd
AD995-1 have their hills return to where they would have been had they follhweadinearO

vs. strain trend and then reach maximum strain and begin to faill B& a small gap between

its softeninghardening phase and maximum str&rom Figure3-7, the key takeaway is that the
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1440

stronger materials of AD995 and Si C demonstrate | arge decre
weaker materials of AD8% and the cermet demonstrdle damage that is close to zero or
increases. I er ms of actual rather than normalized
stiffest materials show tlhaad SiCh wédtt h Pa@i<9Ds @n 0Of st
majority of their axial strain curves), while the weaker materials have the hleests sonds r a
(AD85-1and TM1 both 3>0.22 for the majority of the
the final key observation is that all the materials fail with a posfivealue. This indicates an
increase i n Poi :1snoreaesn the anternab volunee mampared 1o she @istine

state. This likely indicates that cracks are all expanding laterally and increasing the volume of the
material. This observation is also seen in the {sigledcamera images such as those shown in

Figure 3-8-Images 3 and 4, as the samples all disintegrate laterally outward. While not
surprising, it is believed that this is the first time in the literature that such behavior has been
guantified. The softeninbardeningphase seen in th® vs. strain behavioof the advanced

ceramics may be related to the opening of an initial population of cracks that then collapse again,

with maximum strain being reached shortly after these cracks close.
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Figure3-71 1 versus strain for AD84, AD9951, SiG1, and TM1 cermet under dynamic loading. Due to noise early in the

experiment, points below 0.001 strain are removed. Key points are (1)-AD&ximum strain, (2) AD84 failure, (3) AD995

1 maximum stress and stnai(4) AD9951 failure, (5) SiC1 maximum strain, (6) S failure, (7)TM-1 maximum stress, and

@8 T™™-1 failure. The advanced ceramics demonstrate a decrease
demonstrating a sharp rise as axialistaecreases. The advanced ceramics also show a rise and sharp dgglifestrbefore

the unloading segment, with the phenomenon being the most pronounced in-ABA&83east pronounced in SiC The cermet

on the other hand shows a near continuogeease inf,. Al 1l these brittle materials demonst
damage at failure. Comparing wikligure 3-4 andFigure3-6 AD9951 and SiCL s how t he | argest decrease
before failure while having the highest stiffness and failure strength of the materials studied, suggesting that arpdgative

significant in the strength of brittle materials.
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Figure3-8 . and ry damage curves for AD85 alumina and the images associated with various points on the plots. Image 1
shows the sample before damage has become visible on the surface, and is also a local minjpumége 2 is when the first
cracks appear at the ugpcorners of the sample, indicated by arrows. Image 3 is the absolute minimgmaod . Image 3

is when the material is at maximum strain of 1.35% gpds at its lowestimage 4 shows the last frame where coherent data is
obtained from the BC measurements; beyond this point surface cracking moves into thefanéarest and halts measurement.
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3.6.Discussion
3.6.1. Observation Discussions

From comparingFigure 3-6 and Figure 3-7 with Figure 3-4 and Table 3-1, the primary
takeaway is that the accumulation of negafVe damage befar failure is not necessarily
indicative of a weaker material. The TitanMade® cermet shows an initidDlothat increases
uptoO T before showing continual negati@ accumulation to failure. The cermet also has
the highest ultimate yield straof the materials studied. In contrast, a negative and decreasing
Ovalue and a | ow Poissonds ratio are associ at
positive O is associated with fragmentation and failwkall the studied materials. Taken
together, this suggests that positi@ accumulation is a stronger indicator of failure than
negativeO . This has implications in micrmechanical modelling of these materjalsl],
which is discussed later. Fawing this possibility, it is notable that for the AD995 sample
shown inFigure3-7, which while stiffer and stronger than AD85, has the lowest failtegnsof
the materials studied and demonstrates a rise and then fall pattéen. lBositive’ O values
indicate internal volume increase, which as a macroscopic observation implies microscopic crack
sliding and crack growth. As these phenomena ameceged with increased strains for a given

stress as in EquatioB3-(), this is a sensible physical observation.

One way of examining the implied physical behavior of these material systems is@ piod
O against each other in order to visualize how the two damage variables are related. The
representative materials are plotted in this wayigure3-9, with O on the xaxis andO on the
y-axis. Segmenting this graph into the standard Cartesian quadrants produces the following

implications of combined behavior:

1 Quadrant | - O andO positive: cracks are opened and stiffness increased. This is
likely a nonphysical combination that occurs when the measured stress experienced by
the entire body and the strains measured at the surface by DIC are not in agreement.
Outside of noise facts, the most likely reason for a material to be in this quadrant is that
it is explosively fragmenting, with the interior still maintaining stress while the exterior is
expanding outward, producing an apparent decreasing axial strain in DIC. While this
shows the limitations of the DIC method when measuring catastrophic brittle failure, the

results do provide qualitative insight into material failure processes, as it suggests that the
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material fails at the surface before it fails in the interior. Behavithighquadrant comes

from the damage values obtained being a global value, while the failure process is a local
phenomenon. As a simple sharta n d , we refer to thtapartt ype «
mo de 0.

Quadrant Il - O negative andD positive: cacks are opened and stiffness decreased.

This is the expected change in properties in brittle materials from microcrack dilatancy
theoryf56], and wi | | be called the é6void growth
Quadrant Il - O and 'O both negative: cracks are closed and stiffness decreased,
suggesting that a material has been compacted into itself. This is most likely to occur
early in a test as initial porosity is crushed out and crack faces mostly perpendicular to the
loading direat on are forced into contact wit+h eac
out modeod.

Quadrant IV - O positive andO negative: cracks are closed and stiffness increased,
suggesting that porosity that had previously decreased apparent stiffnesedmas

crushed out. This mode is most dependent upon what values are chosen as being the
pristine value. This is an issue for any material that exhibits séndependency for

O, since if one assumes that the gtsdatic values are the pristine stéfs, and dynamic

loading is capable of causing an increase in stiffness, then this mode is possible.
Conversely, if one assumes that qustatic loading produces a lower stiffness and that
dynamic | oading produces t hehydictlbacase theal ue,
highest observed value @ should be O0Because of the assumed dependence upon

cracks to be closed to achi ewvcer aachki smosdeatt.e ,
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Figure3-97 . versusyy for AD85-1, AD9951, SiG1, and TM1 cermet under dynamic loading. Key points are (1) AD85
start point, (2) AD85L maximum strain, (3) AD88 failure, (4) AD9951 start point, (5) AD994. maximum stress and strain,
(6) AD9951 failure, {f) SiG1 start point, (8) SiC maximum strain, (9) SiCfailure, (10) TM-1 start point, (11) TML

maximum stress, and (1ZM-1 failure. The cermet demonstrates a similar load and unload path before it diverges, and begins to
lose all stiffness whilgr, continues to increas@he advanced ceramics demonstrate a much more complex relationship between

rrand rn. The Roman numerals indicate the different Cartesian coordinates correspondingptartfi{l), voidgrowth (1),

crushout (1), and crackclosed (V).

Further distinction can be made for the direction of the damage path. The path leading away

from the origin (0,0) is indicative of the material accumulating damage, while a path moving

towards the origin is indicative that the material is recogematerial properties from being

damaged. Distance from the origin can also be used to better qualify whether a material is intact,

damaged, or disintegrating, which can be sedrigare 3-10. Figure 3-10 shows théO vs.O

curve for the same ADS85 test as s@eRigure3-8, but adds in boxes to denote probable damage

space boundaries of intatdamaged and damagémfragment transitions. These boxes are

based on averaged maximum and minimum valu&3 @nd'O before surface cracking appears

(such as irFigure 3-8, | mage 2) for t h aftessurfade aracking buv before e s ,

failure forte 6 damagedd values. Each mater.i

the boxes irFigure3-10 are based upon all AD85 tests. While primarily a qualitative method of

al was

behavior visualization rather than a quantitative descriptor of @handO values definitively

mark the behaviotaboundaries,Figure 3-10 shows a number of key points that make

understandindgrigure3-9e asi er . First, the 6intacté

origin, with a small bias towards being in Quadrants Il and lll, suggesting that the variations

b o x

from pristine are likely a combination of nsmement noise and the material being able to
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tolerate negative damage values better than positive damage values. In comparison, the damaged
region is strongly asymmetric and not centered on the origin, showing that there is a preference
for the curves dag in Quadrant Il when damaged, the void growth quadrant where volume is
increased and stiffness decreased. Secondly, the intact boundary is within 10% of the origin in all
directions, and contains 70% of all of the points on the curve. From Paliw&tandsfb5],

the expectation is that the damage is continuously increasing throughout the test, with their
equivalent ofO falling beneath0.05 at 87% of maximum strain, and max stress being reached
at 94% of maximum strain. The results in this paper show that if the onset of failure is signified
by damage accumulation greater than 5% variation from pristine values, ithes dacurs at a

lower strain than expectfb] if tracking failure by the evolution 0O . However, if taking

failure as being related to maximum strasswith Paliwal and Ramd&b], then the material is

able to accumulate a greater than 5% increa&2 jrwhich is not predictd85]. If taking only
negativeO values as indicative of failure, then the observed values are again greater than those
predicted by Paliwal and Ram¢sh], with Figure 3-8 having a minimumO of -0.48 in
comparison to a predicted value-6f2. The third major point to observe is that while the intact
section has the points tightly clustered, the points beyond that line are more widely spaced from
each other, indicating that the material wasanging its stresstrain behavior much more

quickly than when it was behaving in a linear elastic manner.
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Figure3-107 O versusO for the same AD88 sample shown ifigure3-8, with boundaries drawn based on the maximum
values of transitionary behavior for AD&85across multiple tests. Key points are (1)AB8Startpoint, (2)AD851 maximum

strain, and (3)AD84. failure. The intact to damaged bound is based off the valu€s fondO where surface cracks begin to
appear on the surface, while the damaged to failure bounds are based on the values for whele tisistegpates. For the
majority of a test the sample remains within the intact bounded region, with only a few points in the damaged regidre While t
material ends its curve within the damaged boundary, for all the tests the curves move outsidadbd tafailure boundary at

some point.

Returning taFigure3-9, each material has its own distinctive pattern in the damage space. AD85

exhibits a sort of quasipiral around the origin, indicative @ andO changing simultaneously

with each other. By contrast, the points for AD995 form a pair of lines, onaadr@nt 1l where

the stiffness of the material increases to its pristine state Whilecreases, while the second

line is vertical around the-gxis, showing that for AD995 all damage accumulates in the
i 0o r at dws almost hllaohits inittaledansageidf beforeis s .

Poi s

sondbs r at

fails, and botfO andO increase simultaneously, sending the curve into Quadrant I. Finally, the

cermet ha®D and’O changing simultaneously with each other along a primarily linear slope in

Quadrant Il, showing that it has a void growth behavior consistent with expected brittle materials

cont

i nuously

accumul

at

ng

d a md5hle The cermdt bats A

similar initial behavior to AD995 with a lower stiffness that increases to its pristine value while
but &svs® Ipagh mat er
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as it took initially. The cermet then begins progressing along a new slope in@hddtreases
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while being strained. Given the materials show evidence of moving backwards along their
damage space curves before chanding e i r behavior from &6intacto
raises the possibility that the material behaviors have to move to intersection points of these
curves in order to transition between them. Further experimentation will be required to map out
these ptential curves, including the effects of strain rate on their shape, but this analysis points
towards how cracks physically open and shut when under load, and the internal complexities of
relieving stresses. These experiments would involve a combindtgmple repetition to define
regions of interest, loading samples without causing failure in order to observe how intact
specimens unload, and inducing damage before testing in order to examine what the effects of
cracks have on this behavidfigure 3-10 is currently an initial guiding method for how to
consider théD andO curves, and further analysis for the other materials will be held off until
new data is obtained to better refilne thumbers used and the shape of the intact and damaged

areas.

3.6.2. Implications

Beyond the discussion of the data, implications of this research for the broader field of brittle
materials research are now discussed. First, the data shows that damage acunhddh the
apparent stiffness and the apparent Poissonods
strongly in the Poissondés ratio than in stif
here. Third, the apparent values of both stiffressd Poi ssonds rati o are ¢
well as decreasing. Fourth, the combination of changes in macroscopic elastic properties can
imply microscopic behaviors such as crack closure in addition to the already predicted and
modelled crack openifig6]. All of these observations together show that damage accumulation
in brittle materials can be ndmear, noamonotonic, and can accumulate in more than one
direction even when loaded uniaxialljhese results are of major importance for modellers, as it
demonstrates new possible behaviors that are allowable in brittle materials and may have been

dismissed as nephysical in the past.

Next, a comparison is made with other models that feature ggarmaecumulation such as
JohnsorHolmquis{26], Ravichandran and Subh&tsh8], Paliwal and Rame§bb,62,129] and
Tonge[491 51,100] As afirst comparison, note that residual stiffnesses are trivially captured by

our formulation. For a completely damaged matefaf(1) where the pulverized state has 10%
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of the stiffness of the intact material, the residual stiffness can be representgd gsifness

damage ofO =-0.9. Thus, the system is overall compatible with these modelling approaches
and one only needs to ensure that the proper conventions are being used in each case. The
advantage that our framework has is that the additic® ahtroduces an additional degree of
freedom to track damage accumulation, which is particularly important for determining the
failure path that a material takes as it is damaged, an important question in brittle material
mechanickl30]. If physical damage in brittle material is irreversible, it can now be concluded
that the manifestation of that damage in the
ratio as well as Youngo6s modul us. dnmagaduter i al
show no changes in stiffness until encountering catastrophic failure, such as the casg a$ SiC

seen inFigure 3-6 andFigure3-7, whereO remains almost O for the entirely of the test before
suffering catastrophic failure, whil® shows a continual decrease. Additionally, sicecan

have both positive and negative values and is able to increase and decrease, this means that
brittle materials can manifest increased stif
ratio instead, a situation not yet considered in the literfd&iye5,105] This is particularly
important for mataals that experience crack closure type behavior as it changes how modellers
can conceive of material behavior. As an example, Ravichandran and SuBBhah their

model reasonably exclude cracks less than a critical sliding angle as they are assumed to simply
shut and not contribute to damage accumulation. Our experimental evidence now suggests that
this is not the case, and that cragespendicular to the loading direction can contribute to the
behavior of the material. While our data only shows that this is relevant at this point, research
into modell shear by Ra@t al[131] and mixed mode failure by Ruét al[132] helps guide our
consideration of what would be physically happening by discussing how shear manifests in
threedimensional cracks under conegsion. Initial microcracks can be conceptually modelled

as infinitesimally thin, but all real cracks are thtBmensional objects, and the act of pushing a

void closed produces shear strains at the tips. Shear has been speculated to play a sidaificant ro

in our previous work on crack propagation mechanics and crack speeds in AD85 and AD995
aluming109], and prior work on boron carbide has also shown shear to be a significant
contributor to amorphization and fail{®&]. Thus while crack closure can lead to an apparent
increase in stiffass with strain, it could also contribute to early failure, with porosity being a

known cause of failure strength reduction for cerarf88$. The macroscopic observations thus
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lead to new insights into microscopic mechanisms, which provides important new data for

validating and constructing models and simulatjpég9,55,128]

For simulation in paraparutt amqgdedad et yape efalaialnicree !
in Figure 3-9, has implications for developing boundary conditions used in simulation. The
sample losing surface cohesion faster than the sttesseases implies that the material is
fragmenting from the outside towards the inside while still sustaining some load even as it
disintegrates. Simulations will typically work with representative unit cells in repeating patterns

and then impose boundacpnditions at the end of the samples to represent free or confined
surfacefl11]. Being able to provide the physically observed behavior at the boundary will

provide fresh information for simulation as to appropriate boundary conditions.

As a final impication that ties into the importance of boundary conditions to simulation, the way

O evolves produces important insight for modellers. In the models of brittle fracture for
ceramic§s1,55,130] one of the core parameters is that invariably increasing confining pressure
increases the failure strenffith,55,130] The data inTable 3-1, Figure 3-4, and Figure 3-7

shows that a | ow Poissonds ratio is associat
has the lowest stiffness and peak stress, and has the Iowasange before failure. AD995 and

the cermet have the highe¢ dynami c Poi ssonds ratio, and wh
yield strength, they also have lower yield strain. Of the two, AD995 shows a decreasing

Poi ssonods rati o and t he cer met has an i ncr ez
stiffness. O f al | four materi al s, silicon carbide he¢
and exhibits a negative and decreasingb ef or e f ai l ur e. As Poi ssonc¢

lateral expansion in response to an axial strain, this immediataejgesis that lateral
confinement strengthening and | ow Poissonds r
related. From our perspective, a confining pressure is the same as an imposed maximum
Poissonbs ratio, whilepferemeatprvessar ¢ osve PoIi ts
conceptualized as the material itself providing confining pressure by having a higher resistance

to lateral deformation. The way that the materials all ultimately fail with a po&itivealue
implies that at fal ur e PpPphessosedf fails and void growth
external confining pressure would thus add to this mechanism and increase the load a sample
could bear before failure, which is exactly what is seen in the liteja668,92,13B135].
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While confining pressure is already known to change how cracks grow and interact, our
experiments iruniaxial stress showing behavior consistent with an applied external confining
pressure is a new piece of confirming information for the importance of confinement to the
failure mechanics of brittle materif#2,128,135] andshould lead to new insights as further

ways to study damage accumulation are explored.

3.7.Conclusion

This work has tracked stress, axial strain, and lateral strain independently through a
combination of Digital Image Correlation, Ultra High Speed Photography, and traditional
dynamic strain gauge measurements. Data was collected from two grades of atilrora,
carbide, and a brittle cermet that were tested in a Kolsky bar. Prior models of damage were
modi fied to track changes in apparent Poi sso
modification was made based on experimental evidence anditeasture to allow for the
possibility of &épositived damage. This was do
to elastic properties in a way that would allow for microscopic behaviors such as crack growth,

closure, and reorientation to haferred. The observations showed that stiffness could increase

from an initial val ue, and that damage accumu
stiffness for these material s. Damage accumu
deceased Poissonbs ratio is associated with a

ratio is associated with the ultimate failure of the materials. These observations improve our
ability to understand what is happening to the interior microstrecof the materials via
macroscopic observations, providing new validation data for models and simulation. The
observation of | ow Poissonbs ratio being asso

with external confining pressures increadiaidure strength.
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Chapter 4 - Dynamic Mechanical Response of Damaged Alumina
4.1. 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, whidil ief the changes to a
material that physically manifest such as crfgkd 36 140], phase changf88,91,141143],
twinning[144,145] and comminution146i 150]. Postmortem analysi4,108,146,151,152]s
often used to determine the extent of physical damage aftedmdoavent, and under quasi
static loading, in situ X-ray imaging is possib]J@53i156] When the material is
transparent0,41,157] or allows coherent Xays to pass through the sample such as with single
crystal materiald58], physical damage propagation can be studied undeantig 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 gh@€y135,152,159,160]fracture
toughnes$7,161 164], or the speed of sounds in the matgtghi 169] that relate to elastic
constants such as Young6és modulus and Poi sson
and mechana damage is in how they are measured, in that physical damage is present
regardless of loading and typically characterized via imaging, while mechanical loading is
required to characterize mechanical damage. Due to the fact that physical damage causes
medanical damage, can be measured directly, and does not need a load to be applied, it is
desirable to be able to derive mechanical damage behavior from observed physical damage in
order to predict how materials will react to loading. Past models have teckthe macroscopic
response of brittle materials by taking into account the effects of a single[4%g6&,136,170]
or the interaction of multiple cradks$,101,137,138,171]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 expefi8sitg2] 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 $4aj66,136,137,170]However, physical
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damage daenot translate to mechanical damage linearly or even monotofiichi$,174] For

example, in the study of qudsiittle rocks associated with seismic faults by Ale¢ral[173],

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
Hansorfl] showed that wave speeds in coal saspinder compression did not demonstrate

linear or monotonic change during the failure process. Building upon previous work with brittle
materials under quastatic and dynamic loading, Koet al[175] used ultrahigh-speed (UHS)
photography and digital image correlation (DIC) in conjunction with a Kolsky bar apparatus as
outlined by Loet al[60] to study mechanical damage accumulatioadwanced ceramics (e.g.,

silicon carbide, aluminum oxide, boron carbide) under dynamic loading conditions. Key results

of that study werd75]t h at changes t o t lbeverampopeandieatve ofPoi s s
damage than changes to Youngdés modul us, and
nonlinear and nomonot oni ¢ with respect to strain. T
observed to increase above pristine ciséaic values jusbefore failure in many of the tests,

which stands in contrast to prior models that assume that physical damage can only manifest as a
decrease i n appalBebs134,176 Based onspriommatigish,56,401]and
experimentgl,102,159] this apparent i uus was dnypeathesized toYbe u n g 0 s
caused by the closure of peaisting cracks with crack faces normal to the loading direction.
Crackclosure explains the apparent increase in stiffness by requiring a reduction in apparent
Poi ssonds rati o axialyintd the void pace instedd ofmerpandingdaterally
outward. This poreollapsetype behavior has been seeniinsitu scans of concrete under

triaxial compressigi02] and in scanning electron microscope images of rocks under uniaxial
compressiof140]. From scanning electron microscopy andaay tomography by Let al.[60],

Li et al[110], and Amirianet al[111], 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 umsi&and 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 paperuses thermal shock to induce internal cracking in samples as describeddty Lo
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al.[177] and extends the use of mechanical damage arfalySjsto these already damaged
materials. By introducing large internal cracks without fully fragmenting the material before
loading, the crack  closure phenomenon seen in  -ceoamic brittle

1755 material$l,61,102,140,159,170,171,173,17d4dn be studied within the context of advanced
ceramics under uniaxial compression. In addition, this study also explores the use of the shear
modulis change as a method of explaining observed mechanical damage accumulation, as
compressive loads need to be translated into local tpt&il®4,121,178]or shear
loadind101,148 150,179181] in order to result in physical damagé&his paper thus

1760 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.

4.2.Experimental Setup & Methls

1765 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 gtsdatic and dynamic testing amgere chosen to conform
with prior sampled08], but reduced in dimensions in order to produce higher pressures with
less force used, particularly in Kolsky bar experimenkt® material of interest in this study was

1770 AD995 alumina from CoorsTek, l nc. , wi tatt t he
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 ind[89r$62,565,181 183]. Additionally, it has
been used in previous papers by the authors of this[$Q&l§ 75] providing a commonality of

1775 data. The previously gathered dat9] showed that AD995 had average grain sizeB.0t 3.0
>m, minimal internal void spaces, and the silica is located at the lypaimdaries 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 chenliparity would be from grain sizes. Temperatures of 1300°C are

1780 consi dered o661 owd f or [BE3#]mardethus, kegpintp thegthermalwshockt y a
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
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carbide have graphitic inclusidd®8] and additives can produce complex phase
structure$66,67,143,185,186JAD995 is not known to have any thiese complexities.

] mm

SCIDYNO2 SC2DYNO1 SC8QS01

Figure 4-1i Internal crack reconstructions from-rdy computed tomography for SC1DYNO02, SC2DYNO1, and
SC8QS01 from Leet al[60] 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.

To produce internatracks 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 secondswif glo
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 tapmberature change is
capable of causing the formation of internal cracks that have been shown to lead to mechanical
damage in ceramifk87]. Previous studies focusing on the behavior of-g@enaged materials

have primarily been interested in geomatefial€3,173,174pr concretfl02,159]damaged by
mechanical forces. Testing of pdamaged advanced ceramics has usually been limited to
repeated loadings under dynamic comah$jl27,188] or studying already comminuted
powder$189], but Krimskyet al[190] have used thermal shocking on boron carbide. Imkky

et al]190], the predamaged samples were subjected to one or two cycles of heating and
guenching, and then characterized witliay 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
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1805 in this study being subjected to between 1 and 8 cycles to prodacety wf damaged states. If
a sample exhibited external physical damage such as surface delamination or loss of integrity, it
was excluded from further testing-rdy computed tomography was usedlwyet al.[60] to
confirm the presence of internal cracks, witgure4-1 showing reconstructions of these internal
cracks for three samples subjected to one, two, and eight thermal shock cycleBidena?a-1

1810 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, howevemot 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 respdoiading

1815 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 fati@i@ssfound during testing are
shown inTable 4-1. Samples are labelled according to the number of shock cycles (SC) they
went through, whether they wesubjected to quastatic (QS) or dynamic (DYN) loading, and

1820 what sequence in a series of similar conditions they were subjected to. For example, SC0QSO01 is
the first quasstatic sample subjected to no shock cycles (i.e. pristine), while SC4DYNO2 is the
second dynamic sample subjected to four shock cycles. The mechanical response of pristine
dynamic samples have been previously described in Kbcal[175], and four quasstatic
pristine tests are included in this study for completeness. In addition, astatasibaseline

1825 derived from manufacturer specifications is included in many of the figures demonstrating
mechanical property measurements, and this serves to show the béaweould be expected

in a purely brittle elastic response.

In these studies, thequasit at i ¢ compressive strength and Yo
1830 examined using an MTS 810 materials testing machinectimapressed samples to failure. The

servehydraulic 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 oaptute the

entirety of a 30 to 5@econdong quasistatic experiment. While the framerate was sufficient to

1835 capture axi al and | ater al strain data that (
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1845

Poissonbds ratio val ues, e thé bebavitt bf samplesidurisguattdali c i e r
failure (i.e. pospeak 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
Young6és modlPlayus aofPo3 &G onds ratio of (@M1222, and
The quasstaticval ues of Youngdés modulus and Poi ssonao:
when determining damage later. For the damaged samples subjected {stajiagsting, their
stressstrain and lateral vs. axial responses arelm@mar and of interest to thistudy in seeking

to understand relationships between physical-¢prea c ki n g) and mechanical

modul us and Poissonds ratio evolution).

Figure4-2 1 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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Dynamic testing was done using a Kolsky bar testing apparatus and ahightspeed
Shimadzu HPVX2 camera capable of capturing at ten million frames per second and 400 x 250
pixel resolution. For the experiments performed here, a framerate of 560,000,000 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 seenHigure 4-2. The Kolsky bar apparatus used incident and
transmitted bars that were 12.7 mm in diameter and made of maraging steel (Service Steel
AmericaG350) with a Youngos mordtiobf®.29, yeeld str2myt of GP a ,
2.68 GPa, and a density of 8100 ki/mThe incident bar was 101.6 cm in length, while the
transmitted bar was 91.4 cm in lengtbsing compressed gas to provide the impulse, a projectile
made from maraging steel was labed 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
stran received by the sample while it was intact and remained in contact with both bars. In order
to protect the incident and transmission ewen damage by the harder ceramic samples, 5 mm
thick and 7.94 mm diameter tungsten carbide platens jacketed innifd. outer diameter
titanium rings were used. High pressure grease was applied at thegalatple 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 uniaasapossible. This setup is consistent with others in the
literature, as noted by round robin testing performed under the supervision of Swab and
QuinM114]. A neartriangular pulse is considered ideal Kolsky bar experiments for brittle
material$61,71], and thiswas achieved by using a 3.175 mmnaéer and 1 mm thick tin pulse
shaper, with a final strain rate on the order oftb010* s* occurring over a pulse length of 200

€S. These pulse durations are much | onger
rise time§61,71], but have allowed us to achieve good stress equiliptivhh and
measurement80] for the purpose of our current study. As a demonstration of equilibrium in the
experiments in this paperrigure 4-3 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 (rightFigure 4-3), 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 validgtda et al[177] and Kochet
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al.[175]. In the experiments, strain was measuredsiBystrain 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 bridgeoanected to its own Vishay 2310b amplifier, which sent their signals to

an HBM Gena3i high speed portable data acquisition system sampling at 2 million samples per
second. The strain gauge types were Mideasurements CEA6-250UN-350 350 ohm
resistance gages 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 materidlhis setup has been used previouslKbchet al.
[191]and Lo et al[192] and has been established as part of the-efatee-art in ceramics

Kolsky bar round robin supervised testing by Swab and Qlddh
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Figure4-31 Combined strain vs. time and stress vs. time plot for SCODYNO2 on the left, and the sample showing
the various DIC regions of interest on the right. The average strain vs. time response and the stress vs. time

1895 response follow each other and the indististrain responses are not strongly affected by the region, showing that
the sample is experiencing good equilibrium.
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Digital image correlation techniques were applied to camera images from thestgtiasand

dynamic tests in order to obtain lateasld 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

manydifferent materialf 18/ 122]. DIC has been used previously in Kolsky bar experiments by

the authord110,111,175,177,192Due to the small size of the samples in our study, special

measures were required to produce a speckle pattern that would produce more accurate

measurementsnd lower error in correlation, requiring use of an airbrush with a 0.15 mm nozzle

in order to produce speckles (speckles are seEigure4-2) which corresponds to speckle areas

of approxi mat el % Dué ®@ahe high speetl ®0iages 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 thisusly to produce sufficient contrast in the images.

DIC analysis was done using the commercial 2@ (v6 2018) software from Correlated

Solutions (Irmo, South Carolina, USA), with the regions of interest discretized into 27 by 27

pixel subsets with a stegize of 7 pixelsCorrelation 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 Zeonalized sum of squared differencegecion

Prefiltering of images was done with a legwass filter, while subset weighting was done via a

Gaussian weighting, with no additional ppsbcessing smoothing. Overall confidence intervals

for correlations were consistently within the rangd@f 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 fieldtaken 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 edsipain

histories were matched to the stress histories produced by strain gauges on the Kolsky bar to

determine stresstrain curves for each of the experiments, as is commonly done in Kolsky bar

experiments in the literaty@l,117,193] This prodices stresstrain 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¥rothen g 6 s
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and Poi s sigponsesanbattackath time and strain, allowing us to track mechanical

damage evolution in these properties.

4.3.Damage Quantification

With the experimental capacity to determine axial and lateral strain and stress all
independently from each othétr,becomes possible to measure apparent elastic properties such
as Young6s modulus and Poissonb6és ratio, and
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 ricmatian produces values that
can be compared to those predicted from previous models on damage accumulation in brittle
material$55,171,194) With access to both Youngd6s modul
measurements of stress, and axi al and | ateral
each have their own damage term that accounts for how these properties evolve during loading,
and these values can vary independently of on:
modul us and Poissonds ratio are not i ndepend
mechanical damage arises from physical phenomena that affect bothipsopienultaneously.
It is through the interaction of mechanical d
a more complete understanding of the underlying physical damage evolution can be determined.
A more detailed derivation of the calculatioh damage values is found in Koeht al[175],
where the important mechanical damage terms t
denoted a® andO, respectively. Fronexperiments performed in this paper, these vaues

calculated using Equationd-1) and 4-2):

o — »p (4-1)

o — p (4-2)

whereO and’ are the primptdiuhmesY@auwmmgd®0i ssonds ratio

guastistatic experiments, respectively, add and’ are the apparent Young
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Poi ssonds ratio at each data point i n a gi Vi

propertiesare calculated using Equatio®s3) and 4-4):

O —_— (4-3)
L — (4-4)
where,, is the instantaneous stress, is the instantaneous axial strain, and is the
instantae ous | ater al strain, with Nninst a-gtiai@more ous O

laterataxial strain data point collected for a given experiment. For these experiments, each DIC
image paired with timenatched load data from the strain gauggsesents a threeomponent

data point that allows fo® and’ to be calculated for a given strain, which can then be
used to calculat® andO for a given strain or time. In the discussion of the results probing the
response of the undamaged and-gaenaged samples, the primary interest will be in damage

accumulation with axial strain.

Investigating damage in the form of Equatiofsl] and §4-2) is also motivated by experimental
datd60,110,175]where bothO andO varying simultaneusly 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 <co
in their description, such as the shear lanlt modulus; tracking these are also of interest here to
explain observed phenomena. For an isotropic linear elastic material, the shear n@didus (

calculated from Youngds modulus and Poi ssonoés

0 —— (4-5)

The same process used by Katlal[175] to generate Equationd-() and 4-2) are used here to

generate Equatio{6), which gives the apparent shear modius :

0 — (4-6)

83



with the apparent shear modulus calculated by the app&ent and’ produced by
1990 Equations4-3) and 4-4), and the pristine shear moduli@® calculated through the insertion of
the values o0 and’ into Equation 4-5). With"O and"O so calculatedthe shear damage

‘O can be calculated using Equati@dn?():

o — p (4-7)

1995
In these equation®) and'O are calculatedrom a single apparent elastic modulus each and are
thus considered primary damage responses, Vdhiles determined from two apparent elastic
moduli and is, thus, viewed as a secondary damage measure. The calcula@onfroim
Equation (7) serves ascomplement to understandi@y and'O together. Next, experimental

2000 results are discussed in three stages: direct experimental results, primary damage response, and
secondary damage response. Each stage serves to expand upon the insights ofjgmito sta
better understand how intact and physically damaged advanced ceramics behave during

mechanical loading.

2005 4.4.Results

4.4.1. Mechanical Properties

The stressstrain data curves for the twenty tests examined are seegure 4-4, with the

sample names described Table 4-1. The legend in the figure denotes that the color of the
2010 curves are associated with the level of shock cycles (e.g., SC1 being 1 shock cycle), with

repeated experiments denoted at the endefabel as 01, 02, etc. Figure4-4(a), the curves

are plotted for all experiments and all levels of damagEidare4-4(b) to 3(d), the stresstrain

curves are sudivided according to levels of damage and this helps with visualization when

specific tests are discussed here. In allfsgires, a straight red line is included to denote the
2015 mean quasstatic behavior of # alumina AD995 material, which serves as a reference for

understanding the effect of damage on the sBw#am responses for both quasatic and

dynamic conditions. For the experiments on the intact (undamaged) samples, the average
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strength for the caststatic tests 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 festapi@si

and 0.0102+0.0002 for dynamic experiments. Fieigure 4-4, the trend for the prdamaged

samples typically begin

wi 12006 below pespng 28325 t

GPa). The stresstrain curves then inflect after artan level of axial strain, with the axial

You

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 lger strain at the inflection point.

catastrophically at peak stress and no strain information is collected fepgadstollapse due to

The quamtic tests all fail

framerate and triggering challenges for the camera for gtasc testing. In the ahyamic

samples, some peptak strain behavior is captured, which forms discussions later. Generally,

from Figure 4-4, the failure strains increase as\tHsgecome more prdamaged. 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 -ofapmage. For the quasiatic experiments,

the predamaged tests mostllyave 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 thenunsuitable for testing, and so we were unable to investigate higher shock cycle

trends with the thermal shock approach. In the gsiasic tests, trends in strength as a function

of predamage are complicated as the failure strength appears to increaieneson of shock

cycles for quasstatic loading, which is, perhaps, courtguitive. This will be discussed later

in the Discussion section. Lastly, noticeable are some interesting behavieiguie 4-4: 1.

sample SC3DYNO2 has a steeper stiedsr ai n

s |

ope,

wh i

c h

ndi

cates

and additionally SC3DYNO2 has a lower failure strain than all other samples; and, 2. samples

SC8DYND1 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 SC8QSO01 inflecting at 0.0051 strain. These sangskes

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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Figure 4-4 1 Stressstrain
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) showd a
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
quasistatic 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 sbdamaged
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 drengths and failure
strains than the intact samples,
but as the number of thermal
shock cycles increases the
quasistatic samples show an
increasing trend in failure
strengths and strains. Finally,
while the damaged samples falil
completely at peak stresand
strain, the pristine samples have
unloading sections where stress
and strain decrease.
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0.035" (a). vs. axial strain curves
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Z 0.025 2100 samples tested,
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-0.005 - thermal shock cycles
: : : : were applied, panel (c)
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5 <107 , - 2110 subjected to between 1
4 (b) and 3 shock cycles,
3 R | and panel (d) has the
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=0 Scogﬁ;l; additon to pristine
&1 SC0QS04 quasistatic samples, a
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Next, we show the corresponding lateral vs. axial strain relationships for all intact and pre
damaged tests iRigure 4-5. Again, the figure is sullivided based on prgamage levels for
improved visualization and a legend is included where color notes the level of shock. The
baseline quasstatic behavior (red line) is also shown in each-fagire for reference on the

effect of damage on the lateral vs. axial strain relationships. Note the y limits ffigatds (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 expertimen t he sl ope (or Poi
lateral vs. axial strain is 0.22+0.01 for the quststic experiments and 0.29+0.08 for the
dynamic experi ments, and this is consistent
damaged samples across btes inFigure4-5, there is a region of neincreasing lateral strain

for increasing axial strain at lower axial strains, followed by a mostly lyn@acteasing region

for lateral strain as a function of axial strain. The inflection point does not strongly associate with
the number of shock cycles. The Aagreasing region is likely related to void collapse and
crack closure, which will be discusskder 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 pdamage or strain rate, nor do the inflection points. Trends
become moremparent later when investigating these behaviors with respect to changes in shear
modulus inFigure4-9 and Figure 4-10. Dynamic tests generally show a larger lateral response
than quasstatic tests of the same pllamage 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 aignificant trend in terms of average lateral strain at failure, with SC0 > 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 respogse du
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 so. This unloading behavior is most extreme inDSCG®1, where during
unloading the strains measured by DIC become out of sync with the stresses measured by the
strain gauges. This is seenkigure 4-4 as the stress remaining near constant while the strain
rapidly decreases. While ngohysical in nature, what this result tells us is that the lateral
expansion of the cracks is causing-otiplane movement that the DIC is interpreting in part as a

decreas in axial strain. This is supported by SCODYNO1 showing extreme lateral strain increase
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in Figure4-5. The equilibrium seen iRigure4-3 and the pristine quastatic values conforming

to manufacturer specifications indicate that our methodology is accurate up to failure (near peak

stress). After failte the measurements are considered qualitative, as suepeasisbehaviors

ar e

not we |l |

they occur over.

k nown i n the

terature

for

adyv .

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 shad&scfor quasstatic

loading). The primary inferences that can be drawn fragure4-4 andFigure4-5 on their own

is that the relationship between physical damage and mechanical responsénsarand non

monotonic. This is known to occur in geomatefigls73,174] but in those studies the degree of

physical predamage was not as controlled. Further analysis of the material requires shifting from

examining the stresstrain and lateral vs. axial curves to examining the primary mechanical

damage values @ andO . The most interesting features of these tests are associated with low

stressstrain or laterabxial responses that are not clearly observddgare4-4 andFigure4-5.

4.4.2. Damage Accumulation

The primary damage variablé® andO are calculated from the stress , axial strain- ,

and lateral strain

, usingEquations (3) and (4), respectively. The plottingOofvs. axial

strainis shown inFigure 4-6, andthe plot of O vs. axial strain is shown iRigure4-7. The

same legend and sydbotting scheme fronfrigure4-4 andFigure4-5 are used irFigure4-6 and

Figure 4-7. The red line corresponding to the expected gsiasic behavior is also shown in

both Figure 4-6 and Figure 4-7, 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 inFigure 4-6 all show large negativ® values at lower strains before an inflection

occurs, and the values begin to converge tow&ds= 0, with two exceptions.

The first

exception is SCODYNO1, which exhibits the opposite initial behavior by exceeding the pristine

Youngos

mo d u lalussainsa beforé converging (O

= 0, and then having an

increasingO value during unloading. The second exception to the general trend is SC3DYNO2,

wh i

c h

passes

ts

pristine

st

ffness

and
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failure, exceedin®  mand havindfD 1@ rmat failure. In isolation, thi® 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 bdg®%5,56] Additional insights are found

via examination oD andO in Figure4-7 andFigure4-10, respectively.
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2250

Figure4-6 i ‘Og 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 eldis
behavior based expected
failure strain with no
damage before failure.
Pristine quasstatic lines
are obscured by the
baseline quasstatic line,
which  captures their
behavior. Seen is thail
of the samples start with
low effective stiffness

before ecovering
towards their quasstatic
pristine  value O

1t before plateauing at
some value, with the
exception of SC3DYNO02
and SCODYNO1, which
show stiffness greater
than its quasstatic value
at failure. Of particular
interest is the fact that
this canvergence towards
quasistatic pristine also
holds for the pristine
samples, even if they
begin higher than pristine
such as SCODYNO1 and
SCODYNO2.
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Figure 47 - 0O

Poi ssonods ratio

versus axial strainPanel
(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
subjectedto 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 thei behavior.
The image shows a wide
variability in the
behaviors, in comparison
to Figure 4-6, 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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