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1. Introduction

Non-crystalline (amorphous) ceramics or ceramic glassesased in a variety of vital Army
personnel, ground, and air vehicle applications that regquansparent armor—it is ubiquitous in
tactical vehicular windshields and side windows. Ceranasgis inexpensive and formable into
large, flat plate, and curved shapes. For many years it hasknesvn that the properties of glass
can be modified and enhanced through compositional moddicathemical strengthening,
annealing, and process control of melt cooling. Glass cesarthe controlled crystallization of
nanosized single crystals in a glass matrix, offer anothenae for designed and enhanced
property modifications for transparent and opaque matapialications. In addition, certain
glass formulations have been shown to exhibit enhancednpeaihce against shaped-charge jets
(SCJs) (figure 1) and other ballistic threats, but it is naterstood why. This is in part due to
various short- and longer-range atomic structural charestics including atomic free volumes,
cation coordinations, bridging and non-bridging oxygén étoms, bonding energies, and
nanoscale order characteristics (short and longer rahgeate difficult or impossible to quantify
experimentally for ceramic glass.

In contrast, crystalline ceramics like silicon carbidg’), aluminum oxynitride {/ON), and
others have easily characterizable microstructures/stestures, which consist of assemblies of
individual single-crystal grains. Ceramic glasses, orotiner hand, do not have a conventional
micro- or mesostructure, as it is understood for crystaliaramics. However, there are
microstructural-scale variations in ceramic glass that melude density variations from atomic
free volume variations or microporosity, size of local atowrder, defects (inclusions, large
pores, etc.), and others yet to be determined. The interaofia stress/shock wave from a
dynamic impact involves many structural changes not eabkiyacterized by conventional
equations of state and can involve reversible and irreblersiensification and changes in bulk
short-range order structures comparable to phase chamggsstalline ceramics. For example,
in simple Hertzian indentation testing, a wide range oftida® inelastic deformation
mechanisms have been observed in a variety of glasses. sbhlticomputational design
methodologies (figure 2) for this class of materials willyeheless, require quantitative and
possibly statistically based descriptions of the mesesedthough current efforts to develop such
models have fallen far short of this goal.
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Our specific long-term research goals are threefold:

1. Develop molecular dynamics (MD) process models for asef chemically substituted
amorphous silica (&40, or fused silica) materials for the prediction of glass etast
properties assuming completely uniform glass “mesoasiraest” If successful, such models
will enable ab initio prediction of structure-propertyatbns in glass that will be validated
with experimentally determined elastic properties.

2. Extend the MD models to study densification of chemicallystituted asiO, materials
under high pressures-60 GPa Materials in Extreme Dynamic Environments [MEDE])
relevant to ballistic events where reversible and irraldglensity changes and structural
transformations have been observed. If successful, sudelswwill enable ab initio
prediction of as5i0O, compressibility, kinetics, and “glass” phase transfororet that will be
used to develop equations of state faf @), materials, and thus form a direct link to the
continuum scale.

3. Develop a fully validated multiscale finite element cotgbional model and code
incorporating the effects of reversible and irreversitgagification, inelastic deformation, and
overlain by a spatiotemporally evolving population of gnogvdefects, which coalesce and
ultimately lead to fracture and fragmentation. It is ersigd that at some time in the not too
distant future, fully concurrent multiscale computatibiisite element codes will be used by
analysts on a regular basis for optimal material design.

1.1 Organization of the Report

The remainder of the report is organized as follows. Gergrajram objectives are outlined in
section 2, and the approach for modeling the multiscale\behaf glass appears in section 3.
Experimental work on various glasses is described in sedtjievhich is highlighted by
indentation experiments, edge-on-impact ballistic expents, ballistic impact and fragmentation
studies conducted at the Ernst-Mach Institute, and higespire diamond anvil cell experiments
conducted at the U.S. Army Research Laboratory (ARL). $adidescribes the development of
a new short-range pairwise potential for silica using abbhdmnolecular dynamics (AIMD)
methods; the discovery of an — O soft repulsive shoulder in silica may explain multi-stéipil
behavior of glasses under pressure and anomalous dengifibahavior. The new potential is
used to simulate glass nanoindentation experiments,idedaarlier in section 4.2.1. Section 6
introduces similarity analysis for elastic media that éxtfracture induced by indentation; a
universal scaling law is derived, which is invaluable folidating computational methods
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capable of simulating crack propagation. The mechanicsd#ntation is studied in section 7,
where fully three-dimensional stress and displacemeunisfiate presented, which are also useful
for verification of computational simulation methods. Epsgnciples quantum mechanical
methods are used to model densification and bulk moduluati@riwith pressure in section 8.
Since inelastic deformation and a polyamorphic transféionabccurs simultaneously in fused
silica, a model is developed to account for this coupled Wienan section 9 and compared to
plate impact experiments. A peridynamics computationdegsection 10) has been developed
to enable modeling of quasistatic and dynamic fracture vesein glasses. Initial efforts to
model indentation experiments and validation with the argal scaling law are described in
section 6. Section 11 outlines a one-day short course orFAinedamentals of Glass Science,”
that was taught by Professor Arun K. Varshneya, Alfred Ursitg, at ARL on October 29, 2010.
Course attendees received copies of Varshndya'slamentals of Inorganic Glassé26). A
short-term conceptual project to determine an effectiyeearmental and theoretical approach to
model and characterize the role of glassy materials intregiballistic impact was conducted by
Professor Richard Lehman, Rutgers University, detaileskotion 12. Section 13 describes
ARL's new glass processing facility and our initial effoiisprocessing borosilicate systems for
evaluation in the transition of this program to the WeapaortMaterials Research Directorate’s
(WMRD) core mission in fiscal year 2013 and beyond. Sectiosuimarizes the conclusions
of this final report. Metrics including presentations, poadions, hires, and transition of the DSI
program to a core mission program within WMRD are listed ictiom 15.

2. Program Objectives

The long-term research goal of the program is to develop awoent multiscale computational
finite element code for optimizing or enhancing the perfarogaof various glasses against SCJs;
the initial work focuses on pure &0, and chemically varied &iO, materials. As such, this
objective falls squarely within the purview of the WMRD, senmultiscale models are
constitutive models (specific to a particular material) velire time-evolving microstructural
changes, such as microcrack growth, are fully coupled tortheroscale, a phenomenon that
cannot be modeled or accounted for using classical hompggom methods. A more immediate
research objective is to understand why certain chemisalbgtituted &70, materials exhibit
enhanced performance in the defeat of SCJ and other bathséats.

Our program objectives are threefold:



1. Develop MD process models for a series of chemically switstl a:570, materials to predict
glass elastic properties. This glass plays an importaatinoinany technological applications
and its structure has been inferred from neutron-diffaaGthuclear magnetic resonance, and
small-angle x-ray scattering (SAXS) analysis to revealradkdimensional network
consisting of tetrahedrally coordinated silicdii) whose structure is constant throughout the
glass and defines its short-range order (SRO). Long-rarsgeddr in the structure is
manifested by a seemingly random variation in #ieD-Si bond angle in adjacent tetrahedra.
Despite the intense study of%0- glass over the last several decades, much controversy still
exists on the best method to model (i.e., via density funetitheory, MD, Monte Carlo
methods, or master equation techniques) this archetypairmlao predict of elastic
properties, diffusivity, surface interactions, bond andjstribution, polyamorphism, and melt
solidification. Current models in the literature are often fully validated and progress
towards this goal will be made when model predictions ofteda®nstants for a series of
chemically substituted &0, glasses agree with experimentally determined constants.

2. Extend the MD models to study densification of chemicallystituted asiO, materials
under high pressures. Since long-range order in glass ieristent, variations in the SRO
and intermediate range order (IRO) must be responsibldéenhanced performance
observed in ballistic tests on certairba), glasses. If thisis the case, it may be possible to
use MD models to predict macroscopic ballistic performan8ece glass is subjected to
extreme pressure and temperature during an SCJ event, litemlecessary to study the
relationship between compressibility, kinetics, and phaansitions during high-pressure
densification of a5:0, glasses as manifested by changes in coordination numhegiside,
and free volume. Progress towards this goal will be made Whierderived equations of
state (EOSs) agree with those obtained experimentallyigmahd anvil press and plate
impact experiments.

3. Develop a fully validated multiscale finite element congtional model and code that
incorporates the effects of reversible and irreversiblesdiation and inelastic deformation,
overlain with a spatiotemporally evolving population ofetgs that grow, coalesce, and
ultimately lead to fragmentation. This objective will déve a computational framework to
combine the objectives from (1) and (2), and incorporatartfieence of fracture initiation,
growth, coalescence, and fragmentation of surface ananmhlefects in glass into a
comprehensive concurrent multiscale finite element mad@lcade. Microcrack initiation,
growth, and coalescence (sometimes referred to as failavesyis a multiscale phenomenon
that bridges all scales in.8:O, glasses despite the apparent absence of a structural raksosc
for this class of materials (figure 2). Algorithms to devefalty two-way coupled multiscale



codes are in their infancy, and progress on this objectiVeoeirealized with the successful
development and implementation of a consistent schemetose-graining localization
phenomena such as fracture failure observed in glass.

3. Planned Approach

The planned approach consists of three components, wheatudlined in figure 3:

1. Validate the MD models for a series of chemically substitat<':O, materials to predict
glass elastic propertiesAlthough there is no effort within WMRD to predict 80O, elastic
properties, a hierarchical multiscale modeling effortusrently underway, which is focused
on the study of polycrystalline200 m grain size)AION and validation of quantum and
MD predictions of anisotropic elastic constants using aiachanvil cell (DAC) and
focused-ion-beam (FIB)/scanning electron microscopyM$pEompression tests on oriented
AION single crystals Z7). We plan to use MD methods (with possible MD coarse-grahin
to simulate glass process modeling during melt solidifisaby quenching a high-density,
high temperature, and pressure (with possible polyamongiases) melt for a series of
chemically substituted &40, materials. Next, the resulting room-temperature, chelfgica
modified structures will be reversibly deformed to predie elastic properties that will be
validated with experimentally determined elastic projstrt

2. Validate the MD models for densification of chemically siib&td a-570, materials under
high pressures.Although there is currently no effort within WMRD to preditite EOS of
chemically substituted 870, materials, MD methods have been used to predict high-
pressure densification in these materials. MD simulatidpsice a:5i0, materials reveal a
Hugoniot elastic limit (HEL) of about 10 GPa, and an anomalmaximum in
compressibility at around 3 GPa. Experiments where sanmales been compressed to
pressures lower than 10 GPa are indistinguishable fromrigaal material, whereas above
10 GPa, materials can sustain an irreversible densityaseréom 10c—207% higher than the
starting material, although there is controversy as to hdrehe mechanism is due to
irreversible coordination defects or permanent ring sipelification. In contrast to the
behavior of as'iO,, crystalline quartzq-5:0;) undergoes very well-known high pressure
polymorphic phase transitions into a Coesite phase andhdsiie phase (figure 4), which
involve changes in coordination of tt%# cation from four to sixO atoms. A combination of
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Figure 3. Five-year roadmap consistent with the WMRD lerittlaterials program.

diamond anvil press and plate impact experiments will belooted on a series of chemically
substituted a'i0, materials and compared with MD densification simulationglass in

order to understand the influence of glass modifiers on clsangbe shock response of these
materials. EOSs for a subset of promising chemically stulieti materials will be developed
and implemented into a continuum code to determine if anp@themically substituted
materials exhibit enhanced ballistic performance.

. Develop a fully validated multiscale finite element compateal model and code that
incorporates the effects of reversible and irreversiblagiéication and inelastic deformation
overlain with a spatiotemporally varying population of deffs that grow, coalesce, and
ultimately lead to fragmentationThe ultimate research objective is to develop a
physics-based multiscale computational finite elemené dodstudying densification and
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dynamic fracture in non-crystalline ceramics (see figure&jomistic behavior will be linked
to macroscopic elastic properties and densification beh#wough development of an EOS
from first principles as outlined in components (1) and (2} thhs stage, what remains to be
accomplished, is to successfully link, in a concurrent i@sjmultiscale failure phenomenain
a-5i0, materials by incorporating the important role that presewg surface and volume
defects have on the microcrack growth, coalescence, agdhématation in this class of
materials. Over the past five years, the first author has @&eo birectly involved in
development of a parallel, concurrent multiscale code &efogeneous viscoelastic
composites Z8) under the auspices of an ARL/University of Nebraska coafper
agreement, which will be leveraged and used as the framefwotke development of a
concurrent multiscale model of &0, materials.

The chief challenge for brittle materials is to correctlgaent for the growth kinetics of
microcracks in a multiscale computational environment.e plopagation of free internal
boundaries at lower scales will be “coarse-grained” to éigitales, where global fracture
failure and fragmentation is observed. As such, coarseigrpalgorithms will need to be
validated through continuum-scale experiments ¢fi@; materials that measure dynamic
crack propagation speeds, mixed-mode failure, and crdakchation phenomena using
coherent gradient sensing and high-speed imaging tecbsiiglRL possesses capabilities for



conducting such dynamic fracture experiments it &+ materials through the recent
establishment of a coherent gradient sensing/imagintitieitinded by the ongoing

multiscale modeling effort cA/ON. Models and validation of the initiation and propagation
of discrete fractures in 810, materials should transition naturally into models of
fragmentation and comminution for behind-armor-debrigliaptions. Fragmentation
experiments have classically been conducted using dymdgnexpanding ring experiments
for defining fragment size versus strain rate and will be use@lidate computational models
of fragmentation. The development of consistent coaraeigrg algorithms for fracture in
materials, which is associated with failure and loss of mwatstability, is largely unexplored
and is the primary high-risk goal of this section.

4. Experimental Work and Background

4.1 Background
4.1.1 Compositions

Silicate-based ceramic glasses are based on chemicaitstibss into aS:0, tetrahedral-based
polymeric-like structure; fused silica is an amorphousfcoystalline) form of puresiO,. Table
1 lists the compositions and properties of typical glasses.

Table 1. Glass compositions # and selected properties.

Glass Si0Oy | AloO3 | CaO | B3O3 | NasO | K20 | p (glen?) | E (GPa)| v

Borofloat 80.5 2.5 0.02 | 12.7 3.55 .64 2.23 62.3 .207
Starphire 73.2 1.44 | 10.27 - 1472 | .01 2.51 72.3 .23
Fused Silica)] 100 - - - - - 2.2 73.0 17

4.1.2 Structural Characteristics of Ceramic Glasses

Simplistically, the predominant macro-characteristiogcfon and larger) can be a variety of
defects including inclusions, bubbles, large pores, asdival compressive or tensile stress. The
notion of an array of crystalline grains separated by graumiolaries (a microstructure) does not
existin glass. Rather, there is a complete lack of long-@ander, but short- and
intermediate-range order at the nanostructural scale:



e Short-range order: Mostly atom to atom bond lengths, less €5 nm and bond angles;
characterized by radial distribution functions (RDFs) &#&S.

¢ Intermediate-range order: In silica-based glasses,shitei polymerization of the silica
atomic tetrahedra (one Si atom surrounded by four oxygemgtoto various size ring
structures of joined tetrahedra, which can consist of 4, 3, 8, or so ring groups of
tetrahedra. Substitution of other catiodéd, K, Mg, Ca, etc.) andB into silica-based
glasses can have profound effects on the IRO. It is also itapbto note thaB bonds to three
oxygen atoms in flat triangles.

e Free-volume: In crystalline materials, using the thecedtilensity, it is straightforward to
calculate the atomically unoccupied free space. In glasisissunoccupied atomic space is
referred to as “free volume,” but because of an unknown geristructure, it is extremely
difficult to quantify in glasses. The free volume plays aicaitrole in glass densification
under stress/pressure.

e There can be significant complex spatial variations of defdree volume, atomic structure,
and resulting properties at the nanoscale.

e Itisthe current wisdom of the glass community that the staortl intermediate-range order at
the nanoscale in glasses can have a significant influencenos gmperties.

4.1.3 Effect of Stress/Pressure

Deformation and failure in ceramic glasses begins withnslte to irreversible densification
and/or critical cracks nucleating at defects:

e High pressure can have significant effect on coordinatiostahanging from typical fourfold
to sixfold coordination of oxygen arourt) - (quartz-like to coesite-like to stishovite-like
structures, as for crystalline quartz shown in figure 4).

e The degree of polymerization or distribution of the ringustures can also change as a
function of pressure.

e The common consensus is that the ring distribution is thmgmy control of some properties;
however, at very high pressures, the change from four tolsiX{: coordination will
significantly influence properties as well.

10



e Some properties of fused silica (puseO, glass) are anomalous, e.g., a negative change in
shear modulus as a function of pressure. Bando eBakhow that the radius of curvature of
a crack in glass (figure 5) can be about 1.5 nm, suggestingh®3RO can significantly
influence crack propagation.

Figure 5. The radius of curvature of a crack in glass afterddaf3).

11



4.1.4 Plasticity in Glass

Ito (4) has presented fairly simple methods of determining thilémeess (figure 6) or, conversely,
the plasticity of glasses, which he uses to suggest thatrittiebess is dependent of IRO or the
distribution of ring structures seen in figure 7. Table Xlislues for the brittleness parameters.
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Figure 6. Brittleness vs. density for glasses in i€, and B,O3-based
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Table 2. Brittleness parameters.

Glass Brittleness Parametepin='/2)
Fused Silica ~10

B>03 Based glass ~1

Soda Lime ~5-7

The brittleness, therefore, seems to be dependent on tbetfon and fracture behavior, which
depends on flow and densification before crack initiation@mthe bond strength of the network
and seems to decrease with a decrease in density—a freeeveffent. This is addressed by

Ito (4) in the same paper.

Conclusions from this work are as follows:

e Both glasses are commercial SL based glas$é&:, K),0 — (Mg, Ca)O - SiOs.

e The LB glass appears to have a higher polymerized networktti@SL glass, i.e., a
significant difference in the ring structure distribution.

¢ IRO at the nanoscale seems to be controlling the brittleokett®se glasses.

4.2 Experimental Results

The absorption/dissipation of deposited energy in an exrenpact event depends on the various
deformation and failure/fracture mechanisms that areaetil during the event. In addition, in a
multiscale modeling and simulation “Protection MateriaysDesign” approach, it is absolutely
critical to experimentally determine the key propertiethatvarious scales to validate the
theoretical computational results. We have used varioasiegtatic indentation, edge-on-impact
(EOI), and ballistic impact tests for this purpose.

4.2.1 Indentation

Studies on the deformation and fracture of glasses and Al€ih\gwa spherical 50@m-diameter
diamond indenter was recently carried out by Wilantewisg (Results for a SL (Starphire),
boron substituted glass (Borofloat), fused silica, and AD@&lillustrated in figure 8 and tables 3
and 4. There are significant differences in the deformatiwhfeacture behavior of these
materials.

13
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Figure 8. Elastic recovery vs. load for a variety of glasdter &Vilantewicz 5).

Table 3. Elastic recovery in
indentation tests at 200 N.

Material

% Elastic Recovery

AION

71

Starphire

73

Borofloat

79

Fused silical

86

Table 4. Deformation and fracture loads after Wilantewisy (

Material

Onset
Dimpling
(N)

All Tests
Dimpled
(N)

Onset Ring
Cracking

(N)

All Tests
Ring Cracked

(N)

Onset Radial
Cracking

(N)

All Tests
Radial Cracked

(N)

Starphire (tin)

30

30

65

75

75

100

Starphire (air)

20

30

65

100

100

125

Borofloat (tin)

30

35

30

45

100

200

Silica Glass

75

100

20

30

65

75

AION

35

45

45

65

40

75
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It is clear that these materials behave in significantlyedéht ways. The onset of dimpling is the
result of a permanent plastic deformation. The normal etgpien for these materials is that as a
function of increasing indentation load the material resgowould proceed through an elastic
regime, then through a plastic regime, and finally into aldrag/fracturing regime. Table 5
summarizes the observations. Silica glass (fused silmayever, behaves in a dramatically
different way, fracturing prior to a plastic mechanism.

Table 5. Onset of elastic, plastic, and
fracture responses after
Wilantewicz 6).

Material Response

Starphire: elastic— plastic— fracture
Borofloat: elastic— plastic— fracture
Silica Glass:| elastic— fracture— plastic
AION: elastic— plastic— fracture

4.2.2 Edge-on-impact Studies of Fused Silica

The experimental arrangement is illustrated in figure 9 aseri@s of time-resolved photographs
are presented in figure 10.
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Figure 9. EOI experimental arrangement after Strassbtger ©).
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Figure 10. (a) lllustration of a series of EOI tests in fusilidasby a solid steel
cylinder at 350 m/s at various times; first and third rowssiliate
shadowgraph photographs in plane light showing damagendeand
fourth rows are photos in crossed polarized light, whichastiee
propagation of stress via a photoelastic effect; and (3titates the
irregular nature of the damage front due to the presence of
macro-defects from the same test after Strassburger é)al. (
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Table 6 lists the measured velocities of the longitudinalegatransverse waves (shear waves),
and crack and damage front velocities in fused silica. Nuwdethe longitudinal wave velocity
for fused silica is 5.93 km/s and the shear wave velocityid 8m/s.

Table 6. Compilation of measured wave, crack, and damageitiek in
fused silica after Strassburger et &).(

Impact velocity (m/s) 150 | 260 | 350
Longitudinal wave speed (m/3) shadowgraphs | 5975 | 6076 | 5823
Longitudinal wave speed (m/g)crossed polarizers 5814 | 5796 | 5491

Transverse wave speed (m/s) shadowgraphs - 3500 | 3670
Crack velocity (m/s) shadowgraphs | 2234 | 2149 | 2120
Damage velocity (m/s) shadowgraphs | 5641 | 5728 | 5121

4.2.3 Visualization and Analysis of Ballistic Impact Damag and Fragmentation in
Various Glass Plates

In this series of experiments Borofloat, Starphire, anddissiéca were tested in a standard
ballistic configuration. The plates were impacted by a fr68-armor-piercing (AP) round, and
a solid steel cylinder inside of a box to contain all of theutesg fragments. The fragments
were removed from the box with a vacuum and then sorted bgsie¥igure 11 illustrates the
experimental arrangement.

Table 7 lists the details of the various tests conducted ethitee glass types. Note that the
dimensions of the Borofloat glass plate used in t#4{7 742, were significantly different than the
others, which has skewed the fragmentation results at thedasieve size 2 mm. Figure 12
illustrates a series of very-high-speed photographs asdifun of time for the four tests listed in
table 7.

Table 7. Test parameters with different types of glass.

EMI Test No. Type Dimensions (mm) Thickness (mm) Projectile | Impact Velocity (m/s)
17742 Borofloat 149.4 x 149.7 12.94 cylinder 1089
17749 Fused silica)] 101.65 x 101.67 12.75 cylinder 1107
17750 Fused silica] 101.62 x 101.62 12.75 7.62 AP 824
17751 Starphire 99.9x99.7 10.06 cylinder 1115

17
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Figure 11. Schematic of (a) ballistic test configuration émdarget after
Strassburger et al7).
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Figure 12. Selection of high-speed photographs from impaatarious glasses
after Strassburger et al7)(
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The observed propagation velocities of the damage zone imgeact of the steel cylinder are all
below the transverse wave velocities of the materials, @s setable 8, which compiles the wave
and fracture velocity data determined from EOI tests aloitg data from the actual test series.
When fused silica was impacted by the 7.62-mm AP projectile formation of single radial
cracks were observed, which propagated at an average tyadd@394 m/s, which is in very
good agreement with the crack velocity determined for fuskch from EOI tests.

Table 8. Compilation of wave and fracture velocity datard&tassburger et al7).

Glass Type | Longitudinal Wave| Transverse Wave Terminal Crack Damage
Velocity (m/s) Velocity (m/s) | Velocity (m/s) | Velocity (m/s)

Starphire 5890 3570 1580 3073
Borosilicate 5543 - 2034 2857
Fused Silical 6021 3858 2400 3007° 2394

@ steel cylinderp = 1100 m/s
T AP projectile,v = 824 m/s

4.2.4 High-speed Photography

The three types of glass tested exhibited a very similatdragattern under impact of a steel
cylinder at 1100 m/s. A circular damage zone developed artihumimpact site, in which the
glass was strongly fragmented and no single cracks couldsbaglished during the first 10s
after impact. After this first damage propagation phasejlsioracks became discernible at the
perimeter of the damage zone. In the following, a severehyatged inner zone and an outer
zone with a lower fracture density could be distinguisheele&ions of 16 high-speed
photographs from each test with the cylindrical projedile presented in figures 13, 15, and 17.
The analysis of damage propagation revealed differentitede with the three types of glass.
The corresponding path-time histories are depicted indigad, 16, and 18.

When fused silica was impacted by the 7.62-mm AP projedigefdormation of single radial
cracks could be observed, which propagated at an averaggtyedf 2394 m/s. This is in very
good agreement with the crack velocity determined for fuskech from EOI tests Z9). A
selection of 16 high-speed photographs from the AP pradgeictipact on fused silica at 824 m/s is
presented in figure 19. The corresponding path-time higibfsacture propagation shows the
diagram in figure 20.

19



Figure 13. Selection of high-speed photographs from impad@orofloat glass at
1089 m/s; Tes#17742 .
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Figure 14. Position-time history of damage propagationandfoat glass at 1089
m/s; Test#17742 .
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Figure 15. Selection of high-speed photographs from impadtised silica glass
at 1107 m/s; Test17749 .
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Figure 16. Position-time history of damage propagatioruged silica glass at
1107 m/s; Tesg17749 .
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Figure 17. Selection of high-speed photographs from impa@L glass at 1115
m/s; Test#17751 .
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Figure 18. Position-time history of damage propagationlirglass at 1115 m/s;
Test#17751 .
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Figure 19. Selection of high-speed photographs from impadtised silica glass
at 824 m/s; Tes#17750 .
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Figure 20. Position-time history of damage propagatioruged silica glass at
824 m/s; Tes#17750 .

23



4.2.5 Fragmentation Analysis with Glass

The glass fragments from these experiments were colleci@deparated into size classes by a
chain of sieves in the same way as the ceramic fragments. €bkh sizes used were 2 mm, 1
mm, 0.5 mm, 20Q:m, 100pm, 63m, and 25:m. The total mass of each size fraction was
determined. Figure 21 presents the values of the total femgymass in the different size classes
with the four different configurations. The correspondingneilative mass plot is shown in
figure 22.

A very high total mass of fragments of size > 2 mm can be reaaghwith the Borofloat glass.
This result can be attributed to the size of the sample (15«60 mm), and therefore, the
higher total mass (643 g) compared to the fused silica (220d)he SL glass samples (250 g).
The highest fragment mass was found with fused silica initeedasses from 63 mto 1 mm.
The cumulative mass plot also reflects the highest degreagiientation with fused silica in the
tests with the steel cylinder. The least degree of fragntiemtavas observed with fused silica
impacted by the AP projectile. In this case, the projeciie penetrated the aluminum backing
nearly complete and a lower amount of energy was dissipatdgeiinteraction with the glass.

350
300 -
o) B Borofloat
o 250 - B Fused Silica, steel cylinder —
©
£ 200 - O Fused Silica, AP round -
S O Soda-lime
£ 150 -
g
= 100 -
e
O i ‘_ﬂ T e
2 0.063 0.025
mesh size [mm]

Figure 21. Fragment mass distribution from sieve analysiseists with various
glasses after Strassburger et &l). (
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Figure 22. Cumulative mass plot for tests in various glasses
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4.2.6 Density Measurements with Glass Fragments

The compressibility of glass has been studied for sevembky&nd permanent densification up to
20% under high pressure has been report®d3(). Figure 23 shows the results of densification
measurements with silica glass atZ5from three different researchers.
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Figure 23. Densification of silica glass at 26 as a function of pressure from
Mackenzie 8); curve A from Roy and Coherd), curve B from
Christiansen et al.10), and curve C from Bridgmanl().

The elastic shock induced at the impact surface betweenectite and a target is determined by
the acoustic impedances of the projectileand target material; and is given as follows3{1):

ZpZ c c
p— PTVP_ PPPPTTVP
zZp + 2z ppcp + prer

(1)

wherepp, pr is the density, andr andcr are the longitudinal sound wave velocity of the
projectile and target material, respectively.

If a steel projectile impacts a fused silica target, we have 7.85 g/cm, pr = 2.2 gleni, cp =
5100 m/s, and; = 6021 m/s, then a shock pressurexdfl GPa (110 Kbar) is generated during
impact of a steel projectile traveling at abdgt = 1 km/s onto a fused silica target. As per the
data in figure 23 (curves A, B), #4-10% densification could possibly be expected.
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Therefore, floatation-sink tests were performed with fusda fragments of size 1-2 mm and
0.1-0.2 mm from impact test$17749 (steel cylinder, 1107 m/s) agd 7750 (7.62-mm AP
projectile, 824 m/s). Aqueous sodium polytungstate (NaRh used as heavy liquid for the
float-sink analysis. The density of the heavy liquid wase@within the range 2.19-2.4 g/ml.
The density was measured by means of precision areometatde 9 summarizes the test data.

Table 9. Data from floatation-sink tests with fused siliagfnents from impacted samples.

Test| Impact | Particle| Mass Volume Addition | Addition Density | Observation:
Test No.| Size | sample| NaPW-soln:| dist. HbO | NaPW | NaPW-soln:
(mm) (9) (ml) (ml) (ml) (g/ml)

1. 17749 | 1.000 | 4.99 50 15 X 2.40 silica swims
1. 17749 | 1.000 | 5.08 300 25 X 2.35 silica swims
1. 17749 | 1.000 | 5.26 325 15 X 2.29 silica swims
1. 17749 | 1.000 5.01 335 15 X 2.24 silica swims
1. 17749 | 1.000 5.09 350 15 X 2.19 silica swims
2. 17750 | 1.000 | 5.06 350 15 X 2.19 silica sinks
3. 17749 | 0.100 | 5.35 350 15 X 2.19 silica sinks
4, 17750 | 0.100 3.24 350 15 X 2.19 silica sinks
5. 17749 | 0.100 | 2.25 255 X 20 2.25 silica swims
6. 17750 | 0.100 | 2.43 255 X 20 2.25 silica swims

With the analyzed fragments, a densification could not besomea. On one hand, the collected
fragments could not be allocated to their original positiothe fused silica sample. Therefore, it
was not possible to determine whether the analyzed fragneeiginated from the impact zone
and had been subject to high pressure. On the other handp thumdmall diameter of the
projectile, the duration of the pressure pulse could onlyelieen short, because of the release
waves from the edge of the projectile.
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4.2.7 Micro/Nanocrystallinity in Glass

In discussions with Professor Adrian Wright from Readingvdrsity, UK, an expert in the
structure of glass, he has said that the theory of glasststauis still evolving. The IRO is
important, but poorly understood, and the current conseisstat there is chemical
nanoheterogeneity, which may lead to nanoislands of dhysta Thus, the nature of IRO in
glass is still evolving and controversial. Work by Saito let(82) using light scattering studies
on silica glass concluded that medium (intermediate)-@angder structures, microcrystallites,
exist in silica glass. Using the polarization ratio, a meagif anisotropy, suggests that the
depolarized scattering is only attributed to the densitgtélations with microscopic anisotropic
scattering elements. Anisotropy of such scattering elésayuld be explained by the existence
of microcrystallites.

4.2.8 Thermal Shock Behavior of Glasses

Bradt and Martens3Q3) in a recent article have reviewed the thermal shock resistaf various
glasses, including borosilicate and SL glasses. They shatthermal stresses that develop
during temperature changes are the primary cause of feattiiation and failure. Using a
simple formula for the generation of linear elastic therstedsses,

05 = aEAT | )

where,« is the coefficient of thermal expansiafi,is Young’s modulus, and\ 7" is the local
temperature differential. Rewriting equation 2 gives #r@perature difference required to cause
failure at a stressy,

of
AT = —
= 3)
hence, using this equation one can approximatetidor glass fracture. Assuming the
properties for a typical SL glass and a borosilicate glass€t 10), theAT for fracture can be
approximated.

Other more complex equations can be used, but reflect veilasigpeneral trends. The general
conclusion, therefore, is that the linear thermal expansiglasses is a major factor in initiating
crack formation and ultimate failure.
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Table 10. AT required to fail SL and
borosilicate glasses.

Soda lime Borosilicate
of 30 MPa 30 MPa
E 68 GPa 62 GPa
a 9x10-6°C—1 | 3x107%°C~!
AT for o 55°C 183C

4.2.9 Diamond Anvil Cell (DAC) Experiments to Study DensityChanges in Glass with
Pressure

The Army has a longstanding interest in understanding tbpegsties of transparent protection
materials, which form the basis of windshields, optics, @ietports. The silicate glass family
of materials makes up the traditional choices for theseiegdns. These materials fall into a
much broader category of materials called amorphous glastke silicate glasses have several
subcategories determined by the secondary component)ydngeBorofloat and SL varieties
studied in this project. The major interest from the Armygpective in these glasses has to do
with the differences in ballistic properties while beingwquositionally similar. The term
“amorphous materials” when applied to glass is slightlyle@ding. These systems are thought
to have several different arrangements from a rigid shamigge silicon-oxygen bond length, to
intermediate-range ring structures, and finally, to an @Vamorphous packing of these smaller
structures on the mesoscale. This structural hierarchiyllitheoretical as the amorphous nature
makes study and analysis difficult with existing techniquésirthermore as silicate glasses have
identical distances for the basic silicon-oxygen bond; @pparent that the differences in the
glass performance are due to the intermediate-range ppakithring structures. Understanding
this difference is one of the goals of this research.

The current state of the art in understanding the IRO ofat#iglasses is work involving
complementary techniques of modeling and experiments.theégpurposes of understanding how
these materials change under ballistic impact, staticalide for comparisons to shock

Hugoniot data. There has been previous work involvingsfagssure experiments on fused
silica (34, 39, and also more recently on the similar germanium gl&&. (The techniques
employed in these studies were neutron diffraction andpdiiraction combined with structure
factor analysis on the experimental side combined with MDugations on the theoretical side.
Even with these detailed studies, the mechanism for deasdficis still elusive, without adding
the additional complexity of the effects of the secondampponents.
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The DAC provides a convenient method of studying glass sasnphder pressure. The
experimental technique involves compression of the sarntipehydrostatic pressure medium,
and the metal gasket between opposed diamond anvils. Thedtstic pressure media use for
these experiments is argon gas and the gaskets were congfasteer rhenium or steel. The
standard ruby fluorescence pressure scale was @5¢d $amples were loaded in the DAC and
then monitored for changes in sample area with pressures arba was then converted to
volume measurements using the method from previous wodstigating the effect of helium on
compression 05:0- glass (2). The pressure media is assumed to be hydrostatic in this
technique. The equation used is reproduced below:

vV A
v T A VA (4)

whereV andVj, refer to final and initial volumes, andl and A, refer to final and initial areas.
The samples were initially prepared using a polishing teghato achieve the required thickness
of <20 microns. The samples were then extracted yieldingssgthip that was approximately
30-50 microns in diameter. This was so that the sample caulddzled in a gasket with
100-micron hole. It was noted that the irregular surfacdnefdhips made interpretation of the
edges for the area calculation difficult. In addition, it vilasught that the corners could provide
stress points in the sample and introduce unintended sttaithe measurement. To correct this
issue, the samples were machined using a FIB technique tevadh cylinder 40 microns in
diameter and 20 microns thick. The results for fused silreashown in figure 24.

This change in volume can be converted into a change in geansit plotted upon previous
measurements for fused silica3j. Figure 25 provides a compilation of previous studies @n th
density changes with pressure for previous methods. Tmeafids plots represent densified
glass; glass that has been pressurized to 10 GPa and thasect® ambient pressure.
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Figure 24. DAC results for fused silica compared to previDAE results
published in 12) (our results are in red). Phase lines for the different
quartz structures are shown. At approximately 27 GPa, thgleais
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Figure 25. Plot of density changes with pressure for fusighsi Original figure
from Wakabayashi et al1Q).
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Shown in figure 26 is an example of the comparison betweeratingle at 4 and 33 GPa for
fused silica. The gray circle on the 4 GPa side correspontteteample diameter at 33 GPa and
is shown for comparison purposes. As the pressure is inetleise sample hole closes due to
the plastic flow of the gasket material.

In addition to the DAC experiments, neutron diffraction imgestigated on the
nanoscale-ordered materials diffractometer (NOMAD) bl@arat the spallation neutron source
(SNS) at Oak Ridge National Laboratory. This techniqueltesu a total scattering cross
section, which is integrated over the entire sample. Theestag can be converted into a
momentum transfer and provide a “first sharp diffraction3¢&SDP), seen in figure 27. The
simplest way to interpret Q is to realize that the lower thén@®larger the interaction. If one
thinks about the network structure of glasses, the scatfean be broken up into several regions,
namely, the SRO, IRO, and long-range order. Glasses hadeSRO in the form of a silicon
dioxide tetrahedron and disorder with regard to the randatuare of the long-range order. IRO
can have order in the form of rings, cages, and chains. Irr ¢odextract the interaction
distances, it is important to use a high energy source; dthetnature of the Fourier transform,
the higher the energy the better the resolution on the lowgi@ne

33.1 GPa

Figure 26. Comparison of sample upon compression in the DA€.3.9-GPa
sample has a gray sphere to indicate the area of the sam@BelabBa
to assist the eye in comparison.
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Figure 27. Neutron diffraction spectra of fused silica, &twat, and SL glasses.
Intensities are not corrected for the boron neutron absorgross
section. The location of the first sharp diffraction peakgicated;
shifts to higher Q correspond to decreases in intermoleduti@raction
distances.

To further study the effects of composition on pressure aillishic response, samples of glass
were prepared with known concentrations of secondary mtdec These samples were
subjected to initial study with the laser Raman system toetisif there were noticeable
differences in the spectra shown in figure 28. The spectra wietained using a 532-nm diode
laser (average power 300 mW) and a custom Raman spectronfiminary analysis of the
results seems to indicate a change in the 300—400 wavenuediens with decreasing intensity
as the composition changes with each sample. The specteanoanalized to a higher
wavenumber region (< 2500 crf). The samples for use in the DAC are being prepared using
the FIB so similar density pressure analysis can be attampte
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Figure 28. Raman comparison of four prepared glass samyplBs. bParimal
Patel. Peak at zero is the laser line, partially blocked bgtamfilter
that extends to approximately 150 tf

4.2.10 Nanoindentation Studies of Fused Silica

Nanoindentation experiments were conducted at ARL on fedea specimens using an MTS
Nanoindenter XP operated in continuous stiffness measame(@SM) mode. A spherical
indenter with a radius of 3m was used to indent to depths approachingrat a constant strain
rate of 0.05/s. The hardness valugs,were calculated from the maximum loads,,,, and the
contact aread, at the maximum indentation depth whéie= %. The elastic modulus values
were calculated using the Oliver and Pharr meth®8) {from the measured unloading stiffness,
(which is equivalent to the slope of the initial unloading\wa), as follows:

= %Eeffm 5)

whereE, ;s is a function of the Poisson’s ratio and elastic modulusterindenterx;, £;) and
material of interesty, F) defined as
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Following the indentation experiments, the residual indevere examined with a NanoSEM 600
SEM operated in low-vacuum mode (which is used to accomneauat-conductive specimens.)

Figure 29 shows the typical load-displacement curves fodimmam displacements ranging from
500 to 2000 nm. Figure 30a plots the measured hardness astefuof indentation depth and
indicates there is some indentation size effect over thgaraonsidered. The standard deviation
is largest for the smallest indentation depths (500 nm). élastic moduli decrease with
increasing maximum indentation depth (figure 30b); howedhererror in measurement does not
follow a trend with depth. The SEM examination gives insigi the indentation size effect.

We are unable to resolve a residual impression for the sganmdented to a depth limit of 500
nm, which indicates the response is mostly elastic at sneglifts. Figures 31-33 show SEM
micrographs for specimens indented to depths of 1000, 02000 nm, respectively. There
is a noticeable residual indent in figure 31; however, theevidence of fracture. At greater
indentation depths, radial cracks (figures 32a and 33) assicl cone cracks (figure 32b) are
visible. Further investigation is required, but the lowardness and modulus values measured at
greater indentation depths could result from indentatraclks. In some brittle material systems,
“pop-ins” or discrete jumps in displacement during indéotaare found in the load-displacement
curves. However, no pop-ins are observed in this seriesradindentation tests.
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Figure 29. Load vs. displacement in fused silica.
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Figure 31. SEM micrographs of fused silica indented to 1000 n

(a) (b)

Figure 32. SEM micrographs of fused silica indented to 1500@) radial cracks
and (b) cone cracks.
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Figure 33. SEM micrographs of fused silica indented to 2000 n
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5. Pairwise Functional-free Silica Potential From First-principles
Molecular Dynamics Simulation

We have developed a new short-range pairwise numericahpaitéor silica, as described in
Izvekov and Rice 14). Here we present the key features of the model. The poténtiarived
from a single AIMD simulation of molten silica using the ferenatching (FM) method, with the
forces being represented numerically by piecewise funst{gplines) 89). The AIMD

simulation is performed using the Born-Oppenheimer methithd GGA (BLYP) and XC
functional. The new effective potential shown in figure 3dludes a soft repulsive shoulder to
describe the interactions of oxygen ions. The new potemtésdpite being short-ranged and
derived from single-phase data, exhibits a good transiléyeto silica crystalline polymorphs

and amorphous silica. The importance of the- O soft repulsive shoulder interaction on glass
densification under cold and shock compressions is assiese®1D simulations of silica glass
under room and shock Hugoniot conditions, respectivel¢,slrown in figure 35. Results from
these simulations indicate that the appearance of oxygaplexes (primarily pairs) occurs at
8-10 GPa, and under cold compression conditions becomablaatt 40 GPa, essentially
coinciding with the transition to &: sixfold coordination state. An analysis of changes in syste
structure in compressed and shocked states reveals thatithms interacting through the soft
repulsive shoulder potential in denser states of silicagylaay create a mechanical multi-stability
under elevated pressures, and thus contribute to the @ssanomalous densification.

At pressuresd® < 8-10 GPa, the densification by the FM model occurs predartiindue to
structure deformation and topological reorganizatioheathan a weakening of the — O
repulsion due to the soft repulsive shoulder of the FM padéntThe observed disagreement of
the FM cold and Hugoniot density-pressure curves at IBw (0—10 GPa) pressures with the
experiment data (figure 35) can be explained by the deficiehttye FM model, which is
pairwise and central, regarding angle-bending terms. Xteneion of the pairwise FM model
with angle-bending forces, which are three-body forcesetessary to improve performance of
the FM model at low pressures in which densification is drivgmostly structural and
topological changes. This work is in progress.
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Figure 34. Effective atom-atom forces [panel (a)] and @poading potentials
[panel (b)] in liquid Si0O, generated through the FM method as
functions of interatomic separation® — O (black), S7 — O (red), and
Si — Si (green). The dashed line corresponds to the model without
the soft repulsive shoulder (FM-ns model). In panel (b),dbted
line corresponds to the FM model with a weaker repulsive kleou
(FM-ws model) and the dot-dot-dashed lines indicate thiatian of
the O — O repulsion in the FM procedure with a length of ab initio
reference trajectories as discussedld) (
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Figure 35. Density vs. pressureZat= 298 K (solid lines) and along the
Hugoniot locus (dashed lines) from simulations of glassgam
structure using the FM (cyan), FM-ns (green) [panel (a)lidre
(blue) [panel (b)], and FM-ws (magenta) [panel (c)] models.
Experimental EOS obtained by cold compression (black sgyand
by shock compression (red circles) are frofrb)(and (L6),
respectively. Insert to panel (c) compares the 298 K (salit)
Hugoniot (dashed) EOS from simulations of the ambient dgnsi
(FM-I) and densified (FM-h) glass samples using the FM models
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5.1 Molecular Dynamics Modeling of Glass Nanoindentation

MD methods have been used to study nanoindentation for a @uofilnaterial systems, i.e.,
metals 40), ceramics 41), glasses42), and energetic materialgly). Length scales for MD
simulations can be made comparable to those in the expesméNomura et al. 42), although
the time scales and strain rates differ significantly. Theaathge of MD simulations over
nanoindentation experiments is the capability to providengstic detail of numerous properties,
including stress distribution and structural information

We have previously reported on MD simulations of nanoindiom performed on a large-scale
fused silica system4d). Here we extend the analysis, including a calculation eftthrdness,
and compare to experimental results. As described in Gazetral. @4), all the simulations
were performed using the Large-scale Atomic/Molecular $asy Parallel Simulator
(LAMMPS) (45), with the pairwise potential recently developed using Eehiniques described
in section 5. The simulation cell is 29.9 x 29.9 x 17.8 nm, agrihg 1,160,952 atoms (386,984
a — Si0Oy molecules). Once the system is equilibrated, followingaheealing schedule
described in Pedone et a#46), a spherical indenter with a radius of 9 nm is introducedhin t
z-direction. The indenter interacts with atoms in the satioh cell via a force of magnitude,

F=—-K(r—-R)?* |, (7)

whereK is a force constant? is the radius of the indenter, ands the distance from the atom to
the center of the indenter. Periodic boundary conditioesraplemented in the x- and y-
directions; the indented surface remains free, and apmately 33,000 atoms on the opposite
surface are held fixed to ensure that the system remainsrsdagiduring indentation. The
simulation is performed in the microcanonical ensemble E\Wvith a timestep of 2.0 fs. It has
recently been determined that this timestep is too largsifoulations using the FM potential.
The dynamics of the system are not properly captured whergasiarge integration timestep,
and the differences between our results and those from iexgetrare due partly to this large
timestep, as is discussed.

Figure 36 shows the complete loading and unloading curwegiisas the cross sections of the
corresponding atomic configurations at the maximum loadi@&g6b), and after complete
unloading (figure 36¢). The hardnegs, is defined as,
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Figure 36. (a) Force vs. indenter depth for a complete lapdimd unloading
cycle. Atomic configuration (b) at the point of maximum loagli and
(c) after complete unloading.

H= T (8)

whereP,,.. is the maximum applied load amlis the contact area. The maximum load is
determined from the loading curve in figure 36a by fitting g portion of the data to a line
and determining the load corresponding to the maximum deptie value we calculate is 1.10
N. To calculate the contact area, we use a method similaatal#scribed in Chen and Kd7).
First, the atoms in contact with the indenter are identifigdddculating the distance between
each atom and the center of the indenting sphere. Those ajgpesr in red in figure 37, along
with their projection onto the xy-plane. The area of a cirnléhe xy-plane that contains all the
projections is defined as the contact area. We calculatesano&rl4900 A, resulting in a
hardness value of 7.38 GPa. This differs from the value weigusly reported 44) due to the
more refined method of calculating the contact area. Furtbes, it is not in agreement with the
experimental value of 10 GPa reported in Miyake et 48),(nor with the depth-dependent
hardness values determined from our own nanoindentatioergrents (see figure 30a). As
mentioned above, the disagreement could be attributathetmo large timestep, but the effect of

sample size should also be explored to ensure the size chthels is not adversely affecting the
hardness calculation.
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Figure 37. The atoms that are in contact with the indenteslapg/n in red, and
their projection onto the xy-plane is shown in black.

Nanoindentation experiments have shown that the unloadinge can be approximated by the
power law relation §8),

P=alh—h;)™ | 9)

wherea andm are fitting constants, and the final depfth, is the permanent depth of penetration
after the indenter is fully unloaded (see figure 36). We hawbdi unloading curve in figure 36a
to this equation, witlt; included as a fitting parameter, resultingirr 0.9720uN/nm™, m =
1.445, anch; = 2.889 nm. The value df; is in agreement with our data, and the valuerofor

a spherical indenter is expected to be 149)(close to the value we obtain.

The value ofx differs significantly from the experimental value of 5Q.R/nm™ for fused
silica (38), although that was obtained with a Berkovich indenter. diserepancy inx is not

44



surprising as the loading depths reached in nanoindentakiperiments are much larger than in
our simulation, and the strain rates are significantly lothian can be achieved in MD
simulations. However the shape of the curve, indicated by#iue ofm, is consistent with
experimental values, despite the timestep being too lag@ddition to repeating the above
simulation with a smaller timestep, we plan to perform nadentation on larger systems to study
size effects on the mechanical response of fused silica. Walgo perform nanoindentation
simulations using a flat punch indenter (for whieh= 1 in equation 9) to directly compare with
the dimensional analysis results presented in sectiom@llfzi the force match potential will be
extended to include three-body forces as well as additiatmah types in order to model
borosilicate glasses.

6. Dimensional Analysis of Hertzian Cone Crack Developmernin Brittle
Elastic Solids

In this section, we outline the methodology for the derivatbf similarity relationships for elastic
solids exhibiting stable crack growth induced by rigid integs; as will be shown in a subsequent
section, such relationships are invaluable for verifisabbcomputational models that involve
crack propagation. The application of dimensional analisthe development of stable cone
cracks appears to have been first addressed by Roé3)eaind Benbow 18), and later more

fully analyzed by Barenblatt50). The universal dimensionless relationship:

Py}
(1) o

relates the widthD of the base of a cone crack induced by a flat punch (cylindmckanter) to
the loadP, and cohesive modulus of the medium (figure 38). Cone crack developmentin
glass (figure 39) confirms the universal scaling law (equati@) illustrated in the log-log plot of
figure 40. In addition to the relevant physical parametasthated in figure 38, Poisson’s ratio,
v, and the modulus of cohesidti play an important role in describing the mechanics of the
indentation problem. According to similarity methods désed by Sedov §1) and others, since
there are five relevant physical variables, and three fueddéahdimensions ao#/, L, andT’, this
results in two possible dimensionless products, which eafobmed from the physical variables.

45



Figure 38. Dimensional analysis for the axisymmetric Hartzone crack
problem .

Figure 39. Hertzian cone crack in SL glass induced by a flatipoylindrical
indenter) after 17) .
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Figure 40. Hertzian cone crack data for fused silica, ané&expental
confirmation of scaling law from Benbowi §).

The two dimensionless groups can be derived for this prolbhefirst writing the relevant
physical parameters in the following multiplicative form:

(D) (do)*™* (P)"(K)**(v)> =1, (11)
and the expressing equation 11 in terms of the fundamemtariions:
(L)M (L) (MLT 2 (MLTVPT 2k (1)% =1 (12)
The fundamental dimension terms in equation 12 can be fedti@s follows:
(M Yktha ([ yrthatha—ha/2 () =2ha=2ks _ | (13)

resulting in the following system of equations:
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k3+k420 )
ki+ ko + ks —ky/2=0

ks — 2k =0 (14)

that are solvable using the constants that appear in table 11

Table 11. Constants appearing in
dimensional analysis .

kl kQ kg k4 k5
m | 10| -2/3[2/3]1
m | 0| 1| -2/3[2/3]1

The dimensionless groups, also knownragroups from the Buckingham theorem $2) can be
written as

m =DP PRy
Ty = dyPY3K? B3y (15)

Since ther-groups in equation 15 are dimensionless, they can be etjaatesolved for the width
D of the base of the cone crack,

2/3
D=<§) V(o)) (16)

Thus, a log-log plot oD versusP, for D >> d,, will have a slope o2/3, as it appears that the
contribution from the third function in equation 16 is nejftile (see figure 40). The fracture
scaling law can also be used to validate finite element, peaichic, material point, MD, and
other computational methods currently in use for simutatracture resulting from indentation
experiments.

For fractures that develop under two-dimensional (2-Diestaf stress such as the problem of the
symmetric wedging of a thick platel 9), the wedging force can be approximated by two equal
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and opposite concentrated tractidigper unit length of plate thickness as illustrated in figure 41
Using the dimensional analysis methods outlined earlignigisection, a dimensionless relation
can be derived, for 2-D stress and deformation fields, whidi depends on crack lengthload

P, and cohesive modulus (19):

2
| = (g) . (17)

412 {12

t

Figure 41. Idealized 2-D problem of wedge-induced craclpagation in a thick
plate after Barenblatt1@).

This result is used to validate our peridynamic code sinutatof fracture in section 10.1.

7. The Mechanics of Indentation

In this section, we outline the exact solution to the axisyatrm indentation problem into an
elastic halfspace, otherwise known as the Boussinesggmgbhat is relevant to the dimensional
analysis described in section 6. The exact elastic solsifpoovide a means to quantitatively
validate computational simulations, prior to the develepbof permanent densification and
fracture of the glasses under consideration in this rebeaBoussinesq53) and Love b4) were
among the first to consider such a problem, but Sneddon stitegoroblem for the flat-ended
punch 65, 59 in cylindrical polar coordinates using Hankel transfortimat resulted in the
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solution of dual integral equation®7). The solutions to the field equations are listed below as
they appear in Sneddon’2%) textbook,

216 <J§ — —()‘Z“)CJll)
(2w ’
2e (Qe2C0 + 1Y)

Uy =

A2
U, = )
m

Ape (¢J5 + J7) (A + 1)
=T ma(X +2p)
AC Ty pe(N + )
— ma(\ + 2p)
scae e (U3 — BEc)
Cma(h+2p) map(\ + 2p)
Ape (PN + ) = CIF(A + )
ma(X + 2p)

Y

rz — )

Op =

Y

(18)

O, + 09 =

In these equations, the dimensionless radial coordimate-/a is the physical radial distanee
normalized by the indenter radiusand the dimensionless depth coordinate z/a is the
physical depthr normalized by the indenter radius e is the indentation depth, and the Lamé
parameters are given byandu. The radial stress,. is not given in Sneddon’s text but can be
derived readily by subtraction ef, from o, + o4 from equations 18 resulting in

_ el — () = C8) + G I1))

. ) 19
map(\ + 2u) (19)
where Bessel functiong” are defined as
Jn = / P e P sin(p) Jn(pp) dp (20)
0

or as the imaginary part of the integral
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JZL:/ pn_le_p(c_i)Jm@p) dp . (21)
0

We derive an explicit representation for equation 21,

2 2 (C—1i)2

where(p, ¢) > 0, R(m + n) > 0, S is the imaginary part of the term in brackets,»n € Z, and
,F} is the regularized hypergeometric functief, (a, b; c; z) /T'(c).

J;f:%(2—mpm(g—z’)—m—"r(m+n)2ﬁl (M Lmtnt1)im41— v )),(22)

All solutions listed in equation 18 are exact and expressibtlosed-form except far., which
requires the evaluation of. The solution for., which involvesJ{ is written in terms of
I'(m+n) = (m +n — 1)!, which is an undefined quantity fex = 0, » = 0 as this violates the
condition®(m + n) > 0 in equation 22 and probably explains why the full plane sofutor u,

is not provided in any publications we are aware 25)( (55), (56), (58)*. Sneddon’s solutions
can be rewritten more succinctly using the substitutios, 12_”—2”V and by normalizing the stress
components by the mean presspye= fr’;gf;’;)) and the displacement components by the
indentation depth, resulting in

ur (=G4 (L=20)5)

€ (1 —v) ’
u, (21 —v)Jg +¢JY)
€ (1 —v) ’
T _
Pm 2
0. 1
o 1
p_9 = =5, 6@ = I+ (L =2) K]
o, 1
oo = g e =G = T = (1= 2) ] (23)

Note that the analytical solutions in equation 23 for etagdisplacements and stresses in the

*The first author became aware of an explicit expressio/§an appendix 2 of Barquins and Maugis9) taken
from Dahan 60), prior to the completion of this final report.
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halfspace are functions of Poisson’s ratiavhich substantiates the choiceioélone to describe
the elastic properties of the halfspace in the dimensiamallyais described in section 6.

7.1 Principal Stresses in a Halfspace Under Axisymmetric Identation

The principal stresses > o, > o3 in a halfspace subjected to indentation by an axisymmetric
cylindrical indenter (figures 42— 44) can be determined bgiffig the eigenvalues of the
following matrix:

o 0 T,y
0 09 0 ) (24)

T 0 o,

which are

1
o = 5 <O’T + o, + \/0',? — 20,0, + 472, + 03) , (25)
09 = Oy )

1
03 =5 (07« + 0, — /02 — 20,0, + 472 + 03)

We also plot the normalized vertical displacemenbf the halfspace (figure 45) using both the
exact solution from Sneddon’s tex25) as well as an approximate solution derived by using both
a series expansion approximation of the Bessel functigpp) near the origin and the asymptotic
expansion of/y(pp) for largep that appears in equation 18 or equation 23 in the term ineglvi

R [ e orsinp) hip)dp (26)

We note that Sneddon’s tex2%) and other references on this topic provide the solutiow @l

the halfspace surface displacement field, because of tfieuttif in evaluation ofJ?; the topic of
determining the displacement fietd throughout the entire halfspace will be the subject of an
upcoming publication. Finally, we use the exact indentasiolution for the surface displacement
of a halfspace found in Sneddon’s te®5) (also plotted in figure 45) to validate our
axisymmetric peridynamic code in section 10.3.
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Figure 42. ;’—1 contours in the halfspace for= z(A—iu) = 0.1679, where

A = 15.833 GPa,u = 31.3 GPa using the Lamé parameters for fused
silica derived from Scheidler2().
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Figure 45. Deformed surfacé of the halfspace for = 2(>\—>—\i-p) = 0.1679, where
A = 15.833, u = 31.3 using the Lamé parameters for fused silica

derived from Scheidler2Q) .
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8. Quantum Mechanics Modeling of Densification and Bulk Moduus of
Silica Versus Pressure

A detailed understanding of the densification process amndtstral changes in amorphous solids
under pressure is appealing for both experimental and atioualwork. One of the interesting
guestions is about the nature of the structural transfooméietween low and high density
amorphous phases. To model the structure under pressurdifsd principles, we used models
with different densities, number of atoms, and differengrstatistics. We used two different
methods to generate the random connected networks (1) eeMzarto bond switching model
(72- and 114-atom models) and (2) MD simulated annealingedfed silica. The ring statistics
could be described by plots of ring size distribution, asisadigure 46. The faster the
guenching of the melt is, the wider is the distribution of thng) sizes. Here is an example of
slow quenching with ring distributions from 4 to 8 membeigshwhich corresponds to the
quartz-like structure of the 114-atom model. Two other ni®dath 72 and 192 atoms have
wider distribution of the ring sizes from 3 to 12 member rinigs reference, quartz has only 6
member rings. Three to four member rings have a low condsarrdut play an important role
because they correspond to the most reactive sites. Thesdbeiween th§i — O — Si atom,
and theO — Si — O atom distributions also convey important information afsituctural
changes under certain pressure (figure 47).

Probability

010 -
005 - (
000 ! ! o L Il 1 H

4 5 6 7 8
Number of silicon atoms in the ring

Figure 46. Ring distribution for the 114-atom model.

57



5 124 -Si-
51-0-Si

I I I I 1

100 150 0 50 100 150
Angle [°] Angle [°]

Figure 47. Two types of angle distribution in the 114-atondeio

By relaxing the internal coordinates under compressivemsite pressures at normal conditions,
we found that theSi — O — Si angle ranges between I38nd 180, while the tetrahedral units
are preserved. This resultis in good agreement with previoeoretical and experimental
results of Mauri et al. §1). Clear signs of structural transformations in silica uritie pressure
may be seen from the calculated mass density (figure 48). tMhdicalculations of density
after optimizing the shape and volume of the unit cell withpnojections in real space. The
analysis used the Projector Augmented Wave (PAW) methoteimgnted in the Vienna ab initio
simulation package (VASP) code described in Kresse anddtid?).

In all three models, one may see two slopes of density, whightbe related with different types
of structural changes. One occurs up to 20-30 GPa, and ametjien is from 30-50 GPa.
Some signatures of the two phases may be seen from the x-sayption experiments of Sato
and Funamori X5) (figure 49).

To understand what is so special with these two stages aftatal transformation in silica, we
did angle distribution analysis under pressures similéinab depicted in figure 47. It turned out
that in the first region there is not much chang®in- Si — O distribution, but discernible
changes irb: — O — Si distribution indicating that up to 20—-30 GPa there is a sguegeof space
between tetrahedra and not much distortion of tetrahedr&ashO atom has two nearest
neighbors; eaclyi atom has four nearest neighbors. At pressures higher th&@Pa0silica
becomes very dense, and both fhe- O — Si andO — Si — O angles change, revealing
transformation in both the tetrahedra and the space betthheem
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Figure 48. Density of fused silica as a function of pressar&/2-atom §),
114-atom §), and 192-atomB)models.
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Figure 49. Experimental density of fused silica after Saith Bunamori 15).
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At 40-50 GPa, severe distortion of the tetrahedrons resgpii formation of sixfold-coordinated
Si atoms (figure 50). The density functional theory (DFT) olsagon of the sixfold-coordinated
atoms confirms the assumption suggested in Sato and FungbBjri

A manifestation of the two phases of silica densificationm&xhibit the unusual behavior of the
elastic constants, particularly the bulk modulus. We dated the bulk modulus from the
stress-strain relationship for 114-atom model. The bulkluhas of fused silica generally
increases with pressure, but unusual behavior of the preeglgpendence up to 20 GPa may be
related to the densification of the space between the teiraliigure 51). A second region after
20 GPa with significant increase of bulk modulus correspaadise densely packed tetrahedra.

Figure 50. Fused silica structure under 50 GPa with sixéaldrdinatedSi atoms.
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Figure 51. Bulk modulus of fused silica as a function of puess
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8.1 Force Matching Pair Potentials for Borosilicate Glassg

To generate pair potentials for borosilicate glasses, wd tie FM method as applied by Izvekov
and Rice {4). The method is based on DFT calculations of trajectoriglen
Born-Oppenheimer approximation at 5000 K. The pair potésiforS — B and B — O generated
using the method are shown in the figure 52.

PairSi — Si, St — O, andO — O potentials are similar to those used for pure silica MD
calculations. The numerical pair potentials include toréace extent many body interactions
since they were generated based on force matching of DFTilatitns.
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Figure 52. Pair potentials for (&) — B and (b)O — B.

8.2 Simulation of Vibration Spectra of Amorphous SiO,

Given the large variety of structural building blocks of apiwousSiO,, there is s need for a
fundamental description of the random lattice vibratigrasticularly those that are IR and Raman
active. In this section, IR and Raman spectra were compuied IDFT for both crystalline and
amorphousSiO,. In an insulating crystal, the frequency and the intendityhye Raman peaks

are determined by the zone-center phonon frequencies arRigiman tensor. The phonon
frequencies are determined by the dynamical matrix, dieteconstant, and Born effective
charges. The Born effective charge tensor of an ion is thgapderivative of the macroscopic
polarization with respect to a periodic displacement oftadl periodic images of that ion at zero
macroscopic electric field. Calculations are done with tAGSTEP code §3) using
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norm-conserving pseudopotentials and plane waves witle®0futoff. The calculated IR
spectrum reproduces the main peaks observeddoartz as shown in figures 53 and 54.
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Figure 53. Calculated IR spectrum.
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Figure 54. IR spectrum was registered on Nicolet 6700 FTpdtsometer.

The atomistic and charge relaxed model and scaled arroweaiimy the main vibration modes
are shown figure 55.
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Figure 55. (a) Relaxed atomic structure and charge totaillision isosurface at
value 0.36 together with arrows indicating vibration mqgded (b)
distribution of local self consistent potential.

The Raman spectrum calculated in linear response appragmia shown in figure 56. The
calculated spectrum reproduces two experimental freqesat 466 and 205 cm. The
calculation of vibration spectra of amorphati&), depends on the atomic and topological model
of silica, ring size, and density. The 72-atom model obtuging the bond switching

algorithm @4) with random angles and no broken bonds was used for congptit@vibration
spectra. The structure has a distribution of 4-8 rings (fidif) and mass density of 2.145 gfcm

The calculated IR spectrum of the silica model is shown inr@diB. The main vibration modes
corresponding to the peaks of the intensity are shown bydaatows in figure 59a.

It is evident that there is more charge within random ringstim quartz and the main vibration
modes are associated with atoms located in larger ringsksReaund 474 and 1188 crhare
seen in simulated curve of figure 53. The IR band at 800'cran be assigned t& — O — Si
symmetric stretching vibrations, whereas the IR band ato#74 is due toO — Si — O bending
vibrations. The calculated Raman spectrum of silica is shiowigure 60.

In the experimental Raman spectra of silica shown in figuralg&e regions are typically
specified 65). The broadband around 490 ci(D1 band), peak around 600 ci(D2 band)
(attributed to symmetric breathing mode of 3—4 member jiraysd peak around 800 crh
(assigned to th&i — O stretching).

The calculated Raman spectra from figure 60 reproduce the thain regions of the spectrum in
figure 61 and the methodology of calculation will be used flantifying signatures of
non-standard coordination of silica atoms at high pressure
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Figure 56. Raman intensity of quartz (a) calculated andXpgemental 21).
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Figure 58. IR spectrum of the 72-atom silica model.
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9. Continuum Equation-of-state Model Development

Established processes to develop constitutive modelss®rrularge-scale analysis and design
simulations are heavily influenced by the vast body of workmatals. Typically, a model is split
into an EQOS, relating pressure, density, energy, and teatyper, and a strength model, which
relates the deviatoric part of the stress tensor to the tistery of the strain rate, temperature,
and state variables. This is the context of the glass EOS noKzs et al. §6), where a
polyamorphic model was used, in conjunction with high amd poessure EOS models, to
represent the permanent volume change in glass at highupesgsn excess of 10 GPa).

The model assumptions are evaluated by comparing simoleggults with velocity profiles
obtained from gas gun experiments by Alexander et28). ( The experimental results are shown
for three different impact velocities in figure 62a. Theiaditzelocity ramp from 0 to 0.2 km/s
results from the decreasing modulus with pressure, whiobti€aptured by the current model.
At velocities of approximately 0.6 km/s, there is a kink asated with the polyamorphic
transformation. The high velocity curve (208 m/s impacbedl) rises abruptly after the
transformation point, and caps at a velocity consistert wie initial velocity and shock
impedance of the flyer. The transformation is nearly ovaratriat this high velocity, in that there
is very little shift between the two vertical sections of theve. The lower curve (137 m/s)
shows a gradual rise associated with the kinetics of thestoamation. It reaches the peak
velocity by the end of the plot. The profile from the internaddivelocity experiment retains
some curvature due to the transformation kinetics, buttisedy velocity is attained quickly.

Results from using the initial model, with separate elaglastic and polyamorphic
transformations, in gas gun simulations yields velocitfiies displaying a three-wave structure
(figure 62b) rather than the two waves seen in the experimeftte model kinetics were
assumed to be fast in these simulations to accentuate fhe stée first rise in the profile ends
with the HEL associated with the elastic-plastic transitiolrhe second rise ends with the volume
change from the polyamorphic transformation, and the thig@lterminates with the maximum
particle velocity. From this comparison, it is evident ttieg elastic-plastic and polyamorphic
transformations must occur concurrently, or an extra sté@ppear in the velocity profile.
Physically, this implies that the atoms move to accommosla¢ar strain as they are rearranging
to accommodate the volume change.
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Figure 62. Velocity profiles from: (a) gas gun experimentdorosilicate glass
from Alexander et al. 43) and (b) simulations using independent
functions for the elastic-plastic transition and the potgaphic
transformation.

The modeling goal is to couple inelastic deviatoric defdioraand volume change. There is no
experimental data to guide the functional form for the couplso a simple quadratic flow
potential model is assumed:

o= 0=+/ac? + p?> — p(N). (27)

Here,o, is the effective stresg, is the pressure, angis a function of the volume fraction of the
low pressure polyamorph, « is a parameter regulating the relative influence of the deria
stress compared to the pressure.

Following concepts used in metal plasticity, the directdimelastic flow is assumed to be
normal to the flow potential:

dinelas = A%u (28)
Jo

whered;,.;.s IS the inelastic part of the rate of deformation tengprvhich is decomposed,
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additively, into elastic and inelastic pads= d.;., + d;,.0s. The elastic part is also a function of
the stress tensor through the elastic moduli. Togetheethes/ide a coupled set of equations for
A in equation 28, which is determined by an iterative procedur

The volume fraction of the low density polyamorph is assuteeelolve through a kinetic
relation

TﬁTTef

A= B3 = Aw)tel )

(29)

wheref andv are parameters and, represents the equilibrium fraction of the low density
polyamorph. The equilibrium phase fraction

Mo — (pf_pf (30)

Df — Dt

is a function of the applied loading, the threshold pressure at which the transformation begins
Pt , and the pressure at which the glass is fully transformebedigh density polyamorpip,.

These equations were implemented into a finite element aodi¢h@ gas gun simulations run.
Figure 63a shows the results with the kinetic parameterigbt(s = 100) to give the equilibrium
response. From these calculations it is evident that a texewstructure is produced, indicating
that the inelastic deformation and polyamorph transfoionedre occurring simultaneously.
Figure 63b shows the results with a kinetic parameter B8) set to reproduce the basic features
observed in the experimental data plotted in figure 62a.

The simulation results demonstrate some general modelrésahecessary to reproduce
experimental observations from high-pressure gas gurriexpets. The model must couple the
deviatoric stress and the pressure for the polyamorphisfioamation, and a kinetic model is
necessary to introduce time-dependent rises in the respddther features may also be
necessary, but these two have a major impact and providel@efeled starting point for model
improvement. The particular functional relations assuiieethis model are conjecture guided
by experience in modeling metals. Hence, appropriate dataeeded to guide model
development. While it will be possible to tune a kinetic paeder based on data from current
experimental methods, existing experimental techniquégmevide little information on the
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Figure 63. Gas gun simulation results for a model with corenirelastic-plastic
transition and polyamorphic transformation and with (ajgitkinetic
parameter for rapid transformation and (b) the kinetic peaizr
adjusted to resemble experiments.

functional form for the kinetic relation or the flow functi@®pendence on deviatoric stress and
pressure. The alternative, and the approach pursued indlgegpn, is to determine the
functional relationships and parameters through muligsecendeling approaches.

9.1 Summary of Continuum Equation-of-state Model Developrant

The EOS development included the non-monotonic changelkmbodulus with pressure and a
polyamorphic transformation from a lower density amorghstate to a higher density
configuration. The EOS form near the reference density wakedwy previously published
pressure-density data. Figure 64 depicts the model depeads the pressure and bulk modulus
on density along with the data of Zha et @&4). The agreement is reasonable up to 10 GPa,
which is near the pressure where the polyamorphic transfoombegins. The EOS for the high
density polyamorph was assumed to follow a Murnaghan forditla@ model constants were
determined by fitting Hugoniot data from Sugiura et &7)(and Alexander Z3). This fit is
complicated by a lack of data. In particular, the referermasdy for the high density phase is
not easily obtained, since it must be measured after refeasehigh pressures.

The remaining component of the EOS model is the temperakependent kinetic relation
connecting the low and high density polyamorphs. Here,assumed that the transformation
rate is proportional to the cube of the difference betweercthrrent phase fraction and the
equilibrium phase fraction. The model is assessed by campanterface velocity predictions
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Figure 64. Model fit of pressure and bulk modulus with dataifécha et al. 24).

from gas gun simulations with available data in figure 62ae Giwrvature of the velocity data is
due entirely to the kinetic relation, and it is capturing i the inflection and curvature. The
timing of the rises in the curves is off, which suggests thatunderlying response may be too
stiff in the elastic range and that the volume change astsatwith the transformation may be too
large. These can be adjusted when more data are available.

10. A Perfectly Matched Layer for Peridynamics in Two Dimensons

In this section, we develop a peridynamic method for modehanoindentation experiments in
fused silica and other chemically substituted glassesgiaily introduced in Silling §8),
peridynamics is a non-local formulation of elastodynamidsich can more easily incorporate
discontinuities such as cracks and damage. Derivativesldfariables in the classical
continuum model are replaced by integrals over a small meidiood of microelastic kernels,
which replaces the standard constitutive relation. Inigsrétized form, an elastic solid is
treated as a collection of particles or nodes, each conhéxiés neighbors by breakable bonds.
Bond breakage can be defined to occur when a bond is stretelsedgme predetermined limit.
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The end result is a method capable of predicting crack grawhittle elastic materials69—74.
The original formulation was limited to materials with a fixBoisson’s ratio of 0.25; however,
state-based peridynamics was introduced allowing for rfilexéble constitutive relations76).

As becomes clear later, state-based peridynamics allavafauxiliary field formulation, which
is necessary to implement a perfectly matched layer (PMLjil&\most peridynamics work has
focused on simulating problems with free or fixed boundaryditions, there are applications in
which the simulation of an infinite medium may be useful, sasltrack propagation in a
halfspace or nanoindentation problems. Absorbing boyncamditions are one way of
simulating an infinite medium as any impinging waves are segxed so they do not reflect back
into the simulation. A PML is such an absorbing boundary,\&ad originally introduced for
electromagnetic simulationg§, 77. PMLs differ from traditional absorbing boundary
conditions in that they are an absorbing layer with a finitdtivi placed between the computation
region of interest and the truncation of the grid or mesh. yldan also be thought of as an
anisotropic absorbing material, which is why the flexililif a state-based peridynamics is
necessary. A PML was applied to one-dimensional (1-D) geadics {8), which used the
results of Du et al. 79) to formulate an auxiliary field equation. This approachuiesd a matrix
representation of the auxiliary field, which may be memoghgritive in higher dimensions.

10.1 Two-dimensional (2-D), State-based Peridynamics

The continuum equation of motion in an elastic solid can beestas

2

pﬁu:v-ajtbzv-(C:e)#—b, (31)

wherep(x) is the densityu(x, t) is the displacement(x, ) is the stress tenscg(x, ¢) is the

strain tensort is the stiffness matrix for plane strain, defined by Young&dulusF, Poisson’s
ratiov, or Lamé parametersand; andb(x) is a body force §0). (Throughout, boldface type
denotes a vector and a boldface variable with an overbartdeadensor.) Equation 31 is a local
formulation because the divergence of the stress (andegradi the displacement implied in its
definition) represents a local operation on a variable. hewoivords, the action 0¥ - & only
depends o@r at a single spatial point. In problems involving discontii@s, such as cracks, the
divergence at such discontinuities is not well defined,ilegtb numerical implementation
problems. Peridynamics proposes repladihge with a nonlocal operation that nonetheless
also represents a force. Here, we use the state-basedmnas 75), rather than the original
bond-based versior68). A PML application requires an auxiliary field formulaticms it is
essentially an anisotropic absorbing material, if a nopsptal one. Consequently, a state-based
peridynamic formulation is necessary to implement the iregLconstitutive relations in the
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absorber. The state-based peridynamics uses a family dsliordetermine a given force rather
than a single bond independently. This more general appraigmvs for inelastic behavior and
more general elastic behavior, and is governed by

82

Pl = / (T, (X' = x) = T[X, t]{(x = X)) dV' + b, (32)

X

where?H, is the horizon region, defined as a circle centeredwith radiuss, andT [x, t](x’ — X)

is a peridynamic vector state, with parameters in the squaekets indicating variables that act
as arguments to any functions that define the vector statearables in the angle brackets
acting as arguments to the vector state itself. In the &tased formulation, the deformation
gradient, given by

F=T+uv, (33)

can be approximated as a vector state as

——1

Fix 1] = [ [ clen v oo dvx} K. (34)

whereC (|¢]) = exp(— |€]* /62) is a shape function, taken as a Gaussian distribution here an
with the horizont, extended so that the shape function decays to an arbitraa}| galue, taken
here asl0~¢, K is a shape tensor given by

Rix. )= [ Cle) (€ w0e)dve K" = [ o Koy ] , (35)

" G
andY is a deformation vector state given by

Y[x, (&) =n+§, (36)
with n = u[xX’, ] — u[x, t] and¢ = x’ — x (81).

The deformation gradient can now be substituted into Heolks¥ and strain-displacement
relations, giving a stress teranin terms ofu in plane strain
62

popu =V -T=V-(c:%), (37)
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where

(Vu-+uV) =~ = (Fx,t] + F[x,t]" —2I). (38)

1
2

N~

€[x, t] =

Ultimately, the peridynamic vector stafefor plane strain elasticity is given by

= -1

Tlx, (&) = C(lghalx. ]K &. (39)

10.2 Auxiliary Field Formulation and PML Application

The first step in formulating a PML is to construct an analgbatinuation to the complex plane,
such ast = = + ig(x), whereg(z) is a given function describing the deformatioB2). This
mapping has the effect of transforming traveling waves efftimei**, wherek = w/c is the
wave number, into evanescent waves of the fetite*9(*), thus attenuating such waves in the
PML region. Applying a PML involves substituting for spatierivatives using

0 1 0
Er w%. (40)
The functiong(z) defines the extent of the PML region, i.e., whg) = 0 the original wave
equation is obtained, and whei) > 0, traveling waves decay exponentially. Typicatly;)
transitions from O to a constant value using a smooth fundb@revent numerical reflections at
the boundary between the absorbing and computationalregiBefore applying a PML directly
to the peridynamic equation, equation 31 is treated so tleaPML application to peridynamics is
clear. Itis convenient to convert equation 31 to the Lapm®ain, assuming * time
dependence, and express the wave equation as two couplextdies partial differential
eqguations, the first in and the second is\fp =0

s

&
<
Il
<

<

(41)

(V)
<

[

(@]
ahk

where the Laplace transform of a variable is indicated’}y } = f. Expanding equation 41 into
components gives five coupled equations
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~ 8 8

~ 8~ 0 .
SwT:U a_yux‘l'%uy :

We can expand the state-based formulation into componadtsiatch terms to equation 42.
Following this approach yields a viable method for perfargWPML substitutions. First, the
state-based peridynamic equations listed above in equsadi®-39 can be written explicitly as

psiia[X, 4] / (1€) [@ X, sJk™ 4 ) [x, s]k'”;) €+ (J)x[x',s]k;p;’ —I—Q/;T[X/,S]k:g‘;’/> gx} AV

[ CUED [ (Bal SRR + ol SR € X SR+ G, X, ) €| v,

+ (v )

psiiy[x, 5] = /] () K¢7x$km+¢@XskW)&f+(7x SR+ 4y ¢ SR ) & Ve

- / CIED) | (D 5T + Dy, s ) € + (¢, SR+ ¢, sk ) & ] Ve,
sixs] = O+ 20 | / gD (Tl sleahe + Tabe sl ) dvie -1

+A { / o |g| Y, %, SJEE™ 4 V[, s]gyk;j‘;) dVy — 1} , “
st = | [ €€ (Vb ekt + oo sl ) v~ 1

w2 | [ D (b sl + Rlesle i) dve -1,
stels] = o | CUED (VabeslEohEy + Vel sleyhyy ) i

[ OO (Yl sk + Vi, e, ki) v,

Hx

etc. Though no derivatives appear in equations 43, thegmorelence of each term to those in
equation 42 is apparent and the PML substitutions can be mBdeexample, the first equation
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in 43 can be rewritten as
p(s+ ¢z) (s + @y) Uy = (s + @) / (1€ 2 [X, 8] k'”" + @bxy[x s]ki”;,’) £,dVy

)
+ (s + ¢y) 0‘5‘

(4
( 2« X, 8] k'”V + ixy[xl, s]kg‘;’/) & dVy
(5 (44)

+(5+00) / (1) (el sIK + 01, ST ) €y

+ls+an) | CUED (Db K+ drlx, ) i
with the remaining equations following similarly. The firs€p involves simply converting back
to the time domain and implementing a forward Euler diszegtbn scheme in time, and the
standard one-point integration method)in space.

10.3 Results

The previous method was numerically implemented usingw&ad Euler method for the

temporal discretization, and standard one-point integmatith point-matching in space. The
PML was tested on three types of problems: a wave propaggtadiem to demonstrate the
effectiveness of the PML, two crack propagation problenme (&tate-based and one bond-based),
and an axisymmetric indentation problem.

10.3.1 Wave Propagation

The PML was first tested on a wave propagation problem with Pglindary layers and a
Gaussian distribution as an initial condition. Specifigathe z-directed displacement was set to

Ug(X, £ = 0) = ¢~ 200—Pmal”, (45)

wherep,,4 is the mid-point of the region, which in this example was asdias) < z,y < 1 and
discretized withAxz = Ay = 0.01 m. Young’s modulus for the region was set to 1 Pa, Poisson’s
ratio wasl /4, and the density was 1 kg©*. The PML region was defined as the 0.3-m border
around the 1 m-by-1 m region and used a Gaussian ramp withth ofi@.2 m, finally reaching a
maximum of 50 s! for the remaining 0.1 m. For the Gaussian kernel, a horizom i

0 = 1.1Ax was used, and for the Heaviside kernel, a horizot of3.1Ax was used.

The simulation was run with both the Heaviside and Gaussaneits, with the total strain energy
shown in figure 65. The Gaussian kernel (dotted line) shoesattyest drop in energy, reaching
a minimum of5.6 x 10~7, and the Heaviside kernel (dashed line) decreasésstal 0.
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Figure 65. Total strain energy in a simulation terminatecBML.

A bounded simulation is shown for reference as the solid vtech used a fixed displacement
boundary condition and the Gaussian kernel. Figure 66 shomaterfall plot of ther-directed
displacement along the= 0.5 line for the Gaussian kernel with the PML function shown in
gray on the far end of the plot (corresponding to1 s). Figure 67 shows the absolute value of
the z-directed displacement at the edge of the PML region, in Etans terminated by a PML
and with a fixed boundary condition. The wave is absorbedeabtundary with minimal
reflections: as can be seen, the plots align for a time, andenthey deviate (indicating a
reflection from the hard boundary), the PML simulation remsan decay.

For verification, the method was compared with an exact &igalysolution. Consider a
cylindrically symmetric wave propagating in an infinite €ia medium with the same constitutive
parameters as the above example, and with an initial comdifiven by

uo(r) = b (4) {1 + (2)2] (46)

Njw
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Figure 66. z-directed displacement gt= 0.5 m, terminated by a PML.
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Figure 67.z-directed displacement at= 0.3, y = 0.5 m. The solid line shows

results terminated by a PML, and the dashed line used a fixed
boundary condition.
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where here we take= 1 anda = 0.1. The exact solution is given by Eringen and Suh@8) (

br
u(r,t) = R? 4+ o (20 — R?)
(1) = AV (20— )
2 242
a=14+--" (47)
a
R a2+4622t2,
a

wherec is the longitudinal wave speed. This problem was simulated2-D region, 2 m-by-2 m
andAz = Ay = 0.01 m, terminated by a PML with the same dimensions and magnasdbe
above problem. The Gaussian kernel was used with a horizerosh = 0.75Ax, with an actual
cutoff of 0.028 m. The results are shown in figure 68, with tk&ce solution shown as the solid
line and the peridynamic solution shown as the dashed lirfee pEridynamic solution shows
good agreement with the exact solution and minimal reflastfoom the PML boundary.

0.1

— Exact
- - - Peridynamig

0.05

u (m)

-0.05

_O_ll: i i i i
0 0.2 0.4 0.6 0.8 1
t(s)

Figure 68. z-directed displacement at= 0.5, y = 0 m. The solid line shows
the exact solution and the dashed line results terminatedRiyiL.

10.3.2 Crack Propagation

Crack propagation in a half-space can be useful for modelmygical phenomenon such as
indentation experiments. As an example, we model such dgroéis a body force applied to a
finite region with small pre-cracks in a region terminatedimee sides with PMLs. One addition
to the algorithm for this problem was a drag term, used tocedhwise. For crack problems with
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a sudden force application, noise and oscillations canechasspots and undesirable cracking.
To remedy this, a drag term can be added to smooth oscilitiyrnadjusting the nodal velocity as

Vi [x;, 1] = (1 — D) Vv[x;, 1] + % Zv[xj, ], (48)

b

whereD is the drag coefficient and¥, is the remaining number of bonds in the family of nade
(84).

An absorbing boundary ensures that no reflections from thederies interfere with the crack
propagation, possibly causing it to deviate. Figure 69g@echematic of the problem, the extent
of the computation region is designated by the solid line,RML ramp begins at the dashed line
and the PML plateaus at the dotted line. The computatiogamnevas 70 mm wide and 35.25
mm high, the PML region began at 15 mm from each edge (excepbtf}) and peaked at 5 mm to
avalue of5 x 10° s7!. The node spacing was 0.496 mm and the time step size was lons. F
material values, the density was 2235 kg, Young’s modulus was 65 GPa, Poisson’s ratio was
0.2, and the fracture criteria used a fracture energy of 26%.J The failure criteria used in this
simulation was bond-based, i.e., a bond failed if it wagstied past a given limit, determined by
the fracture energy7@). The maximum relative bond stretch was then 2.971-3. The load

was applied across a 10-mm region, centered at the top suvféh pre-cracks on each edge with
a length of two nodes or 0.993 mm. The simulation was run fotal bf 10.s, and the cracks
were measured manually from the edge of the pre-cracks textieat of the damaged area.

Figure 69. Schematic diagram of the problem for crack prapag in a
half-space.
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Figure 70 shows a result that had an applied loa2bofx 10° N, yielding a 2.11-mm crack.
Figure 71 shows a close up of the damaged area from figure 7@amM\be seen, the crack
extends three nodes down and three nodes across. Finalgpfhied load was varied between
140 x 10° N and500 x 10° N, with the crack length versus applied load shown in figurag the
dots. A curve, shown as the solid line in figure 72, was fit usimgform motivated by the
universal scaling law presented in section 6:

= Ap®, (49)

where/ is the crack length in meters apds the applied load in newtons. A linear fit was
computed in log-log space using least squares giving a plameof s = 1.96 and

A =4.3 x 1078 m/N*. This fit matches well with the predicted, dimensional as&lyaw shown
in equation 17. Though the loading is different here, beedlie problem is 2-D the dimensional
analysis still applies giving the correct power law form. other words, for all 2-D problems
with stable crack growth in infinite regions, we should ex@elmad-crack length relation similar
to that of equation 49 with a power ef= 2, while in 3-D, we expect a power af= 2/3.

0 0.0175 0.035 0.0525 0.07

Damage (10000/10000) Y
0 0217 0.433 @x

Figure 70. Damage map resulting froms0 x 10° N applied load after 1@s.
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Figure 71. Close up of damage map from figure 70.
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Figure 72. Crack length versus applied force for indenteitido an elastic
half-space using state-based peridynamics. Blue dotsegept data
points from the peridynamic simulation and the solid lina urve fit.
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10.3.3 Bond-based Verification of a Center Crack

A center crack opening problem was simulated with a bonedhason-PML terminated
peridynamics method. The problem, illustrated schemigiticafigure 41, involves applying
equal but oppositely directed point loads in an infinite oegi The stable crack length is related
to the applied load as shown in equation 17. Here, ratherapplying the load at a single node
(which may cause instability or large oscillations), thedavas spread over three nodes on each
side at the center of a square region. Bond-based peridgsamis used with a node spacing of
0.5 mm, a time step size of 1 ns, Young’s modulus of 65 GPa,ityezz35 kg/m?, and horizon
size of 1.5 mm with a Heaviside shape function. The load wasiepslowly with a Gaussian
ramp, spread over 500 time steps. The region was not teredinadth a PML, though the region
size (100 mm-by-100 mm) was large enough to avoid issuesiassd with crack-boundary
interactions. The criterion for bond damage was a critiekltive stretch of 0.00185. A small
pre-crack was added between the two point loads and the Isoinaginding the loads were set to
a no-fail condition. This setup was run for varying loadgween4 x 10 and9 x 10'* N and

the crack half length was measured between the center ofgferand the crack tip, with a
crack tip being a region with a broken bond ratio of more thd#3 The results are shown in
figure 73 on a log-log scale. As in the above example (see iequéd), a linear curve fit in
log-log space (shown in figure 73 as the solid red line) waspeded using least squares to
determine the exponent of the power law, and found to be Y& ,near 2, the value determined
by dimensional analysis in equation 41.

Crack half length (mm)

10

10‘11‘7 10‘“'8 10‘11‘9
Load (N)

Figure 73. Crack half length versus load for a center craoklpm using
bond-based peridynamics.
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10.3.4 \Verification of an Axisymmetric Indentation Problem

Finally, the state-based, PML formulation of peridynamies implemented in an axisymmetric
setting, the details of which will be published in the futurSneddon Z5) derives an exact
analytical solution for a flat, rigid, cylindrical indentbeing pressed into an infinite elastic
halfspace. Given the elastic properties of the medium, gépthdof indentation, and the indentor
radius, the displacement and stress can be computed fontine gion. To simulate this
problem, an infinite region was represented using a PML inigefregion with a radius of 50 mm
and a depth of 50 mm. The flat extent of the PML was 5 mm and the ragion was 15 mm.
The remaining parameters were identical to those in theeabramples, though no bond
breaking was used in this example. The indentor had a radliisnon, and was pressed to a
depth of 10um. Sneddon’s exact solutio2¥) for the z-directed displacement at the surface of
the halfspace is given by

2 gin—1(a
uz(r,z:O):{ v sin™ (), T>a, (50)

€, r<a

wheree is the indentation depth andis the radius of the indentor. The results of the simulation
are plotted in figure 74 with the peridynamic solution showblue and the exact solution in red.
In addition, the magnitude of the PML is indicated as the gdagray region on the right of the
figure, labeled as “PML.” As can be seen, the peridynamictewius forced to zero in this

region, and is not expected to match the exact solution. Tdia discrepancy is due to the
discontinuous load applied, which leads to ringing in thedy@mamic solution. Remedies for

this issue will be researched in the future.
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Figure 74. Peridynamic solution (blue) of an indentatioolgem compared with
Sneddon’s exact solutior2®) (equation 50) (red).

11. Glass Technology Short Course

A one-day short course on the “Fundamentals of Glass Sciemas taught by Professor Arun K.
Varshneya, Alfred University, at ARL on October 29, 2010. u@® attendees received copies of
Varshneya’'s-undamentals of Inorganic Glass€86). The course covered topics on (1) basic
compositions and families of commercial glasses that aehitreous silicates, SL silicates,
borosilicates, lead silicates, and aluminosilicatesfifgfiamentals of the glassy state; (3) phase
separation and liquid-liquid immiscibility; (4) glasssttures (oxide and non-oxide glasses); (5)
review of some glass properties (e.g., elastic propet@siness, viscosity, thermal expansion,
durability); and (6) annealing and strengthening.

The course was well received, and a question-and-answiedparisued with questions like,
“What is the difference between a glass and an amorphousiaiate Answer: “Amorphous
materials make a continuous or discontinuous volume tiiangio a crystal or vapor on heating,
whereas, glasses continuously change to a liquid on heatBee also, p. 17 and 18 in
Varshneya 26), and figure 75.
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Figure 75. The volume-temperature diagram for a glassifayriiquid, after
Varshneya 26).

12. A Short-term Conceptual Project

A short-term conceptual project to determine an effectiymeeimental and theoretical approach
to model and characterize the role of glassy materials istieg ballistic impact was conducted
by Richard Lehman, Professor and Chair of the DepartmentaiéNals Science and
Engineering, Rutgers University, Piscataway, NJ. A shygmbgsis of the report was briefed at
ARL on November 17, 2011, and appears below.

A number of features of the glassy state are thought to paatie in the ballistic response of glass:

Structural relaxation/viscoelasticity/strain energyigglence theory (SEET)

Short- and longer-range atomic structural charactesistic

Free volume (compaction, bulking)

Cation and anion coordination

Bond energies
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e Other nanoscale order characteristics that are difficidetermine experimentally for silicate
glasses.

A number of expert personnel were contacted with the folhgypanel discussion outcomes:

e Structural relaxation: The ability of glass to convert tacauid with little structural
adjustment compared to crystalline materials may enablesgb respond more favorably to
shaped-charge assault within the microsecond time peoibiti® impact. Viscoelastic issues
will be addressed.

e Modeling: Structural models based on statistical thernrmadyics, ring structures, molecular
dynamics, and, anisotropic finite element methods (FEMB)Yowiconsidered. Experimental
pair distribution functions based on x-ray data will be dissed.

e Molecular defects: Glass is rich in molecular defects sty gen hole centers, E,
bridging oxygen, non-bridging oxygen, and various ringedéstructure. These defects may
play an important role in the shaped-charge behavior.

e Heterogeneous structure: Most glasses are not the unigmtropic material at the
mesoscale that many scientists assume. Phase separation,austering, and small-scale
density fluctuations (as evidenced by various types of apsicattering) may be important in
allowing glass to accommodate high strain rates.

e Free-volume: Glasses contain a large amount of free volummgpared to their crystalline
counterparts.

Summary and conclusions of the study include the following:

e MDs can be expanded into the mesoscale region:
— Large atom arrays (>2Pand non-cubic shapes, e.g., high aspect ratio cylinders.
— Use surrogates to boost scale.
— Time scale (microseconds) cannot be collapsed and is a timjbon modeling time.

e FEMs can be down-scaled to the mesoscale size region:
— Requires specialized nonlinear methods.
— Structural elements modeled as nonlinear elements.
— Xi Chen at Columbia Univ. has relevant experience.
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e Medium-ranged structural data obtained with scanningeling electron microscopy
(STEM):
— Initial material characterization.
— Input to modeling effort.
— Aid in interpretation of stress wave work.

e Stress wave characterization:
— Coherent acoustic phonon spectroscopy is a promisingigrepproach.
— The time scale is very short.
— Experiments can be adjusted to span a range of experintienégberiods.

13. Effect of Glass Composition on the Performance of Glassunderstand
the Role of Boron Concentration on the Dynamic Properties irthe
Borosilicate System

Glass is currently used for transparent armor systems aimtievést for opague armor
applications. The glasses that have been studied in preingastigations have been commercial
glasses such as SL silica glass, borosilicate glass, ard &iica. Attempts to procure new glass
composition have been limited to bulk glasses for compmsitihat have a commercial market.
This is primarily due to the large capacity nature of glasglpction. Typical melts range from
small volume of less than 1 ton a day to very large at greager 1100 tons a day. These are all
greater than the needs required for small-scale evalisatorrballistic and dynamic properties.
Thus, a facility at ARL-WMRD to produce small boules of glassonduct
composition-structure-property relationship studies watalled in fiscal year 2013.

Figure 76 is a photograph of a bottom loading furnace locatéxRL-WMRD. It has been used

for producing SL silica glass boules as shown on figure 77.s@&lggasses were produced to
understand the temperature profile and capability of theefte. The fiscal year 2013 effort will
investigate the role of boron concentration on the propeeui glass. The approach is using glass
frits to cast round disks of borosilicate glasses. The targmpositions are the commercial
Borofloat composition, the Borofloat composition with anitiddal 5 wt% and the Borofloat
composition with a reduced 5 Wt.of boron. Chemical analysis, quasi-static property
characterization, dynamic properties characterizatiod, ballistic performance will be measured
and reported.
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Figure 76. Bottom loading furnace installed at ARL.

Figure 77. Typical glass boule produced in a silica crucible
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14. Conclusions

This third-year final report on multiscale modeling of norstalline ceramics (glass) has focused
on establishing the framework for development of a multesscamputational methodology for
optimizing or enhancing the performance of silicate-bagads materials not yet synthesized. A
more immediate research objective is to understand whgioerhemically substituted
silica-based materials exhibit enhanced performancesinléfieat of SCJs and other ballistic
threats. Conclusions consistent with the milestones shiowre five-year roadmap shown in
figure 3 are as follows:

1. Fused silica and various chemically substituted siidsised specimens were delivered to
ARL under the auspices of an ongoing cooperative agreertiezste specimens have been
ballistically tested, and serve to validate future compaotel models of fused silica.

2. The structural characteristics of silicate-based gmgsclude SRO consisting of atom to atom
bond lengths that are less than 0.5 nm and bond angles atdgradtby RDFs and SAXS
measurements. IRO in silica-based glasses consists obtjmmerization of the silica atomic
tetrahedra (on&: atom surrounded by foup atoms into ring structures of joined tetrahedra
of a variety of sizes ranging from four to eight groups ofdatrdra). Chemical substitution
of Na, K, Mg,Ca, B, and other atoms can have a profound effect on IRO and hallist
performance. Initial free volume and its variation with ggare control densification
behavior, but this is difficult to measure or quantify, esaicat elevated pressure. A glass
brittleness parameter discussed by Wy dppears dependent on the deformation and fracture
behavior, which depends on flow and densification beforekdratiation and on the bond
strength of the network and seems to decrease with a dedredsesity.

3. A series of experiments on Borofloat, Starphire, and fedarh were conducted at the
Ernst-Mach Institute in Germany, which showed that fraetamd fragmentation (figure 21) of
these glasses have profoundly different macroscopic nsgp@igure 12) and fracture kinetics
(table 8) useful for computational model validation. Saldinder impact onto fused silica
targets results in a greater mass of finer fragments thanfh@#nd, whereas the AP round
results in a larger mass of greater than 2-mme-size fragnfégtse 21).

4. A series of nanoindentation experiments (indenter sadi@;:m) into fused silica were
conducted at ARL, which showed that both hardness and medigicreased with increasing
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indentation depth (figure 30). Also, both radial and coneksavere observed in indents,
which exceeded 1500 nm (figures 32 and 33). The nanoindentatperiments will be used
to validate MD and peridynamics models of fused silica amgothemically substituted
glasses.

. High-pressure DAC experiments were conducted at ARL@ssures o33 GPa and

provide a means to measure density changes with pressuigsseg. Our DAC results on
fused silica compared well with prior published result®)(@nd provide a means for

validation of AIMD-based predictions of Hugoniots for ma@mplex chemically substituted
glasses. Preliminary measurements of neutron diffracii@ctra of fused silica, Borofloat,
and SL glasses provide an independent means to assess&hagss network structure

with pressure. Preliminary analysis of Raman spectrosaopiasurements on several glasses
with various (known) concentrations of secondary molezudweal changes in the 300-400
wavenumber region with decreasing intensity as the cortipngihanges within each sample
(figure 28).

. MD simulations of nanoindentation (indenter radius = 9 mito fused silica were conducted
using LAMMPS @5) using a pairwise interatomic potential developed usingechBM
techniques described in I1zvekov and Ridel)(and Izvekov et al. §6). However, computed
hardness values of 7.38 GPa underestimated experimehiabwdetermined from our own
indentation experiments, using albeit larger indenterdgnter radius = am) (see figure 30).

. The pairwise interatomic potential that was developeadgus FM technique was also used to
determine a shock Hugoniot for fused silica to 60 GPa; it w#gaily shown to be in

excellent agreement with experimental values (see figuanl£age 26 or our prior year’s
memorandum report4é). Closer examination of the structure of our silica compatel
model indicated that it contained regions of microcrystal that apparently had contributed
to our excellent prediction of the shock Hugoniot for fuséida (44). Recomputation of the
shock Hugoniot with a model free of microcrystallites résdlin a Hugoniot which
overestimated the silica density relative to experimevdahles in the 0-20 GPa pressure
range (figure 35). The extension of the pairwise FM model ¢tuthe angle bending forces,
which are three-body forces, is underway to improve thegoerénce of the model at low
pressures where silica densification is driven by strutamd topological changes. At this
time, however, we cannot rule out entirely the importancenimiro/nanocrystallinity in our
modeling of glass, since work by Saito et é82) using light scattering studies concluded that
IRO structures, i.e., micro/nanocrystallites, exist iicaiglass (see also our discussion in
section 4.2.7).
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8.

10.

11.

12.

First-principles quantum mechanical methods using VA&E are used to model
densification and bulk modulus variations with pressureigetl silica. Ring size
distributions (figure 46) and angle distributions far— O — Si andO — Si — O (figure 47)
are calculated, and future work will consider the pressar@tion of these distributions and
whether they can be validated with experimental measureneemducted on fused silica
under extreme pressure using diamond anvil cells. FM piaienwere also determined for a
borosilicate glass system (figure 52) in preparation foffigel year 2013 investigation of the
role of boron concentration on the properties of glass ugsurghew glass processing facility
(see section 13).

. The CASTEP code6@) was used to compute initial IR and Raman spectra for both

crystalline and amorphousiO,. 1t was found that the calculated IR spectrum (figure 53)
reproduce the main peaks observed in experiments-qQuartz (figure 54). In addition,
calculated Raman spectra (figure 60) reproduced the threeregaons observed in
experiments on amorphous silica (figure 61).

Since inelastic deformation and a polyamorphic tramsé&tion apparently occurs
simultaneously in some glasses, a model was developedaomtcior this coupled behavior,
which captures the kinetics of the polyamorphic transfaiomethat occur in plate impact
experiments on borosilicate (compare for example the piapact experiments of Alexander
et al. 23) in figure 62a with simulation results in figure 63b.

We have conducted a dimensional analysis for stablé& graevth in brittle elastic solids
subjected to both indentation and wedge loadings and fduatdar Hertzian cone cracks

D = (P/K)?3, whereD is the width of the base of the cone craékis the indentation load,
and K is the cohesive modulus; this relation is modified for 2-[2s$rand deformation fields
| = (P/K)? wherel is the crack length. This last similarity relation was useduccessfully
validate indentation and wedge-induced crack problemsusie peridynamics
computational code that was developed under this programily D deformation and stress
fields for a rigid cylindrical indenter on an elastic halfspavere presented, which are useful
for validating similar elastic field predictions by comptisaal means prior to densification
and failure of the medium.

A 2-D peridynamic model was developed to model nanoitedem and dynamic crack
propagation in fused silica as an extension of the recentdeBel of Wildman and

Gazonas 18); a PML was added to permit infinite computational domairag ére
encountered in solution to certain boundary value probléi@s Peridynamic simulations of
2-D cracking induced by indentation and wedge loadings walidated using the universal
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13.

14.

similarity relation/ = (P/K)? derived in section 6. A 3-D axisymmetric peridynamics
computational code was developed and verified against ad:ifmsm solution 25) for
vertical displacements in an elastic halfspace inducedflat,acylindrical indenter illustrated
in figure 74.

Preliminary material characteristic and property rogtr At this point, it is worthwhile to try
articulating a set of material characteristics and progethat may have significant influence
on performance of silicate-based glasses in various bealégents and that may be controlled
by systematic chemical substitutions. Among these aredll@ning: linear thermal
expansion, flash thermal conductivity, inelastic defororafplasticity), actual density and
calculated free volume, macro-defects (inclusions) andg(bubbles), percentage of
micro/nanocrystalinity and nanochemical inhomogengjtdastic recovery, and controlled
Hertzian indentation. The quasi-static and dynamic sts&ssn measurements are so
susceptible to almost unavoidable surface flaws that theésustill problematic.

The current glass DSI program has successfully trangitl into a core mission program
within WMRD for fiscal year 2013 and beyond. An important fe@f the mission program
concerns in-house production of small samples of glassndwat controlled
composition-structure-property relationship studieg(section 13). Chemical analysis,
guasi-static property characterization, dynamic propextharacterization, and ballistic
performance will be measured and reported on a variety ohatadly substituted glasses;
data and measurements from this effort will provide a meanslidate a parallel
computational effort using DFT and MD methods for the “deigf ballistically enhanced
glass formulations, which have not yet been synthesized!

15. Appendix - metrics

15.1 Presentations

Weingarten, N. S.; Izvekov, S.; Rice, B. M. Mechanism of diécetion in silica glass under
pressure as revealed by a bottom-up pairwise effectivesiction model, 22 International
Workshop on Computational Mechanics of Materials, Baltieadaryland, September 2012.

Jenkins, T. Validation of amorphous glass properties udiamnond anvil Cell experiments,-
talk presented at 22 International Workshop on Computational Mechanics of Mats,
Baltimore MD, September 24 - 26, 2012.
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Wildman, R. A.; Gazonas, G. A. Peridynamic simulations dite regions using a perfectly
matched layer, SEM XII Congregs Exposition on Experimental and Applied Mechanics,
May, 2012, Costa Mesa, CA.

Gazonas, G. A. Multiscale modeling of noncrystalline cataniglass), Materials Under
Extreme Dynamic Environments (MEDE) review. ARL, APG, MDDécember 2012.

Gazonas, G. A.; McCauley, J. W.; Batyrev, I. G.; Becker, R.Ratel, P.; Rice, B. M.;
Weingarten, N. S. Multiscale modeling of noncrystallineageics (glass), ARL DSI Annual
Review for Mr. Miller. ARL, ALC, MD, 13 September 2011.

Gazonas, G. A.; McCauley, J. W.; Batyrev, |. G.; Becker, R.Ratel, P.; Rice, B. M.;
Weingarten, N. S. Multiscale modeling of noncrystallineaseics (glass), ARL DSI Annual
Review for Mr. Miller. ARL, APG, MD, 8 March 2011.

Cadel, D.; Schuster, B.; Gazonas, G. A. Grain orientatieces on fracture in aluminum
oxynitride (AION) and fused silicaa(— Si0-), Summer Student Symposium Presentation,
ARL, APG, August 2011.

Gazonas, G. A. Multiscale modeling of noncrystalline catan(glass), Materials Under
Extreme Dynamic Environments (MEDE) review. ARL, APG, MDMarch 2011.

Gazonas, G. A. Glass multiscale modeling DSI overview, Jmar@ visit on
multidisciplinary scale modeling, ARL, APG, MD, 18 May 2010

Strassburger, E.; Patel, P.; McCauley, J. W.; TempletoNyYExperimental methods for
characterization and evaluation of transparent armormasgeln 34" International
Conference and Exposition on Advanced Ceramics and ComagpEiaytona Beach, FL,
2010.

fGazonas, G. A.; McCauley, J. W.; Patel, P. Multiscale maodgdif non-crystalline ceramics
(glass), Presentation at the'8Tternational Conference and Exposition on Ceramics and
Composites, Dayton Beach, FL, 27 January - 1 February 2013.

fGazonas, G. A.; McCauley, J. W.; Patel, P.; Batyreyv, |.; BecR.; Izvekov, S.; Jenkins, T.;
Rice, B.; Schuster, B.; Weingarten, N.; Kilcewski, S.; Wihldn, R. Multiscale modeling of
non-crystalline solids, International Congress on GlBsague, 1-5 July 2013

TPaper accepted yet withdrawn for apparent budgetary ceraidns
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15.2 Publications

Wildman, R. A.; Gazonas, G. A perfectly matched layer for peridynamics in one
dimension ARL-TR-5626; U.S. Army Research Laboratory: Aberdeenvitrgp Ground,
MD, August, 2011.

Wildman, R. A.; Gazonas, G. A. A perfectly matched layer ferigynamics in two
dimensions.J. Mech. Mater. and Struct2013 7 (8-9), 765-781.

Izvekov, S.; Rice, B. M. Mechanism of densification in silglass under pressure as revealed
by bottom-up pairwise effective interaction mod&lChem. Phys.2012 136 (13), 134508.

iGruijicic, M.; Bell, W. C.; Pandurangan, B.; Cheeseman, BRatel, P.; Gazonas, G.A.
Inclusion of material non-linearity and inelasticity irdaontinuum-level material model for
soda-lime glass.J. Mater. and Des.2012 35, 144-155.

iSouza, F.; Allen, D. H.; Modeling the transition of microcka into macrocracks in
heterogeneous media using a two-way coupled multiscalemantl. J. Solids Structures
2011, 48, 3160-3175. (Scientific Services Program administeyeBattelle under contract
W911NF-07—-D—-0001; TCN 09-201).

iGruijicic, M.; Pandurangan, B.; Zhang, Z.; Bell, W.C.; GaasnG. A.; Patel, P.; Cheeseman,
B. A. Molecular-level analysis of shock-wave physics andvdion of the Hugoniot relations
for fused silica. J. Mater. Eng. 2011, Perf., DOI: 10.1007/s11665-011-0005-2.

iGrujicic, M.; Pandurangan, B.; Bell, W. C.; Cheeseman, B.Patel, P.; Gazonas, G. A.
Molecular-level analysis of shock-wave physics and déowveof the Hugoniot relations for
soda-lime glass.J. of Mater. Sci. 2011, 46 (22), 7298-7312.

Gazonas, G. A.; McCauley, J. W.; Batyrev, |. G.; Becker, R.I&ekov, S.; Jenkins, T. A,;
Patel, P.; Rice, B. M.; Schuster, B. E.; Weingarten, N. SldWan, R. A.Multiscale modeling
of non-crystalline ceramics (glass) (final repgRL-TR-6353; U.S. Army Research
Laboratory: Aberdeen Proving Ground, MD, February 2013.

Gazonas, G. A.; McCauley, J. W.; Batyrev, |. G.; Becker, Rlgekov, S.; Patel, P.; Rice, B.
M.; Schuster, B. E.; Weingarten, N. S.; Wildman, R.Multiscale modeling of
non-crystalline ceramics (glass) (FY1BRL-MR-0802; U.S. Army Research Laboratory:
Aberdeen Proving Ground, MD, January 2012.

fFunded in part by the Glass DSI program.
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Gazonas, G. A.; McCauley, J. W.; Batyrev, I. G.; Becker, R.Ratel, P.; Rice, B. M.;
Weingarten, N.SMultiscale modeling of non-crystalline ceramics (glagsiRL-MR-0765;
U.S. Army Research Laboratory: Aberdeen Proving Ground, Fébruary 2011.

Strassburger, E.; Bauer, S.; Hunzinger, Knalysis of the fragmentation of AION and
bi-modal grain sized Spinel, Final Report Report E 36R2search period:
10/2010-10/2011; Contract No. W911NF-10-2-0100 ContracFraunhofer-Gesellschaft
zur Férderung der angewandten Forschung e.V.

iBecker, RFormulation of a glass model to capture observations froghkrate ballistic
penetration ARL-TR-6086; U.S. Army Research Laboratory: Aberdeenvitrg Ground,
MD, August, 2012.

15.3 Personnel Hires

An Oak Ridge Institute of Science and Education (ORISE)-plostoral fellow was hired in
FY12 and offered a full-time government position in FY13. @RISE summer student was
hired in FY11.

15.4 Transition to Core

The DSI program has been transitioned to a core mission @mogr WMRD for fiscal year
2013 and beyond. In addition, a glass processing facilitfygstructure enhancement) has
been established in WMRD to produce small samples of glassriduct
composition-structure-property relationship studiepas of the new core mission program.

15.5 Computational Code Development

The 1-, 2-, and 3-D axisymmetric peridynamics codes with BiMapable of modeling wave
propagation and fracture in brittle materials have beerld@ed and verified under this DSI
program.

15.6 Other

A one-day short course on the “Fundamentals of Glass Sciembih was taught by
Professor Arun K. Varshneya, Alfred University, at ARL ontGlwer 29, 2010. Course
attendees received copies of Varshneyaiadamentals of Inorganic Glass€26).
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A short-term conceptual project to determine an effectiymeeimental and theoretical
approach to model and characterize the role of glassy rakéni resisting ballistic impact
was conducted by Professor Richard Lehman, Rutgers Uitizers short synopsis of this
project was briefed at ARL on 17 November, 2011 (section 12).

Seminars: “Atomistic Simulations of Vitreous Silica,” @oack, A. N., and Inamori, K.,
School of Engineering, NY State College of Ceramics, Alftadversity, 9 January 2012.
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List of Symbols, Abbreviations, and Acronyms

1-D
2-D
a-S104
Al
AION
ARL
AIMD
a-Si0,
B

Ca
CSM
DAC
DSI
EOI
EOS
FEM
FIB
HEL
IRO
LAMMPS
LB

MD
Na
MEDE
O
PAW
PML
RDF
SAXS
SCJ
SEET
SEM

one-dimensional
two-dimensional

crystalline quartz

aluminum

aluminum oxynitride

U.S. Army Research Laboratory
ab initio molecular dynamics
fused silica or amorphous quartz
boron

calcium

continuous stiffness measurement
diamond anvil cell

Director’s Strategic Initiative
edge-on-impact

equation of state

finite element method
focused-ion-beam

Hugoniot elastic limit
intermediate-range order
large-scale atomic/molecular massively paraligiidator
less brittle

molecular dynamics

sodium

materials in extreme dynamic environments
oxygen

projector augmented wave
perfectly matched layer

radial distribution function
small-angle x-ray scattering
shaped-charge jet

strain energy equivalence theory
scanning electron microscopy
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Si

SiC

SL
SRO
STEM
VASP
WMRD

silicon

silicon carbide

soda lime

short-range order

scanning tunneling electron microscopy
Vienna ab initio simulation package
Weapons and Materials Research Directorate
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