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ABRSTRACY

A major challenge in achieving a phyxics-based computabional capability for designing glaxs
and ceramic armar is o damage eviduion and fragment fow nedel that is wsable o continuum vodes,
We describe a miolel that uses microfatlore and fragment flow constitugive data, show how the model
Tinks to continuumm models, and compare computational rexolts with glass penstration tesis,

BACKGROLIND AND PROGEAM GDALS

fmproved mesomechanical constitutive relations for ghiss largels undergoimg  microscopic
damage are needed for elficient Jesign of iranspareni armoy. The mle of the mesomechanical models is
o refare material failure on the microscopic fevel to continuum behavior, and to give guidance 0
contintmm madels thut are used in hydrocodes.

Penetrtion of thick targeis of both ductile and hritile materials oocars by the Tormation of a
region of vielded, flowing mraierial a6 the penetralor—target interface, The Oow of this material aliows
penetration W ocuer. For brittle materials ke glass and ceramices, the yielded material is obscrved to
consist of fine fragments m a thin region called the Mescall sone (MZY.

Qur goal is W constinet a mesomodel that deseribes the microdamage evolwion, e, the
nuecleation, growih, and coalesvence of mictooracks to form the MZ, and subscquent granular Miw of
the comminuted material out of the path of the advancing penetrator. Oor mesomodel is enpirical, and
is based on obsersatons and data teom experiments designed to measure microdamage evolution and
fragment flow.

I this paper we deseribe g proposed initial framework for a racsoinadel, incarporate available data,
discuss preliminary correlaions of predictions with observations, and discuss future proposed
experiments,

MESOMECHANIC AL APFRGACH
Empiricaily-based mezmpechaoical constitutive relations bave been seceessbully developed

during the past several decades (o relate matecial Failwre in mietals and compesites (o the underlying
m|c|r\kwpm processes, thereby helping to select appropriate continuum models sad resolve apparent
paradoxes . The key to this approach has been the dn:velopmem wl experiments for determination of
“nucleatiun and growth Lo fragmentation” (NAGFRAG) laws in a relevan volume element iRVE) for
the evolution of size distributioms of miccoscopic voids and cracks and their coalescence w form
fragmenis, as well as the subseguent motion of these fragments.

NAG/FRAG expeciments are designed to measure key properties. As summarized in the 2004 haok
by Kanel, Razorenov. and Foriov’, glass presenis several challenges. as follows,

+  Flaw sites: Whereas most briide materials conizin internal flaws (hat can serve ad iicrecrack
nucleation sites. bigh quality glass has primarily only surface flaws. This means that in unnaosial
slrain plate impagi. experbments, for exaraple. the micredamage shonld be localized in a tegion
adjacent to the impact surface.

+ HEL: Glasses do not eabibit a Jistingt Huguniol elaste mit in plate impact expeninents, partly
because of 1 convex downward curvaiure of the Hugoniol at kow pressures.

Muotecular structive: At high pressures, briile glasses hecome ductile. The moleeular structure of glass

allews densification without cracking al pressures exceeding 7-102 GPa AL such pressures, evidence of
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yicld may vanish, and the response may be difficull to distingeish between elastic and hydrostatic.

Prior expetiunents have emphastred instremented foog and shot rod peneteation lests ranging from
near ihe dwel transition to steady-stale peoetration. The easurements include z-vay or optical
“snapshots”™ of the position of the macrocrack front, M7, frani, and genetrator tail positiun™, Huwever,
uatl recently, experiments specilfically designed w yield NAGFRAG relations for the evolution of
intcrescopc damage were facking. fa e present paper we focus on three Lvpes of experiments thal cag
potentially provide such inluormation:

1. Plate impact {uniaxial strainj experiments. These experiments simulare the cading comditions or-
axis upder e peneteator nose duriny the impact shock response.

2. Partial penetration of nem-ending nads, These experiments reproduce the loading conditions oewr
the nose of elastic penetrarors at penetration rates of several bundred m/x.

3. Quasistatic material property fesys, including  compression-torsion tesis of powders. These
cxperiments provide basic propenies of the MZ material.

To guide planning and interpretation of the above cxperiments, woe starl with a conceptual
mesomodel (CMM), which will serve as an initial framework e be modificd as we obiain o
mieniwlamage evolution data.

CONCEPTUAL MESOMECHANNCAL MODIL

The CMM iz based on madifications of the FRAGBEDZ (FB2) mesomode] of non-lastic Mow
in brittle materialy’, The nou-glastic flow is asswmed o be wotally due 1o elastic fragments sliding
frictionally on inter-fragoment interfaces, and is treated by analogy (o multi-plane plasticity models
based oo atomic distocation dyaamics, we. we focus on the movement of lines of boles hetween the
fragincnts, catted macrodistocations (MDY, on a Hinile number of slip plaves. The flow is inherenily
rate-dependent because of finite crack ncleatinn and growth rates and fragiment inertis. Linear Elastiv
Fracture Mechanics (LEFM) is assuimed 10 govern e microerack nucleation, and the “fracture
toughness™ iz a property 1t represeats the muaterial’s brivtieness.

ficrogruphs of fragmecied ceruniva suggest thie the frapmented bed s mitially 4 jumbled
array of differeni-sized fragments in which flow is inhibited hecause the fragments black each other,
anid the associoted MDs are “pinned”. The “yicld” condition in the CMM s thus an “unpinning”
condition. Figure 1 is 3 schematic of this siteation, which also iustemes the expected importance of
confining boeundanies.

Confinement principally
encourages shear-enhanced
compaction but not bulking

Fracture
MD: the hole extends into the
y plane of the Figure to form a

s s dislocation-like object,

Figure 1. Schematic piciune of CONCehuwn wmau

The proposed unpinning criterion iz based on a simplificaion of the FB2 comminution model. We
assume that an applied remute “driving stress” state (T, P is sufficient o fraciore fragments of size B,
or greater, given by

4 .« Advances in Ceramic Armor [V
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1B, = 1K, Am T+ mP) (1

where T e the maxinwsn shear stiress, P iy the pressore, B, is a critical fragment size, 1B, 15 the
comesponding critical flaw size, K| 15 the plane strain fraciure toughness, and the m's allow local
stress enhancement over the remote stresses. Figure 1 shows that we idealize (he fragment cross-
sECloNs &5 sguares, An equivalenl circle with the same area would thus have o radivs R = B/ 1™ =
0.56B.

Lg 11} is clearly an oversimplified relation w be improved as miore data are obtained, For
exarnple, the dynamic initiation or arrest foughness andfor o combinaiion of Mode | and Mode T1
toughnesses would be move appropriste than K, which ix used bere as a simple measure of bridlenes<,
and i show trends. We expect that 4 more detailed maodel, such as that of Simons el al’ for concrete
ard marble, may cvenlually be needed,

As the applicd siresses increase. comnrinption breaks down the lurger fragmenis uniil either
sufficient unpinaing has occurred 1o allow flow of the remaining fragments, ar comminalion ceases
hecause the flaw sizes ate suboritival.

Specifically, we fit our daka to an imtial Poissen {rugment s1ze distiibution

N(B) = Nexpl-B/B,) (2

where N (B) is the pumber of iTagments per unit area of a cross seciion with size greater than B, Mg

ihe total aumber of legments per unil area in o eross seetion, ane B, Is (he inilial average size of the
fragments’, The fragment density funciioy js

JNAIB = [IN/B expd-B/R, ) (3}

We assume that the indtial distribution has an upper cwofl, a largest fragiment, B, . We also
assume that the inital hicle (MD} size distribution wmirrors the fragraent size distribution, with the
farger holes being assaciated with the Jarger fragments, and the average hofe size is equal to the
average fragment size. Integrating the hole area bB’ with a density function fike Eqi3) from B =0 to
B, gives the total initial porosity

¢, = N,PB, 12 - 100)) (42)

where N is the otal oumber of hides per unil area of @ cross section, b is the fraction of B that
specifies the width of the hole, 1.e. bR is the macroscopic Burger's vector, and

[x) = {5 2x4+ 2 jexpi-) RT3

where x = B, /B,
For a given B, say B, the muobile porosity 15 the tolal porosity minus the integral from 0o B,

and the ratic of mobile w olal perosity is
G0, = HIR) - ERIM2 - Fix) i5)

where x, = B /B, and x, =B _ /B,

For example. Cqi5 shows ithat when B, = B, and B, = 2 B, | ¢/, = 0.75. That is, when the
Jargest fraginent in the dsstnbuotion has been reduced to B 75% of the original fraginents and
asstcialed MDs have been unpinned.

Fuor such ffow 1o he possible, the material mast contain pores tthe MDs). Under the igh
coalinement provided by the impact interface of a uaisxial strain plate impact, or on-axis al the nose af
a rod impact, the ML will weind @0 be driven into the confining bourdary, resulting In compaction (the
fragrments can imove info the RVE, bl pot out), It the confinement is raintained, the subsequent
response st be elastic. This postulared behavio ks shown schematically in Figure 2,
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Sigure 2, Costulatec CMM yield behavior p

The mesomodel mnst alao describe the process by which fensile cracks and MDs (veids) me
produced in originalty voil-free glass under compression and shear. “Wing cracks™ arc a candidate for
cavsing britde falure and dilaancy wnder commpression and shear (see Figure 3). In generad, a weak,
shear ~uribce Muw can either propugate a8 a Mode 1 shear crack, or wrn ont of the crack plane mmd
propagate as a wing (splitting™d crack. In the latter case, voids (MDsj are produced in the target,
cansing dilatancy. The extensive [iterature om this subject is reviewed in the 2304 book by Kanel,
Razorenov, and Fortov', Wing cracks were observed in glass plates under compression in 1963 by
Brave and Bombolakis”. Subseguent work by Memat-Nasser and Howii'', Hotdii and Nemat-Nasser”,
Moss and Gupla', and Nemat-Nasser and Obata”, among others, described expected behavior under
differcnt siress stuies. Kalthofl™ pecformed experiments with an edge impact technique on s number of
duetile and brittle matetials, and found that the mode chosen depended on whether there was a
mechanism for shear softening (e.p. adiabatic heating) sufficient o stabilize a propagating shear crack.

Imnnet sinface

o

x

Figure 3. Wiag crack

Thus, wing cracks appear o be o possible source for driving voids (MDs) into previousty noo-
porons alass in plate impact lests. Heawever, the brittle-ductile trapsition diseussed shove may suppress
iheir formation, in which case we would expect 2 non-porous layer of damage al the impactor-target
intertace. To resolve this and oiher issues, we need more data,

SUPPOIRTING EXPERIMENTS
Uniaxial strain piate impac) respanse:

We begin by examining the response of Soda-Lime Glass (SLG) samples loaded by vaiaxial
strain impacts in experiments reported by Simha and Gupta®, und Aleaander et al”. We assume fhat
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ceacks (wing crucks or shear cracks). originae from a size distribution of flaws of size don the
impacted surface. We also assume Ut the disieibaiion 1s of the torm of Eqi2). 1o relate the flaw size
o llic fragment size B, we draw ol the “cruck nmge”™ concept of the BFRACT miodel for envile
eracks’, which detines a parameter M = B/, For very britle materials, M can be between L0 and X3,
The FB2X comminution model assumes thal cach tragment contains a law of size = nB. Thus, M =
1.

Fur each active slip plase, Eq (11, with 8 set equal to ithe minimum flaw size, desceibes the Fig.
2 yield funetion in T - P space. When an elastic lead path crosses the surface, the model produces a
hurst of non-elastic strain as the porosity is driven into the impactor surface. The shear siress drops at
constant pressure 10 the “faled” curve t=p P

To daseribe the non-elastic fow of (he "vielded” malenial 10 o manner thal ensures stability and
unigueness, an analysis due to Whitham"" is applied, and a “siress-relaxing solid” relation is used to
describe the atal strain rate on a slip plane as the s of the elastic sirain rate and the non-elastic
strain rae:

defdt = (1£2G) duidt + e {Ba}

where the non-¢lustic strain rule is given by
deiat = (/2020 B [HT-uBYp 1™ Hit-pPy by

and where G is he shear inodalus, His the Heaviside functiom, T s the muximam shear stress (=, (2),
wis the inergranular frchun coefficiaot, § is the mobile funpioned) poresity associated with the MDs.
B ix thw average hole (MD) height fequal 1o the average fragment sized, and b is a dimensionles:
parameter thal characterizes the average MD widih. The quantity [6 /(b) “B] can be considered a mese-
paramigter thar specifics, for a given stross staie on a given ship plane, both the porosity carried by a
MD and the MD speed. Tt bas significant leverage on the prodicted behavior, and we will vary it in a
patametet study,

in Talle 1, we Hsl weasured and assumed material properiies Tor the Smda-Time Glass (8LG).
and compare there with those for BC, a ceramic for which a clear two-wave response hias been
measuted”. The glass ond B C data wanunt continued study. sinec both sets of experinients weore well-
insirumented, and give anm opportnity to sbuly the effects of different microsiructures, fragture
tonghnesses, and meduli.

Table 1, Properties for SLG and B4C

PROPERTY SLG B4C
Density {2/cch 2.5 251
C, (kmist A.761 3.7
C, {kmis} 3437 5.7 |
C,  dkmis} N . A 9.3 )
Y { Poissons ratio) 0.224 0.162
G 13 MPa* 2945 SPa)y 120 GPa
K 17 MPa* {43 Gpa} 218 GPa
E 29 MFPa* (73 GPa)
K, {hMPa-m'"} 0.9 4
HEIL (GPa) 357 16,15
Flaw locations Surface Sorface  dnd  hiternal;  grain
boungkiries, tnclusions, eic.
Assumed meso properties, B, 1, | 03 G0 lum, 50 pm, |
| B.B.B_. 0h"B, [90pm, 10 - 100 em’'
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* The reported” ambient pressure elastic moduli measured by uitmscund sre nconsisient with the
measured wave speeds, and have been corrected. The corrected values me given in the pareothesis,

We do not have measurements of the sorface flaw distributions in the glass, but we will do an
cxample angivsis assoming the mesorechanical propertics listed in Table |, including setting B, = |
pm, B, = 50 pm, and B = 100um. We nexi upply (he siniplified Row model of Bq (b,

To convert the T relations to 1hase for the longitudinal stress, 5. we use thie umaxial strain conditinns;

T = [3-D1+] P = Phy. where w = (20 HGU-2W). and § = [200(1-2v}t N

Operating on Eq (6uj with didt, combining with the cquations for consgrvation of mass and
nwnnientuty. and using Lhe above umaxial strado celaiions connecting S and T via Poisson's eatio v, leads
iy

FEIOC — CCFGON + WS =0 (8}
where b is the Lagrangian distance o the tacget, C is the longituding! wave speed,
A= 0T = [0 20 -] 7 )™ (DR B I A0S (9}

and ¥ = (201931 -2v).

Using the glasy values of Tuble { vields vadues of T = runging from 50 to 300 os, depeading on
the choice of b8,

Eqs (83 and (9) fulfilt a stability criterion due to Whitham™™: If & » 0, the solotion 1o Eq(8) for
St} is well-posed and stabale {dissiputive). The resuit s a decaying elastic wave followed by a
diffusive failore wave. In the linear npproximation, 3 is given by

S = S (t-hClesp{-Ah2C) (14

where 8, is the impact stress.  Thus, the width of the MZ is approximately 2CT. A in Eg(9) is not a
constant, but depends on the stress (0 the -1/2 power, thereby violating the lincar assurmption.
However, the “viscous” avershout from the BET. is small, s0 we will roughly approximate the response
by setting S egual o the HEL value,

We pow focus on specific expedments with SLG glass performed by Sunha and Gopta and
Alexander et al, in which STCG impactors on SLG targets penerated elastie impact stresses of 4 10 16
Gi'a an the impact surfoce. Both sueasuied loading times to 4 GPa of abont £.20s. For umpact stresses
of 4 v 6 GPa. Simha and (upta measuored a two-wave simeture. For example, at 4.6 GPa, they
meavaced 5 slightly rounded longitudinal stress plateau at 4 GPa, followed after about 2 ps by a second
rise 1o 4.6 GPu. This can be combined with their lareral stresy history record 1o show a strength, T, that
jumps to o plateaw of about 1.5 GPa, bt after aboui 0.5 ps. drops Lo about 1 GPa, only 1o ramp up
again at about 2.5 Us 0 a new plateau of about 1.5 GPa at aboul 3 ps. This observed two-wave
steuicture was interpreted by Simbia and Gupta as a time-dependent loss of strengih followsed by »
paitial regaiming Cf that stremgth, cunsisient with the UMM picivce. Tn contrast, Alexander et al did not
recond o twn-wave struciure.

Simha and Gupta developed an ad hoc eootinvam stretigth moded thai correlated well with the
above experiments, has similar features as the CMM model, and can therefore serve as a tesi of the
MM model’s validits.

Thui 15, w0 compare the CMM predicted trends with the above duts, we set m=m, = I, and
choose the parameters in Table | o enforce & vadue of 4 GPa for the HEL. The values in Table 1 for
SLG give a wniaxial strain loading path of 7= 0.68P. und Eq (1) gives a vield circle with a radjus = 2.3
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G, corresponding 0 8§ (HEL) = 4 GPa. ar desired, The (MM mhiode! calcvlstes o diffusion froat
psendovelocity obtained by analogy io heat flow calculafions”. where calculations of heat flow from a
hot stab, mziniained at comstant tepperalure, suddenly placed in contact with a cold material, showed
that the psewdovelocity of prapagaron of one-fourth the hot slib temperamre, was 3k/4, where k is the
diffusivity, Taking the diffustvity 1o be egual w T, and setting the psendovelucity egual to
hiditfomon it yield-

widiffusion} = 1.7 ()™ i

S0 far. the discussion lias concerned individual slip planes, bat a funther censequence of the
postulated “unpinoing vield condition™ ts that many slip planes would becone active simultansously.
1o Fizure 1. for example. the vertical slip planes would also stact o slide. The fragnient cross sections,
schematically shown as squares, wonid become “rounder”™, and the material would become more like 8
liguid. The etfcctive coefficient of friction i might decrease as the particles begin 1 roll, But it the
confinement is maintined. once the MDs have flowed into the confiring penetrator interface 0
compact the material, the subsequent reloading from the velaxed state 8 (1= P of 174 GPa ffor jt =
0.3) woudd e that of an elastic liguid, amld the appropriate wave speed would he the butk wave speed.

Since the CMM 1nvdel has many adjustable paramcters, o wide variety of responses can be
predicled. We performed a preliminary parameter stody by varving the valie of /68, over the inge
shuvn in Table [ Figeee 4 shows the rwo extremes (T = 50 ns and T = 500 ng) for the Simha and
Gupta experitwent which produced an impact stress of 4.6 GPa. The best overall correlation 15 obtained
with the Jarge valne of T (500 nsh, which Torced the diffusing faifure wave to iravel at almost the
elastic wave speed. The slewer bulk wave speed for the clastic liguid delayed the arrival of the
reloading wave 1o abeut 16 ps, in rovgh agreement with the Simwa snd Gupta resuils for the
fongitudinal stress, However, the observed regaining of strength is not predicted by the CMM
{althongh 1 is possible to imagine that the fine pariicles compact and “Teeere” (o hecome an affective
solid againi.

By choosing the small value of T (50 ns). we can detay the reloadipg pulse 1o agree with the
second wave artival time rccorded by Simha and Gupta. However, Figure 4 shows that the delay
simply teduces the first wave to bow amplimde, resaiting in a poor correlation.

S (GPy — Salid line: Simha & Gupia
4 e Ll e Dash-dot © Simha & Cupla,
r e T=05(5-5)
3 ",.--' Heavy dash: CMM, farge T
2 . Dotted: CMM, small T
-t R [
alht N
i {
0 1 2 3
£(es)

Fignre 4. Comparison of CMM model trends with simphfied Simha & Gopia data,
Measurement is 3 mim from impact surface.
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AT Righer impact siresses, the data suggest that the glass becomes duetife. andfor undergoes
densificatiun or 3 phase change, and no longer behaves like a collection of elastic fragments. Since our
maidel predicts that the material will recompact at the impactor inlerface. wmd reload elastically, we
expect that both reshocking and unloading should occur elastically, as divgrammed schematically in
Figure 2. Flastic unloading was, in fact, inferred by Alexander et al”.

In summary. there are enongh adinstable parameters in the CMM model to allow rough rend
correlaiions with the plate impact data 1© be obtained, but we need additicnsl damage evolution dara o
furiher consirain cur madel parametees. A proposed “soft recovery”™ plate impact experiment will be
described tater.

Pariial penetration experiments provide valnable daa under other loading conditions, and are
discussed next,

Panial penetration of nen-emding rods:

A deseribed in  companion paper in the present conference’, we have pertormed experiments
in which hard steel hemispherical-nosed rods were fired intor thick, confined soda lime and borosilicaie
glass targers at Impract velocities ranging fron 300 10 800 /s, The 6.35 mum diameter x 31.85 mm long
rods remained clastic, and arrested sfier partial penetration. The recovered turgeis showed a MZ region
around the penetrator that consisted of pulverized material with a Tairly sharp boundary, The MZ
thickness at the gose al atrest in all cases was less than 2 mm. The diameter of the wonel ranged from
about twice the rodd diameter at 300 nv's impact velocity o about 4 times the rod diaeler ae 600 mfs
mnpact velocity.

The membrane stresses nucleale finely-spaced cone crucks which are driven bito the targei
from the red periphery as the rod advances, and intersect with less finely-spaced lateral cracks ta form
i fragruenied hed ranging from mm-sized fragmenis some distance ahead of the arrested penetrator
sub nmi-sized fragments close 10 the boundsry with the MZ, wathin which the fragiment sizes were Jess
than 30 microns. The cone cracks npen o relieve the stress and produce porosity (MDs). Thus, similar
to the potential role played by wing cracks in ihe plate inpact case, a mechanism exists 10 produce
both fragments and porosity (MIS) bt a regioo ahead of an oncoming interface with the impenetrable
penctrator or flyer plade.

The CMM madel thea suggests the following penetration scenario. When the axial conipressive
stress at o given localion (RVE) shead of the penetrator reaches the critical value for the largest
fragmients in the RYE (Fig. 23, those fragments and MDDk are unpinaed. and non-elastic flow begins.
This flow initially consists of “channels™ of small frazments carrying larger “eolenies™ into the tunnel’.
The higher pressures pear ibe pepetraior nose couse comminution and production of micron-sized
particles similar o those in the plate Tmpact cuse. The porovity is absorbed by the penstraior nose.
resuliing in 2 compacted MZ. Then flow of the MZ material begins {eom the penetrator periphery,
allowiny the pencwrator o advance. However, the flowing powder also interacts with the penerrator
maicrial to abrade i, and the lemperatures are high enough o meli some of the glass, ds ubeerved”,

Preliminary measurericnts’ of the feagment size distribuiion in the MZ close 1o the penstrator's
nose roughly fit a Poisson distribution with B, in Eq (2} cqual to abouwt 30 microns inside the MZ
boundary and 60 mierons outside the boundary. Il we tow assume that 1 is 00 and B = 30 microns,
Eqil) gives a cnitical dhving stress of 0.3 OPa for the outer boundary of the MZ. This appears 0
correlate well with supporting hydrocode calculyions af un impact velorily of 400 mfs™. Furthermore,
the hydracade caleulations give a deiving stiess near the intertsee of about 2.5 o 3 GPa. which Egi i}
predicts will produce fragments » litthe less than 1 micvon in size, which also coveelates reasonubly well
with micrographs of the fragments adhered to the penercator nose surface”. In this scenario, the muin
role of the farger fragments in the M7, as well as the fragmenls cuiside the MZ, ix ie provide the
porosity that initially allows Now.
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Thus, the CMM comelations are perhaps encouraging, bul we again nesd more icvodaniage
evolution data, a5 discussed next.

FUTURE TEST PROGRAM
Partial peactration esty:

The partind penetration lests fulfill ibe basic tequireinents fur messuring microdsmage
evidution: variable load amplitedes and durations, soft-reeovered specimens allowing microscopic
examination of the fractured matenal, and recovered tuanel matenal Lo properiy testing, A prototype
test program i deseribed m a companion paper 1o tas conderence’.

Cuasistatic properly tests:

Tests are needed to obtain busic material properties, especially for the pulverized material, for
inpat Lo both contineum and mesomechanical madels, Pressurc—shear measutements on pulvertzed
niaterial recovered from the partial peoetration tests are underway . Those tests inchude microsttuctural
observations of the material before and after granolar flow, We plao similar observations of damaged
maderial from contined pressure tests being perforrmmed at SwRi Since interaction of the pulverizid
material delwis with the penetrator nose and sides seemed bmpoctant in the panial penetrativon tests, we
plan 1o alse examine the material that adheres to the shear surfaces in the SwRI specimens. We will
compare the evolution of fragment size and shape for (he two cases.

Soft-recovered plare impuet lests:

To help interprel prior plate impaci data, we need fesis that allow us w measuee the evabion of ihe
microdamage. b prior work on britile tensile frachwe and fragmentation i Aonco iron, for esample,
we wene able (o produce Jifferent damage levels in target “pucks”. aad thereafier perform iterative
caleulations with NAGA'RAG models unlil we coutd corrclate with the measwred damage
disidbutions’. To follow the sume provedure for compressioa-shear loads, we need 4 scheme o soft-
recover the tacget specimens {or subsequent mmcroscopic exatpination. A possible design i< sketched
in Figure 5, which shows the following fentures based om our earlier work™:

- Flyer plate is 50 mm
dian x 5 mm thick.

« Al impactor - Gilass sees about a 2 ps

pulse with a possible

2-wave structure.

< Al buffer and momentum trap
\
Mn stress gage
Gilass puck
B Glass collar
.l-'-.-..-
|

Figure 5. Plate impact test design

Advances in Ceramic Amor V- 11



Measormecharnical Constitutive Relations for Glass and Ceramic Armior

s The samples are intaci of pre-Tractured cylindrical glass plates (“pucks™).
»  Tmipacter and confinement materials are impedance-matching aluminunt alloys.

¢ The sample ptate 15 surcounded by a glass collar whose purpose is to climinate converging
unloading waves, and inaintain uniaxial strain ie the samphe for the duratoen of the load pulse.

o Tmpuct velxiiies and tansmitted stress Bistories are measured.

*  [ncreasing impact velocily levels prodoce increasing degrees of damage,

s A gtundard “rag cage” is used for soft-recovery of the targel package.

»

The glass sample is characietized pre and post-test for fragment size, poe size, and [ragment
geometry distribitions.

CONCLUSIONS

Our conceptual mesomode! (CMM} shows some proniise, but needs more nucrodamage evolution
data o isapiove it As discussed above, we expeot that Eq(l} will be replaced by an expression thal
contains static and dynamic Mode I and Mode H toughnesses and other refinements, and sophisticated
crack mowth and coslescence models are available for conrelating beiter with microdamage evolution
daty. Some key quesitons are:

*+  lHow is dilatancy introduced in impacted glass largets free of miemal flaws? Are wing cracks the
actugl mechanism? The proposed experiments of Figure 5 shoulid help vs answer that and ofher
QUesiions.

¢ Whai governs the sudden reduction of fragment sizes ioside the MZ? The pictnee of “strain bursi™~
induced compaction foflowed by elastic reloading under confinement and compaction witl no
doubl be modified by data from the proposed additienal partial penctration tests and plate impact
lexls,

+  Whar are the flow propertics of the material in the MZ? Data from the planned quasistatic property
tesls will be valuable in this area.

In gencral. the furlhcoming detailed microscople darnage evolution data should help us replace
uncertain elemenis of our concepiual mesomodel with erapivically-determined relations.
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