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ABSTRACT

The caigsrophic disvuptive of niaterials in the ballisiie ensiconment eonmmonly plays o conteal rale
i bath 1} stul application of atnor sysiems and the elTecnve applicadan of ant-amun sy
A theary of the dynamic tragmentation of solids based on continngm energy pringiples bay provider] s
o trrementation o2 wide range of balistic applications over the past several
devades', Applications of the theory o the fragmentation of britle =olids, inclading
ar heon problemanic, however,  Fecontly, sume of the phi wes grverading lengih
scales and size distribitions in the dvuamic fragmentation of brittle seluls have come i light, The
cadicr cnergy-baced fragenentation theory has been broadencd o accommadate dynanue f
in bBrittle marerial:. Ghe papct subnaarizes past theories and thor agplications i fragmentation in the
ballistic enviromment.  Mure recent applications Lo allistic fragnmentation of glass and cerumic
marcrials are doscriboed
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Fragmentation of the compuneat materisls is s natral conszyuence ol g levminal ballisde svent,
Commonly, the size distribobion anl rajectory of the resolting framnen debris s eennal o the
etfuclive application oi the projectile or annor componeni spesific to the event,

The muliplizity of watenials of nterest in terminal ballistic spplications spans o wide range of
breakop and fragmenrarion 1;11 nomete, e cuiasienplic {ragimentation of brinke soligs under the
intenze dymamic ioading of {he ballisic cvent is puticularly interestng, and is perhaps the fzast
uniderstond.

The focus Hf this paper is on the dynamic fragroentsticon of briitle soiids with particular eraphasis
an ceramic wnd gliss, 8 theory ol dyraiic fragmentation for brivle materials s proposed. This
theory is uni a model of ragmentation for =iy specific application. Raher, the ihcory draws on
wnderlving physical pringiples thut determine the lunetonal forns of the analytic relgions st
deseribe ol the stlistical fraguemni size disuibutions and the eagmemation siee lengll seale,

More broadly, the paper provides background on the Lopie ol dynamic fraginentaton ol selids,
The breadth and the richness of the wpic are emphasized. Al te same time previous thewretical wink
the prosent theoratical progzess 1o brigthe solids. The seminal wartime
to the wrea of dynamic mgientnion, integral to the progress, are

iv vutlined thut Is necessary 16
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Inihe suady ol the dynamic ragmentaiion of solids tere are several hisiovical threails L can be
traced. For those concerned \\nh thve topics of immmt habiztics ov exploding ounitions the seminal
wartime @ifort of Nevill Moir™ is the most il O the s cftorts af achizvin
iheoretical understanding of dynamic [ragnienlaion, the work of Mot has the more solid phy
Lhe fragmantation theory of Mot predicis the tae koy clemems of the dvianzic frazmengation
eveni. Mumely ) the statistical disinibution o Eagnient sise. and the governing distribution length seale
or, cquivalently, e average fragment sive.

A feature of Moir's seminal theoretical srudy of fragmentation dial bos begome a part of the Tere in
sepresenitation of terminal bullistics or exploding manitens: fagmenation iz e frgameni disoibion
Mlott plat, The Vet plot 15 & repressitaiion of the fragiment dstribution of
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Fragmentation of Cerarmics in the Ballistic Environment

event wheee the logarithn of the cuinolative fragmanr number barger is graphed aganst the individual
flagment masy, InA& = Fmy. Otten she dara plot lweor, or near linesw, in this senii-lowarithmic
reprezentation of the fragment size data. Some contend that the Mot ploi mare specifically inpliss log
HUINEST VoTsus some speciiie ponver ol ihe Fagmeni msss, Mot himselD vacillated on this point and, in
one of hig laler wartime reparts, suggesied that a linear dependence o the mass szis perhaps (he mom
appropiiate. Inoany caze, a Mot plotas heve defined ag g semilog plot of cumualative % versug m, The
tfragment sizc data do oot always plot linear, but this representation is an appropriate spice for a clear
display of a brosd body of dynuinle fragmentation dara,

Mottt wa: priveipally concernad wilh a theoretical deseription of frugmenting munitions and
exponded mmest of his offorts in describing the breakup of cxplosion-driven expanding cylindrical
eases,  The Mot plots for several soch case frammeitation experboents perfonned on Aermier 100
steel evtinders” are shown in Figure 1),
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Figure 1. Muott fragmentation plots lor bwo @xplogive teas ot AarMel
04 steed eviinders,

Belve embarking on the principyl intent of this paper, there s value In observing some selecled
fiagracntaiion data withie the same Mot plot theme fom more diverse weas of dynamie
tragmeniation,

A intercsting cownterpart to the exploding case fragmentaiion shown in Figore (11 ocours when a
simtilar hotlow eylindrical metal shell 1w instead imploded through pliwement of tlie explosive on ihe
cutside of the shell. Compwraile kinetic energy imparted to the inward directed motion of he shell
lewds i intense shock compression and dissipation when the cvlinder collapses wwards the cylinder
centerline. Shock dissipation Is suflictently intense thar inost of the metal cither melts or s in a very
het sobid srate The materiad mooow is roversed when rebound at the cenrecline occurs, Fragmentabion
ansucs with the hat Hquid or sotid metal paricolating inte fragoents in the 10°s 1o 100°s of micrometer
ronee.  Ejected high-velocity fraginenis underge subsequent acrothermal burning.  TParticle wize
disuibutions in such experiments have been detormined by impeding wimess piates”. A Mo
fragnweniation plot constructed from darz from one test conveniently displays the fagment disiribunion
as is shown in Figure (2]
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Fioure 2. Mot plor for Hquid foaements from ooz laploding meral ovlinder
Iraymentation tesi is shown on the left.  Fragmeni sice data from witness plales and
impact flux onoone square coitlmeter, Mean fragmenr sz varsus exXpauision steain rate
for three tests is displayed on the mght’.
A starkly diiferent damawnic fragmentation eveni s lllustraied by ihe Hubble phowwraph in
Fizuve 137 of fiagimentation of the Shoemaker-Levi comet. Fragmentation is caused by siavitational
forces as the comeal passes the Roche limit om its dowoward trajectory towards the planer Jugpiter,
Fragmear luminosity provides an approximaie relative measure of the tfragment masses, The tragment
distribution Mot plot cansteucted for the comet fragments is sliown in Figure (33,
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Figure 3. Hubble jinage of the bagmented Shosmaker-Levi comet and the
fragmeni size Mot plot asgesses From relative luminosity of comed fragments.
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Spivaling down many decades i lenh scale, the process ol nuclear spallation emails the relative
high cnc gy inpact of ateiric inelel, cesulting i a distribution of nuclear fragments. The experineental
cunsequences of a carbon nuglaus (aiomic mass 129 enie asilver nucleus {giomic mass 107} nuclear
spallation event’ are Divstrated in Figure (4% Sixteen electiically charped fragments are produced
ranging from deuterium (iwo necleens’ o beryllium (nine nucleons), A Mutt plot of the data provides
a senzille representation of the noclesr Gapgment distribution. The fracment destribution g reasonabiy
reprasented hy g simple exponential functio
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Fragimentation of Ceramics m the Ballistic Ervironmeri
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Figure 4, Fragmentation recorded ina photographic emulston caused by the 70
BV per nuclenn voltision of o carbon wind a# silver nueleos”. Cumulaive fagment
aumber digribitian Mort plot constructed fromg the vesuiing ouclenr Dognent
data®,

BRIUITLE FRAGMEN [ATION

The sclecred exmnples of dynamic rammentaiion in the previous section difler markedly in
properties of the materials, the nature of the fragmention, and the vast span of length scales
separating the evenis, Yet, they exhibit soing striking commonalities. and all are senzibly dizplayed n
the Mot plot representaton of the distribution data, or, 2 plot of lag cumulative nurober versus
triagment mass.

There are examplzs, however, of dynamic fragmentation where a Moll plod representalion 15 not
appropridre. Uraginentation of highly britile materials, and porhaps othier macerials, resolts in fragment
divmibutions that are poosly displaved on a Mon plat. Fragment fines are so numerows thut counting
fragments is ot reasonable. Kleving (echiniques are used 0 separaie fragmants injo size ranges.
Fragment disribuiions are maost commonly represented through plots of cumuiative mass versnps
fragment sixe. Such distributions ave obsevved to plod Yinear or near inear in a log cwonlative inass
versus log size display, or Schuhmanna distibution®, of the fragment size data. There are many
examplss of fragmzntation of biitide materials it ovould mske the salient poinis,  An exampie s
chrsen hiere hecause of diveet relevance fo the tenminal ballistics eilects of inerest.

The example is that of tests in which plates of boron carbide and composite are subjected to woernzal
iimpact by tungsten carbide wore amer plerctng poujectifes. OF imerest here is ihe shater
fragentation of the bocom carbide ceramie. The suthors of this srud_v]r’ coblesied and determined size
distributions for ihe resulting boron corbide ragment debris. Fragment distribotions plotied in the
Schuhmann formt' are constiuctsd Rom the data and are showa in Floure 435 frum tests for several
impact velociigs, The near lingar plots with power ul order unic, ure representalive of the behaviar of
britile materials.  Browdly, the power » ranges over about 0.5 <n < 1.5, and ocepsionally higher, in
Schubimann plivs of brittde fragment distribntion dain.
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Fragmentation of Ceramics in the Ballistic Environrment
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EQUILIBIIUM FRAGMENTATION

Befure assessing the physics of taciure and tragmentation of brittle solids, it is necessary to firal
deseribe & theary of dynamic fragmentation that has deronstrated reasonably suciess fur other
maierials, A represeniative set ol Lest data that will be spplizd in describing this theory i shown in
Fipurs ity 1 these rest the behind rarget traginent debris was captored amd analysed. The fragment
sice distribution Molt plowy are shown dor toa tests from a series of experlments in which plates of
stainless steel were subjected o impact by coppor sphercs over 3 selected range of impact velucities
and angles o ebliquite'

Mott Plot

Test 13 . =
039 g) N{m)=N e

ive Number

0 0.5 1.0 1.5 2.0
= Fragment Mass {g)

Lignee 6. hiapact of a copper spheres s « stainless steel plates''. Mot ploi of the behind target
Tragment diztribution Gy two such tests. Impast angle from oormal and velocity: Teso 12 60
Tast 13, 30 degrees, 300 ks,

degrees, 3.26 kmiz

Az the fragmentation theory i3 described, veferevce will be made @0 equilibrivin and
pepequilibrivm fagmentation.  Beiethy, equilibrivm o nonequilibrivn refers o the abifity, or lack
therenf, of the mawenal 1o urdergo fracture failure and fragmeniziion when a theevetical energy
criterion is achieved. An enerpy coterion identifies onset of eguilibrivm fragmoentation. Delayed
failare and an additonal failure criterion exemplify nonequilibriuim tragmentation. At the present siate
of vaderstanding equilibrium fiagmentation appears to have faiely broad application across a rangs of
muterial Types, Nonequilibvium Tragmemalion spplies 1o the brittie materials such 4y the competent
coramics and glasses. Some form of contouens oansttion from cquilibeium to nencquilibrivm
fragmentation secms reasonable, howeaver the boundarizs of departure From one o the ather are siill

puorly vnderstoond.
The {ragsuent size distribution data for the twin tests shown in Figure (6} are sensibly described by a

Advances in Geramic &rmor Y - 7



Fragmentation of Ceramics int the Ballistic Enviranment

aimple cxponential Nmction of he Toem,
MNim)=Noe ™0 ()

The fragmenl sive wale Bactor g is observend w decresse as the intenyity of the impact increases. In
other words, higher velocits impacrs resulring in move, but siuatler, fingments.

The theory, and soughl for physival understamding, is fucused on two key elemenns; fivst, pradiction
of the distribunon of fragment size resulting from the cvan, second, prediction of the distribution size
seale goand its dependence on the inpact intensity and matecial propecties.
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Figure 7. Lengh I is broken iniv three Qagments with equal likalihood ot fracture placement,
The tragiments mize disnibution Mot ot resalting from o binomial probability s shown on the
righ

Fragment Sive Disrribution

T have hoard atale that iba stick of blackboard chalk {octually pressed ypsum in the Jater vears of
chall and hlackboard use) i dropped oo the floor, it breaks invarably inio theee pieces, (dnioday’s
increasing use of grease pencils md white brards (his le s raptdly hecoming dated.y Whether true or
not, it provides o theme For this first look at fisgment size distibations. The chalk of length 7 in
Figure (73 iy bricken df e places that are gssamed to have equal likelihood of necwrrence at any potat
within the length. The distribution of passible frogment sizes i geverned by binemial stacistics and
vields the cumulaive probability distributien for [ragnsents of lengih ¢ of the from™'?,

Brip=1 (1=t7 Y (2

(e comresponding Mot distribution % =37 i5 shown n Figoee (70, If the rumber » of fragments
that the length £ 1y partitoned mita 12 ingreased, the curve in the Matt plot becomes increasingly linear
and in the Lt the fragment disribution 'mpw.z\,hn the exponential form,

Nil)= ()

where 3 - Lin is the averoge Bagment lepyth, Eguation (3} is devived directly il an unboundz=d leogth
is fractured along the lengh with frequency 4, i which case (e ragment stee distribution is
determined framn Paisson probabilities.

The present cue-dimensional moede] resulis inan exponeniial distribution in frgmeni sizes oot
unlike the experimental results provided in Figure (6). Orne is cneovraged to explore the 1andom
uemnelnic fragmemation problem in two, and perhaps thres, dimensions.  Invesiigaton of random
ceomelric Fragmentation and its possible application to real fragmentation has been undertaken by
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Fraamentation of Cerarhics in the Baltste Environment

various early workces in the field. One appreach was pursved by Mot and Linfoor' in their initial
TEpOTT on munitions fragmentation. Sume of this history s provided in a receril review

Plckap Sricks (i) Seayueniial Sepnienimien Narawead-[airichl o

Figure 8. Thuee algonthins for randouly fragmenting a saiface.

Consider random fingroentation wy twe dimensions,  One inunediately confronts a probiom noi
avident in the random iragmentation ol 2 line. Naely, a decision s necessary as 10 what funm of
algorithm Lo vse in randomly pastitioning the surface. Theee of wany possibilitics are listrated in
Fizure {8). Fach algurithny siaris through rundorm placemient of poits en the surfaee, 1o the Gesi, Hies
arc scribed through the surface with tandom orienration.  This fragmemation alpocdim was
investigated by Mou and Linfust'™ in some detail. Unr obvious reasons the algorithm hus been
identificd as puwck-up sticks fagmentation.  In the second alworithon randomly oviented lines ace
sequentially serbed through the points thar bisect the entered fragmient.  Third s the well-known
Voromod tessellation.  Analytic expressions tor the fraginenl size (ares) distibutions Lowve been
determined for each of the ragmeniation algorithms, although some taitve Heense iz applied in une
instance™. The pick-up sticks algorithin results in o Bessel fiowction distribution of the fragment sizes,
Sequential segmentarion is exuctly describad by s simple exponentiad,  The Voronad tesselation
provides a garmna funetien fragiment size distibuion. The Mot curves for cach of the aleonthms are
compared W Figure (9.

Watably, much of the distribution for the theae glgonthms is nommally the same. Tt is only for a
reasonably amall fraction of the al at the small frapment tail of the diswribution that the curves ditier.
The Voronol algorithm results in a deacih of small fragmenis whercas the gick-up sticks aleorithm
leads to an excess,

Ume can specubale, based on the thiee examples that random geomietriy fragmendanion of a surface,
and by extrapalation a volume, will resalt 1n an exponemial fonctional form with a single size scalc
paramzigr, although nat necessarily a simple expanendal.  Further, the disibution 18 reasonahle
insensitive o the fragnentation alyorithm {(discounting the small fragiment tail),

1
l,‘

et Pt
e Emali e bup S

Fignre & Trogmoni siee distnbutions o bloit plot reprosentaiion for
three fragmentation algoniuns.

The cumularive probabiliny distribonen for cach ol these cxarmpics can be wiitten.
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Fragmentation of Ceramics in the Ballistic Envirenimernt

Fim)=1-¢ Jrae . i4)

where the Tikelihowed function Aged 20 will difier for each of the examples, The hey paini is that each
of the disuibutions is constrained by a single lengih {size) seale i which provides the seale factor for
the distribution. )

The proceding offorts have, of course, bean an exercise In geometric tragmentation where o
Polssom poin process iollowead by a pariitioning algovithm is used (O randomiy fragpuent a body., The
dvnamic fragmenadoen of many materials dogs not markedly differ from thes geometric process,
however, Denamic spall in metals, for example, as exhibited by the nages provided in che reviews of
Shockey ot al'* and Curran et al.'%, are processes in which fiactures activate ol random st independsent
points in the bodyl sceelevaie, grow, and uliimately coalesce o provided surfaces of the fragmented
watcrial, Physics-based models with increasing degrees of sophistication governing random fraciurs
activation, growth and coalescence result in fragment distributions of the form provided in
Iguation (4.

The classic physies-based fragmentation mudel of Maout® is g one-dimensional anatysis undertaken
0 determine the dismibution in spaeings resulting frem the axial splitting of explosively expanding
munitions.  The resuliing distribution {s of the form of Equaticn (43 with a power-law Hhelihood
function Ay =im oy I the Mottt wedel and avobvzis the 1esulting size scale is shown o be

approsintalely - ot while the pawer is aboat #.- 7720 “The material density and vield stress

are o oand T, respectively, & is the strain rate of the expamding mumitions, while 3 i3 the Mou
statistical fracture parameter™'?,

These theoretical arguments, although aof definitive, supporr the exponential or near expenenial
chavister observed in many of the dynawic Jragment evems where a single size <oate parameter ez the
distribution to the iidensiiy of the event.  Huemaining then, 15 an assesstnant based on theorerical
sonsiderations ot thiy size scale factor for ¢ wven dyoamic fragmealation event,

Fragmeit Siee Scale Factor

Agnin, the impact fragimantation cxperiment Jdepicted in Figure (6) will provide the application for
a thevretical sssessment of the seale factor comsiraining the experimenai fragment size distribadon,
bpact causes the dynamie fragmentation of o portion of the plate neichbering the point of impact
The fragment debnis s ¢jectad and expands with an intensity that 3z proporiional o the impact velocity,
If the npacr vebocity s increased the rambor of fragments produced is greater and the average
frapment size s spaller. The seale factor oo the expooential expression for the fragmneni ste
distribution accounts for the dependence on julenzity of the lragmentation 2vent.

10 - Advances in Ceram Armar V
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Figure {0, Model for visualizing the energles woveriing the characeristic fragoient
size o on equiltbrium froymnendation ¢veni.

The principle issues conceruing the fragmenration process in this example are capoued in the
idaalized, but congeptually more transparent, model ilbustrated e Figwe (0% A thin circular dng, or @
sphertcal shell, of material is provided an initinl uapudse leading ro asvmmetrienlly outward expansion
at a valocity ¥, (Deceleration Jue 1o detformation djssipation of the initial kinetic energy is ignored.)
A somsible measure of the expansion erensity is provided by the expansion rate & =78, whate K s
ihe radius ot the ving or shell. IF maierial deformation responze to the imparted mntion i Hnear elasibe,
then ciastic slvain energy inceeases with time according o,

(5

whore ¢ Is an appropriate elastic wove specd that determines the elastic modulus of the marerizl, After
omset of expansion Uis wave speed alse determings a correlation horizon®™. This correlagion horizon
determines at any iime ;2 cegion of the makerial in which material points are within an elastic
cenrsngnication dislance. Within the correlation harizon clastic stresses carcadjost to undest varlations
in clastic odulus and concentrate stresses o points of wenkness. A fondamental, sand lopically
reasonable, precept of the theory is thar, i fragmentution occurs within a time 1, then fragnants can be
nu larger than the regios determined by the comelation horizon 2. A swaightforward calculation
provides 8 lower-hourud fracture surface energy density over the body of,

i, =3t !

where i is the fractore surfnce encegy per unit area generated i the event, For example, if the body ix
a mctal with fractive toughness & | then u reasenable esvimale of the fracture enecpy s provided by
1= K7 St

A plot of both the clastic steain enerpy in Equarion £5) that will foel the frachre process, and ihe
resisting fracture energy in Equation (0) that will be supplied by the strain energy. are ploded as a
function of the correlation distance {or wne on the right of Figure (103 The corvetation horizon as the
bouly expands is also llustrated in the piclare on the left. The strain energy 15 lur this exanple an
increasing quadratc functon of timie. The resisting fractare energy required o fragmens the body is
correspondingly a decveasing iunction of tme.  Uragmeomnation 15 ool allowed umil the encrgies are
equal, Equality aceurs ot a corclalion distanee identified as 4 in the Mlzure, Although cerainly nnt
requued, an assumption of the prescit enenmy-based theory ix that equilibrium fragmentation occurs
when the two encrgies are somiaally squal and the comrelntion lenanh 4 provides the scale factor
constraiming the fragment size distbution, Por (he exponential distribugioms deseribing Lthe fragment
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Fragrmentation of Gerarnies in the Ballistic Environiment

size dara in Figure (67 the mass scale is 0~ 247,
By eyuating the enevgy telations prwvided in Fovation (3 and (68), an analynic expression.

. W
) I -,

for the governing fraginent size length scale is directly caleulated from both frache properties of the
material and @ srain tare measure of the iaensity of the fagmentation event.  Application al’
Equanian (71 1o the desiz provided in Figure (6) based on propertics for stainless seel and kinsmatic
propertics of the flacmeniation evenr provide size scale factors that are in remackably good agreerment
with the experimental results. Similar successes of thie theory lave been demonsoated w0 ouraerons
ather applicanans in dynaimic f[(l_L’J‘ﬂF.mﬁtiDIlM.

MONEQUITTRRIURBRITTLE} FRAGMEMNTATION

Nonegnilibrivm fragmeatation, in conteast fo cguilibrivm frogmentarion, seours in those materials
that, when subiected o dynamic fragmentation conditons sppropriste w the plot in Figure (163, da s
fail at the juncture of ihe two energy curves. lostead, elastic strain encrgy continues to wcrcase until
some other failure erderion is achieved. In the present context this belavier spplics to gluss and w
certain very competerd ceramivs such as boron catbide.  As noed earlier, nomeguiiibrinm
fragmentation mosi probably oceurs io serme exient in manerous sthar materials. This inteipretation of
the cnergv-based tfragmemation theory is less miature and has not yor been ctensively explored' .

Theorencal Basia

Tl comparable energy plot for nonequilibriom fragmentation is iustrated in Figure (11 Wlen
stain energy s achieved that 13 nevessary i fuel the requived fraclore enevgy, all conditions sufficient
for failure and fraganentation ars oot proset. Strain cherey, correlmtion length, and time continue to
inerease until an adternative critenion g achieved that provides both dhe necessary and the sufficient
conditions for faihuee.

Thairelanion Length
Entre Longth Scals

Tirne G Cunelative Drsrancs

Figure 11, Monequilibriom conditions beading 1o o schism in length seales
spomping the fragment <ize disteilngion in beittle solids

An application of neneyuilibriun fragmentiation perhaps tost easiby ed i that of spall ia
elass. In the zpall process release waves lnteract and corry regions of the glass into tension at a high
rare of srain (ol onder 10%% 1w 10° Because of ihe very modest energy required o crealc now
fracture surface in glass, strain crergy necessary for failure and fragmentation ocours 4t a tension of o
fewe fenths ot a GPa. Fxperimental studies show, however, that igosile stresses in the nzighborboad of
several GPa (ome order of magnitnde bghery are achieve betore the spallation of plass, Rensons for the
marksdiy high spall strengths of lass presumably relale to the very modest defect structure in the
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material, and the siress and slress comrelaiion staies thal most be achieved o aglivare intemal
covitativn.

Although more complex, similar novequilibriom fragmentaion governs faflure in the ballistic
impact tests on boron carbide cermmic trget plates for which the fragment size distribution data ars
shown in ihe previows Figure (3h Namely, elastic strain énerzy achieves levels that T exeeed ihe
required  fracture encrgy before foilure and fragmentation procceds.  Again, the material defea
structure, Joined with ihe elasiic strain energy and strain energy fastovy, combine b Jeiermine the
elevated nonequilibeitan state at which failuee begins,

The correlation length scale 4. ar onser of faduve detomines the initisl fabric of hactue.
Fracumes on a spacing of this characteristic fength scale. however, are not sufficient o dissipate the
groess elustiv strain enenny stored 0 the bidly preceding failure,  Fraciwe failuie proceeds ticough
successive crack branching until available strain encrpy 15 exhausted and a fracore tabric is achizved
commensurate with the fracture surface enerpy lenpth scale A4, idendified in ligure (113

In semunarizing w this powl, certain competent britthe selids do nod exhibit eyuilibrium
tragmentation vovernied by 2 single length scale 4 pcomTing ai the juneie of the ¢lastic siraln energy
and ractire resistance encrgy curves as shown o Figorz (100, Suech brinle solids instead exhibit
naneguilibeium fragmentation govemed by an allemative, markediy higher enery, ailure eriterion
thitt leads to @ schism in lengih scales ag illustrated o Figure (11, The cormedation lengh seale 2, and
surtace energy lengh scale 2 can ke decades spart in highly nonequlibriom dvnwnie Faomentation
applications.

Much of the dvnamic fractore and fragmentaiion physics is enveloped by the surtace fraciure
enevey and corredation lengih seales 3 aml AL Cmset of failure and nidal itctare is govemed by ihe
curmelation length seale 4 . Cuontinued (raciwre, through successive crack brmehing, cascades down
twrngh the lengih scales until stiain encrgy 13 cxhausted at the length seale 4.0 Vet a rangg of length
scales bounded by 2, and 4| the phsics of fracture is independent of length seale. Physical processes
become self-simitur svithin this eange and physical symmetry dictates that such processes are described
by power-law functions of the lenpth seale & <x <4 The general concepts have application w other
areas wl physies ingluding hydrodynamic wrbulence’™ and fatigue fracture’™.  Uhis physics has hean
referred to vs a law of frrermediore asvmptotics.

In particular, within this range of Jeugth scales the resultiug distribution of fragment s
necessarily power-lave. Expressed as a camalative fragment nurobes distribution greater than s
the distribution is written in thic formn.

(B}

xT B

where the capoient @ s the foactal digension of he distribudor The disibtion is readily
rranstonmed to the Scholunano imass disribukon,
Mixy=M ", {9}

whert: the Schuhmiu ndex iy related to the fragnent sive fractal dimension® throngh p=3-4. A
complete tragment distribuiion spanning the upper and lower lengih scales would, of course, be
funietinnally more complox, but must be asyinptoric o power-faw behavior inibe interonediate ragge.

The eneryy-based theory of noneguilibrium fragmentation provides a qualitative explanation
for the ballistic impace generated framnent size distabution for heron carbide cerainic shown in
Figure (57, as well a3 many other applications of dyvnamic fragmentation of briithe solids. The Jdata are
clearly described by a4 power-law funciion that span o finile vange of fragmont sizes, A more
guantilative assessmeni of tragmentation requires both a clearer descriprion of the impact conditions
and a eriterion for fallure under the dynamis Tuading wmposed,
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Experimantal Obscrvations

The fragment distiibution data from Figura 1 3) for ballistic dmpact tests on boron carbide corarnie
are repeated o Figure (123 and conpaced with o quolitative descrigtion of the fragment diziribubion
wferred feom the theory. The character of the sxpeiimental fragment size distribution is in scnsible
agreement with the predicred theoretical behavier, The measured sieve data are consisient with a
power-Taw dizrribuiion, Tt can be sately inferredd that the esperimmental distribution exhibits an upper
and lowar bound.

A mumber of turther guestions, howevar, are raized concerming the theary. How are the cortelation
and onorey lewgth scales that determine the range of power-law behavior caicufated?  What is the
dppltlpnd!b dynamiv fathuee crilevien in the noneguilibvivm fragmentation event? What propestics of
the material ondior the lramnentation event determine the exponent » it ihe power law? What is the
span of the puower-law range? Although not vet fully undarstood, these and related issoes are discussed
in the <losing topics of this mansceipt.

10
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Figure 12, Laperiventad fragmeai size daia for born epbide coramie’ and a gqoalitative
connparizom with the functional character of the nonequiliboitm Fugrmeniation theory,

AITE MY Fragoe Siaz

Briille Failure Crileria

Eacrgy-based frapmenation of brittle solids under equilibrivm conditions provides a lailure
criterion firmly {ounded on commonly available properties of the marerioly.  Faiture ocours ar the
juncture of the elastic strain energy and fracture cnergy curves sbiown in Figore (107, allowing Jirect
calen{ation of the goveraing fragment size fength scale as well g5 both the time and siresy 1o failure
wider the loadieg conditions imposed.

MNonequilibriom fragimentativn enters a realm in which the fatluie prop»rtius of brittlz solids are not
well understeod. T the brirtle solids of interest elnstic strain energies unider the Inading conditions
improied achieve dvoumic levels thai {ar exceed equilibrinm valoes before fatlure and subsequent
frapinentation ocvugs. Falare activates st Internal or surdbee sites of weakness under stress and time
conditions that are pootly understood. A first-order assessment of the Figure (3} boron curinde
cxperiments within the present fragmentation model is achieved by assuming that o wmeqoiitbeinm
elastic strain enercy commensurate with the [hugeniot elastic limit (o, 15 GPa } i3 atained within
approxinately one ransit of the plae thickness before failure and fragmentation proceeds.  These
conditions would place the enrrelatdon fength scale 2 of the erder of the plate thickness (4 - Sm ).

The lower enargy length seale is culoulbated,
A=k im, ¥ LLo1

Aol

and, with a reasonable fracture toughness of &~ $MPam'™ | provides 4, ~ 0.3 gm . The two lengih
seales clearly span the pawer-law distibution dispbayed e Figoee (53
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Conmprulotional simulations of the fme histony of elastic strain accunlation in the impact event are
readily performed, The span of power-law fragimentaiion would be provided theough the theory 1 a
credible failure cricerion can be applied within the computations model.

A failyre orilerion that bas achicved some suecess in the Tachuee of briitle solids, as vell as other
ctitical state phenomens, i that airiboted 1w Tuler and Bucher'' . The Tuler-Bulcher Gaiiure crilerion
camt be expressed in the integrad fern,

1= fiotr-o,) A sk, a1

The stress applicable to the applied wading condition: 15 &, while o, 18 o corresponding dreshold
wvidue of the stress. Failure ocotrs wlwen the ilme-dependent Tuler-Butcher integral ochieves the
inaterjal constane K. 1The exponent » 15 o propeay of the material. For m =1, Fyuation (11)
provides wu impulse aitedon, wheregs fur m -2 ihe same eguation is an enevgy o work erilerion.
As m becomes large Equation (11} approaches a constant stress failare coiterion. When fit o
experimental data an exponent m close b b is frequently observed. ipact breach ieats on plates of
soda-ime glass of Sum et al.™, for cxample, are deseribed bvoa Tuler-Butcher failure crirerion wnlh
ar=2 for the Tuler-Butcher mdex™. The Tuler-Guicher criterion is appropeiare tor analyiie maodels of
balfistic failure where the stress within the infegral is 2 sensible average uver Lhe elastic strain encrgy
conteibition to the cutastrophic fragventaiion™.  The Twler-Butcher criterion slso has application in
campurational simuiation.

liragimentation ntensiy Number

Tn ihe theory ol hydoudynamic turbulence ihe magnitude of the Keynolds number provides 4
measure of the extent of the inertial range — the span of length scules encompassing the entry Jevel
svatem seale powering the hydrodynumics, duwn o the limiting substruciure seale necessary for the
viscows dissipation. A similar dimensionless munber characterizing the self-similar power-law range
of the fragmentation everl can be constiucted by the ratio of the limiting convelation and enerpy length

swale,

F-20A, (13
IF the kinematic state of the budy leading o failure can be chatacturized by a siogle sirain sate <, then
the Fmiting correlation length A, and the stress atiatlure ol die body are related through,

o g, (13}

The enerzy Tltmiting lower-bovnd length scale 4, s related to the farlure stress through,
(143

3 vields.

In a complex body {a projectife impacting a brittle plate for example] o provides o stress moasure of
the siored elastic sirain energy at the onsel of failure, For {ragmeniuiion inlensity number F in the
nzighbuchood of unity the stress can be solved for,
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(16

This is the tailure stress under conditions of equilitmium fragmentation.  The intensity ownber
mergases rapdly with siress as tolure critevia in excess of equilibrium are schieved,

Correlalion Ilerizon

The convepi of u correlaiion horzam? and the meaning of this comelation within the present contest
of dvnantic fragmentation is wortliy of additions] thought, Censider the thin-walled sphierical ghell of
metyl as represcatative of the mode! depicted in Figure (198 The model agsumes abvipt impadsive
losding up to 2 unifoom ounward velocity Foo In principle this inivial cequirsinemnt 1= physicalls
repsonuble, A step pressure of magnitude F= pcl could be apolied unitonuly over the mner surface

o the shell A shock would propegate through the thickness o of the shell, reflect from the free
surface and relorn g velease wave, IF the slep pressure iy maintained fur 2 me 2 ¢¢, the impulse
conditions sought are achieved, (Llastic-plastic behavior is 1ignored in thifs discussion.}

As outward mtion procesds, a umifenn circumPereniisl tension incredses with time; the sivess
underbying the sweain energy of Equation (5% In i continnam first-order assesanent this dnte-
dependent ensien 13 independent of position troughonr thie body, Siress correlation plays w rofe in ail
real wmaterials v that the smodylus of elast a function o clrewrniereniial position about ihe shell.
Any number of practical teasons can be responsible for this posidon dependence. The fluctuation with
position would e quite subtle i a gl materiad for instunce, £ would be markedly more pronounced
in otler enginearing matenials. Thus, the corvelation of circumterential stress is troe dependent and
determingd by the elastic wave speed. A weakest point (i the sense of fraciure activatioy in the body
within i grven eotrelation horzon may nol necessanly be the weskest point al a liner Toading rare
where the conrelation horizen is correspondingly Jarger,

The necessity of a comelation distance, and a corresponding correlation time, is evideut in the
direct imaging of impagt fraciure and Sagmentation experimenis on glase and ceramic plates of
Suanssherger ot al”™*. In those vesis the filure-induced stress wave is nbserved to propagate radially
cursvard fromn e point of impacr weil ahead of any observed onset of fractire domiage. These data ae
a clear example of the nead Lor Hroe-dependent siress coreelation and concenwation at preforeed sites i
the bauly {0 bring wbout brittle fracture and fragmentation,

Puneer-Low Fragmentaion

Pundamental phivsics demands rthat the fragemenn size disiribution within the range of the two
bBounding fength seafer 2. and 4, . and sofficienty removed froin eititer, be a power-law function of
the fragment size, This physics ia. of course, based on the propesed contnuum fragmentation theor
and the absence of any further intervening physical length seales. The aame phvsics does not constrain
the power-law exponend, huwever, Assessiment of {he exponent requires uther physics be broaght o
bear.

The power-law naturs of framment size diswilantions resulting from the breskage of brittle solids
has been notad hy nany sinee sarly in the lagl ceniury, and probably carlier, Empincal ovidence place
the expunent « o the Schulumon eetarion A7 (v~ 2" within the range of abomt .5« - 1.5, with some
apphications achieving values approaching two and perhaps somewhai higher. There are siudies in
which values ol & remarkably close to unily are obsereed™. A mumber of the sarlier studies invoked
the random placement of fractere flaws (a Poisson processi and sotoe random geometric parritioning of
the body. Neiahle are the theoretiva eftorts of Candin™, Rennea™, Lisnaa™ and Gilvaroy™, )

An intriguinge altemtive theoreticnl effort within this fine frame was explored by Crith th™, He
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spggested an energy argument in which o specilic energy v~ 3 /e s assovialed with o fragmeni of
size ¥, 1he fracture surface encegy and specifie density are ;- and oL respectively. He then inveked
classical statstics] mechanics w arrive ol o Bolzmann representation of the fragmeant sive dishibution
In the large fragmient limit a pawer-taw disicthuiion wiih w1 s achieved, Arguments are also offered
for dismbution in which =1,

Tarcotti™” has pursucd the frammemation of brittle solids as o fractal process leading o & - ™%, or
correspordingly W Af -« 0™ reladng the cxponent # to the fracal dimeasion # . Tureoid
axplored geonp renonmadeaation mecthuds wied by vihers to characterize various seale nvvarlant erivical
slale phenormiena, He identifies a parometer g thal detaymines the probability ot fraciuring of g cell
of the solid bodyv. The tracral dinension ¢ s calewlated from p,, which he in tun relates 1o the

fragiliny of the brittle mmenal.

CONCLTISTONS

A iheory of the dynanie {ragmeniation 6l solids based om continuum energy principles has
providesd a bazis for assessing flagmentation in a wide range of bailistic applications over e past
several decades, Applications of the theory w the fragmengation of brittle selids including glass and
ceramwic have been problematic, however. Fecently, some af the physics issues governing length
seales and sized distributions e the Jynumic Iragmentadon of brivde solids have come 1o light. The
carlier enetgy-basad fragmentation theory is being breadencd 1o accommodate dynamic fragmentation
i brittle materials. The paper summarizes past theeries and their applications to fragmientation b the
ballistic emvitonment.  Moce recent applications o ballistic fraginentation in glass and ceramic
materials are descvibed.

The principal conclusion feom this smdy is that a previeus continuum enerzy-based fragmantation
theors has application w both equilitvium (principally duciile materials) awl nonsquilibrimm (hritrle
materials) fragoentativn.  The latter application, however, requires an additouat falure criterion
which 1z, al prasent, nut well understonsd,
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