
ADA097 982 SRI INTERNATIONAL MENLO PARK CA F/6 11/2
PARTICLE IMPACT DAMAGE IN CERAMICS.(U)
MAR 81 D A SHOCKEY, K C DAO. D C ERLICH N00014-76-C-0657

UNCLASSIFIED NL

EHEIIIIEEEEEE
EEilllEEElllEE



PARTICLE iMPACT DAMAGE
IN CERAMICS

Gq Annual Report--Part IV

March 1981

By: D. A. Shockey

Contributors: R. L. Burback
e D. R. Curran

K. C. Dao
C1D. C. Erlich

L. Seaman

Prepared for:

Office of Naval Research
800 N. Quincy Street
Arlington, VA 22217

Attention: Dr. R. C. Pohanka

Contract No. N00014-76-C-0657

Contract Authority No. NR 023-563/2-02-79(471)

'- SRI Project PYU 4928

Approved for public release: distribution unlimited.

Reproduction in whole or in part is permitted
for any purpose of the United States Government

SRI International
333 Ravenswood Avenue
Menlo Park, California 94025
(415) 326-6200
Cable: SRI INTL MPK
TWX: 910-373-1246fil 4 00



UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Dat. Entered)

REPORT DOCUMENTATION PAGE BEFORE CMLTIN FORM
t. REPORT NUMBER 12 GOVT ACCESSION NO 3 afPlENT'S CATALOG NUMBER

4. TITL E fond Subtitle)

; .. . .... . . . .- Annual tepart,- %i, 1" IV

PARTICLE IMPACT DAMAGE IN CERAMICS 8 / 8 Feb 79-7 Feb 4 0,

7______ D.AjSCke ONTRACT ORGRANT NuMBER5)

m R. L. Burback D. R. Curran N00014-76-C-0657SK. C. Dao D. C. Erlich/ L. Seaman /'

9 PrW"m oM-IORGANIZATION NAME AND ADDRESS 10 PROGRAM ELEMENT PROJECT. TASK

SRI International AREA b ORK UNIT 4UMBERS

333 Ravenswood Avenue NR 032-563/2-02-79(471)
Menlo Park, CA 94025

II CONTROLLING OFFICE NAME AND ADDRESS +2- f E4-G .&Ti ,

Office of Naval Research Marefl
800 N. Quincy Avenue 1 3 NUMBER OFPAGES

Arlington, VA 22217 56
14 MONrTORINW AGENCY NAME & ADDRESSi) different from Controlling Office) 15 SECURITY CLASS fof ths report)

Dr. R. C. Pohanka - -N A F
Office of Naval Research - UNCLASSIFIED

800 N. Quincy Street ISa, DECLASSIFICATION DOWNGRADING
SCHEDULE

Arlington, VA 22217 -. --
16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in flock 20, It differrnf from Rep,}rt)

18 SUPPLEMENTARY NOTES

19 KEY WORDS (Continue on reverse side if necessary i,nd Identify by bloct numbor)

Si3N4 , ZnS, Si3N4-20%ZrO 2 , particle impact, fracture damage, effect of
temperature, dynamic hardness, oxidation toughening, transformation
toughening, predictive capability, stress field history computation,
fracture model, crack nucleation, crack growth.

20 AlkTRACT (Continue on reverse side If necessary and identify by block number)

-impacts of tungsten carbide spheres on Si3N4 produced elastic fracture
behavior (ring and cone cracks) at room temperature, but elastic-plastic
fracture behavior (plastic impressions and radial cracks) at 14000C. In
contrast, no change in fracture pattern at the two temperatures was produced
by impact with steel spheres. These results may he explained by the relative
abilities of the impacting spheres to cause plastic flow at the impact site
and hence to alter the stress distribution in the Si3N4 specimens.

DD 1473 EDITION OF I NOV S IS OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (heren Do(& Entered)



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Dte Enitered)

(Ak tract concluded)

The type and extent of damage produced by hard particle impact at ]4000 C
appears to be more deleterious to structural integrity than that produced
at 20'C under equivalent particle impact loading conditions.

When impacted by 1.2-mm-diameter tungsten carbide spheres at velocities
to 200 m/s, oxidized Si3N4 -20 vol% ZrO 2 exhibited decidedly less fracture
damage than unoxidized material. The impact Velocity necessary to initiate
ring and radial cracks was significantly higher for oxidized materials, and
the rate at which fracture damage, once nucleated, developed was substan-
tially lower. This enhanced dynamic performance is consistent with the
enhanced quasi-static properties reported by Lange and may involve
oxidation-induced compressive surface stresses, oxidation-induced softening,
or both.

Progress is reported in the development of a predictive capability for
fracture damage produced by particle impact. Efforts were directed toward
computing stress field histories in the vicinty of an impact site, and
constructing mathematical expressions describing the development of cracks.

A finite difference code TROTT was provided with slide lines to
simulate particle impact of a ZnS plate, accounting for plastic flow but
not fracture. Good quantitative agreement was obtained with experimental
measurements of rebound velocity and crater dimensions at low impact
velocities (low fracture damage). A fracture model consisting of functional
forms of expressions for crack nucleation and growth, and a methodology for
crack-induced stress relaxation, is described.

_.lr~ -A

UNCLASSIFIED

SECURI"Y CLASSIFICATION OF THIS PAGE(WMen le'a F ,ter~d



CONTENTS

1 INTRODUCTION AND OBJECTIVES ................... I

1. 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 PARTICLE IMPACT DAMAGE IN Si 3 N4 AT 1400'C ...... ............ 3

2. I Background ............ ......................... 3
2.2 Exper imentaI . . . . . . . . . . . . . . . . . . . . . . . . 3
2.3 Results ............. .. .......................... 5
2.4 Discussion ............ ......................... 6

2.5 Conc lusions and Recommendations ....... ............... 12

3 IMPROVED IMPACT FRACTURE RESISTANCE 1N OXIDATION-TOUGHENED

Si 3 N4 -20vo% ZrO 2 . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .  13

3.1 Background ......... ........................ 13
3.2 Materiais, Experiments, and Results ..... ............. .13

3.3 Discussion .......... ......................... 16

4 PROGRESS IN DEVELOPING A PREDICTIVE CAPABILITY FOR HARD
PARTICLE IMPACT DAMAGE IN CERAMICS ...... ................ .21

4.1 Approach.. ........... .......................... 21
4.2 Calculation of the Stress Field History in a Plate

Impacted by a Sphere ........ .................... 23

4.2.1 Background ......... ...................... .23
4.2.2 Computational Procedure ...... ............... .24

4.2.3 Results ......... ....................... 26

4.3 Construction of a Computational Fracture Model . ....... .34

4.3.1 Phenomenology of Particle Damage in ZnS .. ....... .36
4.3.2 Rudiments of the Fracture Model ...... ........... 37

'4.4 Future Work .......... ........................ 42

4.5 Summary ........... .......................... 44

REFERENCES ............. ............................. 47

1-li



ILLUSTRATIONS

I. High Temperature Particle Impact Facility ..... .......... 4

2. ?astic Impression Diameter Versus impact Velocity for

HP Si 3 N4 at Room Temperature and 1400'C (2.4-mm-dia.

WC spheres) ............ ......................... 7

3. Surface Damage in Si 3N4 Produced by 50 m/s Impact of

Tungsten Carbide Spheres at Two Temperatures .... ......... 8

4. Side Views of Specimen Fractured by an Impacting

Tungsten Carbide Sphere .......... ................... 9

5. Surface Damage in Si 3N4 Produced at Two Temperatures

by Impact of a 2.4-mm-diameter Steel Sphere .. ......... .10

6. Plastic Impression Diameter Versus Impact Velocity
for Oxidized and Unoxidized Si 3 N4 -20 vol% ZrO 2 . . . . . . . . . . . 15

7. Surface Damage Produced by Particle Impact at 145 m/s . . . . 17

8. Growth of Damage Zone with Impact Velocity for
Oxidized and Unoxidized Si 3 N4 -20 vol% ZrO 2 . . . .  . . . . .. . . . . .. 18

9. Computational Grids Used in Simulating a Sphere

Impacting a Plate ......... ...................... 28

10. Stress-Strain Curve for ZnS Indented with an 800--m-

dia. WC Sphere .......... ........................ 29

11. Variation of Tangential Tensile Stress With Time a*
1, 1.5, 2 and 3 Crater Radii (r) From Impact Site ........ .32

12. Variation of Peak Tanqential Tensile Str,,s- with Distance

from Impact Site for Three Impact Velocities ........... ... 33

13. Residual Stress Field in ZnS after Impact with an 800-

im-dia. WC Sphere at Three Velocities .... ............ .35

TABLES

I Material Properties Used in Particle Impact Simulation .... 27

II Comparison of Computed and Observed Results of Particle

Impact Experiments ......... ...................... 31



ACKNOWLEDGMENTS

Thanks are due to D. J. Rowcliffe and D. B. Marshall for review-

ing pars f the manuscript. The authors also thank Dr. F. F. Lange

of Rockwell International for providing the specimens discussed in

Section 3.

vii



1 INTRODUCTION AND OBJECTIVES

1.1 Introduction

Materials having acceptable radiation transmission properties

for use as infrared windows and radomes on aircraft generally have

poor resistance to fracture in particle impact situations. The

microfractures that norm and grow under bombardment by rain, dust,

and ice particles scatter incident radiation and result in continu-

ous degradation of the optical properties with flight time. longer

exposures or more severe impact environments can result in interaction

of microfractures with each other and with the radome surfaces, causing

mass loss (erosion) and gross mechanical failure. Erosion and gross

failure behavior at high temperature must also be considered in

designing ceramic components of turbine engines. The Navy wishes to

ascertain high temperature failure mechanisms, to establish more

impact-resistant microstructural forms of ceramic materials and to

develop a capability for predicting the fracture behavior. In

support of these needs, SRI International is performing research to

understand failure behavior of Si3N4 at turbine engine operating

temperatures, to examine failure behavior of microstructurally

toughened Si3N4 and to establish expressions and material properties

governing fracture development in ceramic window, radome, and

engine materials under hard particle impact.

1 .2 Objectives

This annual technical report documents the results and progress

attained during the fourth year of a research program aimed at

solving specific problems of impact damage of ceramics.

The three specific objectives in this fourth year were to:

(1) Determine the erosion behavior of Si3N 4 at 1400 0 C

(gas turbine operating temperature) and note differences

and similarities with room temperature behavior.

hub.- , 1



(2) Ascertain t0- erooion performance of a microstructurally

toughened Si3N4 "ZrO2 ceramic and compare the results with

untoughened material.

(3) Develop a predictive capability for calculating fracture

damage in ceramics caused by particle impact.

Completed accounts of the work on objectives 1 and 2 are presented

here as Sections 2 and 3, and have been accepted for publication in

the Bulletin of the American Ceramic Society and the Journal of

Materials Science, respectively. The progress and status of the

effort on objective 3 are reported in Section 4.

2



2 PARTICLE IMPACT DAMAGE IN SILICON NITRIDE AT 1400 0 (C

2. I Background

The properties of silicon nitride--high strength at elevated

temperatures, low density, low coefficient of thermal expansion, and

high oxidation resistance--make it an attractive low-cost alternativC

to superalloys for stators, rotors and other high-temperature, engine

components. A major concern, however, with using silicon nitride

components in flying turbines is the sensitivity of their loaid-bearing

capacity to flaws and cracks. Aircraft turbine engines ingest solid

particles during flight, and the resulting impacts can produce cracks

that could reduce the strength below that necessary to sustain design

loads, thereby causing catastrophic failure.

Recent research efforts (Reference i, for example) have estab-

lished the failure phenomenology and the strength degradation fects

of impact-induced cracks in Si3N4 at room temperatures. However,

similar information is lacking at the elevated temperature representa-

tive of gas turbine service conditions. This section describes initial

results of impact experiments on Si3N4 at 1400'C and compares the

damage observations with those from room temperature experiments.

2.2 Experimental

Octagonal specimens roughly 25 mm in diameter were cut from a

6.35-mm-thick plate of fully dense NC132 hot pressed silicon nitride

(HP Si 3N4 ) purchased from the Norton Company, Worchester, Mass. The

microstructure consisted of -- Si 3 N4 grains, most of which were equi-

axed and less than 1 vim in size, although some were up to 4 iim long

with aspect ratios up to 10. No significant grain boundary or in-

clusion phases were observed, but traces of tungsten carbide and

tungsten disilicide were detected by x-ray diffraction.

The impact side of the specimens was polished and thie specimIens

were placed into a central vertical refractory tube of a furnace onto

a 12-mm-thick silicon nitride slab supported by an inner tube. The

3
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part ic eLe impact fac iIi tv is shown in Figure I. To rdu'co p0ssiblC

effects of stress wave reflections from the rear specimen surf;ic,

the mating ,rflaces of specimen and slab were -ilso ground flati and

pol ished. The temperature of the specimens was incrvasod to I -+0

200C in about 3 hours, and maint.,ined at this level for tilt, pirticc

impact experiments. A platinum-rhenium thermocouple monitored thi ,

temperature at the specimen location. IWThile they were at t', it.d

temperature, the specimens were bathed in a stream of nitrogYic -

to reduce surface oxidation.

Single spheres of tungsten carbide or steel 2.4 mm in di amet r

were ac'elerated in a smail gun barrel by the sudden release of ,'om-

pressed air. A thin disk located between the gas reservoir and t!ho

gun barrel sustained the compressed air until a pressure was raIched

that caused the disk to rupture. Rupture pressure, and henLc part i -1<

velocity, was varied by using disks of different materials and thick-

nesses. Velocities below 85 m/s were achieved by omitting the, ruptur,

disk, pressurizing the compressed air reservoir to a desired low

pressure, and opening the valve by hand. Impact velocities werc

measured by the photomultiplier arrangement. Light reflected by the

particle into a photomultiplier at three fixed stations indicated

particle position at three times during its flight to the target.

2.3 Results
1

Room temperature experiments were carried out at velocities ranging

from 7 to 230 m/s. No damage was produced by impacts with 2.4-mm-diameter

tungsten carbide spheres at velocities less than 15 m/s. A partial ring

crack appeared at 15 m/s. Velocities between 15 and 30 m/s produced ring

cracks of increasing number and size, and velocities between 30 and 90 m/s

produced ring cracks, cone cracks, and a plastic impression. Above 90 m/s,

radial cracking as well as fragmentation of the tungsten carbide sphere

occurred.

Impact experiments at 1400°0C were performed at velocities of IS, '),

85, 121, 156, 173, and 197 m/s with tungsten carbide spheres. Radial

5



cracks and a we I I-def ine d pl1as tic im p rese i cre producIed in 1) ach e'xper-

ime nt As shown in Fl.ethe Lsizc of the impression and intensi ty

Of 'h 'U a cracks inc~reased with increasing velocity. At ve 1 ocitje~s

grea t er than 150 rn/s , the radialI cracks extended to the sides and rear

sulr facesL" o the s'pcimenls * of tenl 1ragment ing t hem. Figurer 3 c ompares

the damnage at 20"~C and 1 400 0 C produced by tungs ten carhbide s-pheres im-

pact tug at about 50 nII/s. The type of damage at 1400 0 C (radial c-racks)

is more del ete'r ions than the ring-cone cracking tha t Occurs At 20 0 h e-

caulse rad ialI cracks tend to he longer and deeper. Mloreover , the damag ed

su rface area is s-ubs tant ial ly larger at 1400 0 C. The reliat ive dynamice

hardness at 1 4 0 0 C, comp~ut ed from the plastic imp ress ion di amet ers,

Figure, 2, usinug the- firinel 1 equation, dc~rease'd MOnlotonicalI t-1from1 0. 8

at 50 ni/s to about 0. b at 170 in/s.

Cone Cracks occurred along with radijal and lateral c racks'- in Si 3N,

at 1400 0 C, as evidenced by the cross section shouwn in Figure 4. Th is

IFr acture surf ace , produced by extension of rad ialI cracks , reveals.- t he

site of the cone-shaped fragment beneath the impact site, the lateral

cracks that initilate internally near the boundary of the plastic zone,

the profile of the radial cracks, and the microcrac'-ed zone direc'tIV

beneath the plastic impression.

By c ontras t, the f rae tore damiage, prodic ed hr 2 .4-mm-d i am t cc --t ckI

spheres conjs 1st ed of annouli of segmental ring cracks hot tliat room temn-

pcrature and at 1400 0 C, even at velocities of 230 ni/s, Fi gore 5. The

thireshol itvelIoci tv for frac ture at 20 0 C hy steel Spheres Was aboult L40 ni/s,

or neairly three' times as high as the threshold yeInc it\' for tungsten

carbide spheres.

2 .4 D iscus -Innoi

These resut]Its Show that the imnpact - illdiic ed f rac t iik ccat I Cu ill

Si N, At 14001) C canl he, but is not nlecessacr IVx, d if fcreut thanl that at
3*

re !at i c to the target , aind can be expl)ained by aI d i f fcenel c inl theL

neLar-crater stress dii tr ibUtion When t~s cOr p)lastic defO-1mit ion

occurs in the tairget.

6
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Evanls, Lawn, 'Ind wi Isha~w 5'" have' V\xp liint'd thk- vairious crick inc

pat terns obser-vid in .. eraniics around indenter-s and imact in i~ irt i, I i~.,

onl thW baSiS Li dii ttironICes- in st ress Sta'tL' 15caulSed by the1 il-d e0

lhke occutrcc nil 1) p las t i c fl Iow. When'l t he. ii rlt dk'tforii las iaI

t le max imum tonil i I-s t rcss ks aIrec d i rec t d radII iI II v, r--sal It J'ii, in in i

Annulus Of segmen101ted ring cracks just outs idc tie i rc Ii. of conit .I,

H igher inden11tat i on piressu res or impac;ltt Vi' I C i t is -. cause' tli~ sI II

ring! cracks, which vrow init illIy n ea IrIy n o r mal t o t Iit e ouit .e t -U 1

tO ex\tend downwaird and awa\, "rom the- zoilio ci olllprcss ionl unde~r t ik ,s ,:-

tact si te to Itoril k'0ont--;ljLp'( cracks wi ii sde romnlhil t) t It, i , , .

surf ace or 22o to tILc indclnt It ionl sulrfacct.

When t hc ma tc t-ii un mde r r lit, 'onltackt area- dtILA i p111 list i kA: I V, I!i t

stre'Ssis relax and t t reLsses-, inl t.le ttani !,Clit iAI di ci in (11 . or. I.-:

Often result ing in thle appearance of- raidiil r.i..ks extenidinc, ,utir od I

tile per iphery of the plastic impression iii a spoke I ikc irr~lv. 1 ln.

stresses also arise in the specimeni interior normalI to theL illpacikted >nr!

part icuilar ly dur ing unloadilng, and may. produ( e lat-a k racks- pa r-i I, 1 t

tihe specinen surfaZce'.

These Cons iderat ions suggest that When the Si N !is at I .00C ,t l

relative hardnesses of Si. N, and tungsten carbide may hi) rAi r Ie 't. I

the tungs ten carb ide sphere t o rema in c laist i c and t rans"m i t I oI dtl t 11

S i 3N 4target that ececed the iiigh temperatutre yield si relic't h of Si N '

Iii tile case of stool sphecres,, if the hairdne."s Of Si, N a t 1,400"Ct remi.) in.
greater than1 the, room tempo 1lratulre hardness of t he S t l t henI 1he 1 i

occu rs , thle sphe re woulId de f orm p Is t i cal 1 yv, preventL inig l oadIIs ini cx

of the Si, N 4yield strength and resultilng in LilSti fracture,.

These inferences are in aiccord w ithi r Lit ivk- dvnmli c ha~ rd.ii sso

estimated from static room temperature ha-rness v.11110s of I (H)t, 177)

andl 820 kg/mm2- meaisured I or thle si Iiconl n it ride pl ateis, thli t un gs I ii

carbide spite res, and the S tee C piC ISI(res , respec t i vol I . IlTe imrs i ott

d i;mter datai in Figure- 2 show that tlie hardness oit Si 3N , 4 it I 'o)(

is abhout 80)Z of thle room templeraturei- hardness * or about 1 300t ki/mm2

There fore, assuming similar ratel. etffcts for Si-jN4 an W?,ti



Phiit, , li , ni . . ia ti 1 fii t urt bc.htivir in Si 3N.4 at MItt t ip, r-

,iturt , hut t'la.I it i/ 1 s 1 rAtIC rt b-hI1ia 01- it 1 !4 0('T, ;IS wI.S On Strvt.d

Fitltht, rtillrt, , s i 1t. thI Ilk rl; irdnti-. itI tht, stt- co I litrl-t i -1 taIr h. I t W tIn

i ih rdid t-s t it 1 at ' il ct, t. ophI rl-v .s shln I d prtodkimzt in Iv

tI s ti I. I r~i turt at1 tht- Si N , ,i I ; I, lscrvcd h sit 5 i gliht (i tt rn .-s

im n i irtlhics - - I 1 Si iN ild WC 1 ( 00t)) Vt 'il I )7() ki ]/ 1tttt2) wi I I Ik lv t.

c 'il lt cd in ti sl - ,xp, r illlll t h '  t .lit't di kt' inL t in ,tm)liltt-t rv I or t it-

t W' ill.it tria siI,. (4ta i t . r it-s 1, t i Ist I; i t 't. p)1, I i t iaI I I lit-l I -rtt zIIni-

i~r. Ili4IhIV (-,ilh i~.1 tWt ]i N tlit., wil It >tt rt tm tI. 1lst i

iltlmp rc-sitn y a til spit. , 1 t filk t- I, it i it -riLr I) I ri- Ilm i rt.
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St tid in il !i V d Ib', Crvid b t It rid l I I ind r i ii r,iki i i ,
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Alld a ntI t p I Ivi it- t l itt ~AV it I tt' it i t tI'sI*- i tI.- '!p 't it
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3 1IMPROV ED IMP'ACT YRACIL RI RES ISTANCI, I N
0XII)AIUN-ToIUEHNK'D Si 1N!4 -. 2)O VOL I. /rtl

3. 1 liar kLrOund

An oxidaition tt-liniqllt to i odUro esiy t rossecs in the,

nea r--;tr f act, region oi;0f S i jN,4-Z' rot spur i nsns hetn rt i, t ed hy

Lac.'The ma t c eni i s made, bv t horougrh I V' 11i Xi i -S i Iir-on n i t r idc

Ipowditr with iabout 2(0 vol 7:z r-on i urn O.Xide aind 4 vol . AI 1) Aowdr, rs

then1 hiOt-r(-;S inI,, to 1a-hit-Vt a1 tlly dense'(- p~late. ""t I1aeisth

given a SUbSeititt 1111C,1 ,it 700"C for 5 lirs. in aiir. flic zir r 11111

oxvnii tridL' serkond-phiast, wi thin severalI Oraml diamelLters ol Ltf,

surt arts is o-idized to monor I iri 7rO,) wi th~ an waromn.1fV in,1 inrtasi

in miolar volm (tiif about 4~- 0. 111v expalnsion of tilt I ittit k. in tilt.

surir [ regions g!ives rise to subhstaut i aI roprs ost resso s oil ti.

surface (and s igni fircant tens ilIe st resses in the i nteri or) . Thie

ox ida t ion i[ll reases the ;ippa ren11t su rf I at toughiness aind f Ile xn ra I

stnrethb by bout 25-7. 7 c hsc r es ultts 2u ro kirva gQd uas t o in v (st i ga o

the response of this material to partircIt imparct.

3.2 Materiails, I~xperlmeuts, indReut

Lange provided tWO se SILCl11 tn ear of oxidiZed anld Lox id i ztd

Si 3N4 -21) vol 2 Zroi as halves of broken 4!-poirit-bend sperWLinLn s. Nominail

dimensions wore 0 x 18 mim. The surfaic [jul sli oit thet rinox id izeil

sper mflitus was improved by pol1ishilug to make it tlprhItto tie

surftarcte f in ish of)f thei o xid(Ii ze-d sipt -r i nns.

Us in 1 . 2-mil-d i a mtt t, t k 11g:s t L'n I Ir1 ib idetSJ sphre art1)d a oIih~s

aiir giun,8 we, rondurjj ted( ;l stur los o inlmart Lexptr iimnt s. ait v.'ari 01

velIo itL ites on oxid ized (stirfae-st rengtliened ) anld inoxidi Ztd

Si IN'4 -Xro , to determine the dLniagt phionomeno Iolgv, thek t hireshit Id

vtlo Ci t jeCS b(r- rill-, anid raidial] crarks, nIii Hte r~itte-, (d impitt diimet-

do've I opintut

At the' IuWtSt vCI' lt itiiS, r1o dama.ge- MoilId h- dL'torCtd At
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magnifications up to 400X. Slightly higher velbrciti es produced a

plastic impression, and at higher velocities, ring cracking bt-galn,

followed by radial cracking at ;till higher velocitis.

The size of the plastic impression increased monoton icjl)v with

increasing impact velocity. A profi lometer, used to meagisure the

shapes of the impression, Verified that plastic flow att Ohe impi't

sites occurred at Velocities well below those necessLry tor ring

crack formation. * At low impact Velocities, larger impressions we.re

sustained by oxidized material, Figure 6, showing that the oxidation

treatment decreased the dynami- hardness of the surface laivers. At

higher velocities (>80 m/s) impression diameters of oxidized and

unoxidized material are nearly equivalent, indicating that the soft en-

ing effect is confined to the surface layers.

A similar effect on quasi-static hardness was found in a series

of diamond pyramid hardness indents at loads ranging from (.1 to 20 kg.

The average hardness of the oxidized material was 1200 kg/mm2 ,

compared with a value of 1600 kg/mm2 for unoxidized specimens. Again,

a more pronounced softening in the surface layers of the oxidized

specimens relative to tIL, bulk was indicated by the hardness results

(1000 kg/mm2 ) at 0.1 and 0.2 kg indenter loads.

The threshol velocitV for fracture damage in the ox id ized

material (-45 m/s) was substantially higher than for tht unoxidiz,,d

material (-17 mi/s), and the amount of damag produ, ed by ,a given

higher velocity imlit wats significantlv less. At in impt,t veIo, it v

(if 45 m/s a nortion of a sing l, ring crack w.s produe'd il till' O.\iliz,,d

*This behavior is opposit c t Iit d, scrvk d b' A. G. [v.1 5, Cn i VcI; it 

ot Ca;Ii forni.a, Ierk. 1cv (priv.itt colmlulli, it in'll), an1d o 1 t id* i ( i ' It
thet stress distribut ion iround a plast i, oI)nt -I t i l l,, thlt radiaI
crgt ks indOed shlou ld he' exp cte' d ' t i('l tC I A 1', Ir, uiiielr it iil

t'ns i I k ;trtsse s. t, list i l ti t rodi ,-; itreII -;t i-Se, k in1 t i)
radial dir'tion lli ile, ei oura iio;'. -r , k iii. Ill te l '1t j-

plastic regime, ihow'Vel', tlil' st res di sir it ih ,iv lrl\,l i i ', III

ridi:l cracks, ;ll1 thhir l'' ccou t or tll Ii repall . idi-
f r~li t u r ilg.

1,' 4

- 4



6.0 I 1

5.5

%5.0

X~ A

z
z 4.5 A

U)

,' 4.0

-u OXIDIZED
U) 3 .5

-

o 3.0 /
cr

l.--

u 2.5

UNOXIDIZED
2.0

1.5 L
0 40 80 120 160 200 240 280

IMPACT VELOCITY (rn s)
MA 411.'H 'O

FIGURE 6 PLASTIC IMPRESSION DIAMETER VERSUS IMPACT VELOCITY

f-OR OXI)IZED AND UN(IXI[)IZED Si. N4  20 ZrO,

15



p. . •_ __ _ _ _ __ _ _ __ -

material, whereas several well-developed ring cracks were produced in

the unoxidized specimens. Ring cracks became more numerous as

velocity increased. Figure 7 shows the damage produced in the two

materials by 145 m/s impact.* An annulus of cracked material deve-

loped about the center of the impact site. The annular area was

always greater in the unoxidized ma'-erial. At a veloci tv of 180 m/s,

radial cracks appeared in the unoxidized material. No radial cracks

were observed, however, in oxidized material at velocitie.s up to 195

m/s. Figure 8 shows that the inner radius of the cracked zone is

larger for the oxidized material, and the outer radius is smaller.

Thus, for any given impact velocity, the damaged area in oxidized

material is significantly smaller than in the untreated material.

Several impact sites in oxidized and unoxidized material were

sectioned, and the section surfaces were polished and examined with

a microscope to determine the cracking patterns in the specimen

interior. Both materials showed the Hertzian cone-shaped cracks.

3.3 Discussion

The observed enhancement of impact damage resistance could be

attributable to oxidation-induced surface compressive stresses or to

oxidation-induced softening or to both. However, the important

aspect of the impact damage rcsistance is in the fracture propensity

of the two materials. Ring cracks and radial cracks were initiated

at lower levels and developed at more rapid rates in the unoxidized

material, which suggests that the oxidation-induced surface

compressive stresses inhibit and suppress fracture.

Although the experimental resul1ts indicate superiority of the

oxidized material in resisting damage from an impacting particle, the

used of oxidized material in high-temperature oxidizing environments,

*The halo that is evident in Figure 7 is shat low surflce damage

produced when theL tungsten c;rb id sphere fragmennts and impacts the
suir face. Tungsten carbide sph e res break at ve o Ci t i k o t ab,1t

100 m/s and greater when impacted against [1t.;t' h Mp'ci lh 11S.
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such as those encountered by turbine blades, appears of doubtful benefit

because previous impact tests indicate that over-oxidation increases

erosion rates.1

We note that the material used here was probably not optimal;

other compositions and oxidation treatments could be expected to

exhibit greater dynamic fracture resistance. Additional experiments

on other oxidation-toughened materials and with particles of other

sizes, shapes, types, angles of incidence, and velocities are suggested

to confirm and further investigate these promising initial results.
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4 PROGRESS IN DEVELOPINC A PREI)ICTIVI% CAPABII LITY

FOR HtARI) PARTICLE III PACI I)AIACI. IN CERAN I CS

Development of a quantitative predict ive capab ilitv for part i ILc

impact damage in ceramics requires a detailed knowIedge 01 tI,. StriSS

fie ld his tories experienced by material in th i i ni tv of the I p,,t

siLt and mathematical expressions describing the devl )pmcnt of

p lastic deformation and cracking. This section descrihes the

procedures and results of a method we have developed for ccoi tiing

stress field histories and presents the rudiments of a copltitiolln]

fracture model.

4. 1 App roah I

Our approach in developing a predictive capability for particle

impact damage in ceramics consists of the following tasks:

(1) Establish an experiment that can be analvzed to allow
identification and evaluation of the material properties

governing resistance of semibrittle materials to fracture
damage by particle impact. Experiments having the high-
est probability of success appeared to be those 1osely
simulating particle impact conditions, but having a simple
impact geometry to aid in interpretation and analysis.
Thus, we performed experiments involving normal (90o)

impact of a single, elastic sphere against a flat sl~eimen

surface.

(2) Obtain an understanding of how fracture damage develops
about an impact site. We studied damage phenomenolI ogy
by performing experiments at various velcCities sO as to

produce various levels of damage ranging from below
incipient to surface fragmenta t!on. Bv examining thek
impact sites and cross sections taken through the siteis
with a microscope we deduced how fracture damage evolvos.

(3) Describe quantitatively the diformation and fracttore
damage produced by particIe impact . De f in it ion of inlpac t

erosion properties requires a knowledge of the reIationships
between loading parameters and material failure rcsponse,
and therefore a quantitat ive description of dlform.)tion
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and f r ,it re is required. W, cmnted and miaisurei'd the
rad i al , ring, and ( atera I c ricks ;it part iIc. impam t sit t.,
to obtLin crac'k size ditibut IIns t kr Ivr iMIS ilpclCt

V Ioc it i " .

(4) Comnte t r eS iei d h ist ori is producd in matcrii I , ipa, t -
ed bv a soIid partic Ie. rhi st-ssL's and straiins ind t hei r
variation wi th t inl( sind Io('at iOn in1 t l t ; rI t mIs t Ib
known in order to alnal vz thth ,IsbrL'- ,ld I I I I ra(t Urt-

damage. Further , a proe itdurt Itor ,;ott ilng" t rcss fit' I d
hist-ories undt'r )irt ic'!, i !,ii)mic i is nice ssarv a; the basis
for the predictive capabilitv.

(5) Const riic t a mathemat ical mode I o tit h rac turi' processt is
by making use of fractUre mechaniCS con 'ipt s and correlations
of fracture damage with computid st ress histories. Write the
model as a subroutine for the computat i onal code used in
the p rcvions task to calculate the, stress field hi storv.

(6) Verifv the fracture model bv using it in the stress field

history code to simulate selected particle impact experiments.
Compare computed and observed fracture damage, and modify
the model until good agreement is obtained. Extract f-omI
the model the expressions and properties describing impact
damage development.

Tasks 1 through 3 have been completed and the procedures and

results are documented in References 1 and 8. Tungsten carbide

spheres were accelerated in a pneumatic gun to velocities ranginc

from 10 to 250 m/s and made to perpendicularly impact polished
surfaces of chemical-vapor-deposited zinc sulfide and hot prissod

Si 3 N4 . The individual impacts produced various levels of damage

in the form of plastic impressions and populations of several types

of cracks. The fracture damage was quantified by counting and

measuring individual cracks.

Damage threshold conditions and characteristic rates for crack

nucleation and growth were deduced from the data. The shapes of the

crack size distribution curvi's suggest that the size distribution of

inherent flaws is exponential, consistent with the results of

probability theory, and show that the growth law. for radial cracks

is similar in form to expressions derived from ilast ic i'ni'rgv h;lan s.
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The next step (Task 4) in deve loping the predict i ,. 'apahi lity iV

to compute th. st ress f iel d hi' stories experienced by u'crami c p tt s

impac ted hv a sphere, so that tL e quaint i tat i ve f ra, t ure data -an b,

CorreL I a ted with the Causat ive st ress pulses (Task 5). During tiis

reporting period the stress field historv computation, Task 4, was

completed and fracture modei development, Task 5, was begun. TII .is

section presents the results of this work.

4. 2 CalCulat iOn Of tile Stress Field History in aI Plate _lm_;Pcted by

4.'2. L tLackjroLnd

Computation of the stress field history produced in a

target material by an impacting particle is complicated and

quite formidable, involving elastic and plastic deformation,

dynamic effects, and the stress relaxation effects of cracks

as they develop. Analytical solutions exist only for the most

simple (and least interesting) of situations--namely, the

static indentation elastic case in which no fracture occurs.
9 '1 0

Even in this case, however, there appears to be no simple single

parameter that characterizes the stress field; that is, there

is no parameter analogous to the stress intensity factor that

characterizes the magnitude of the stress field at the tip of

a crack.* Such a parameter would clearly be very useful in

correlating stress field history with fracture damage and,

hence, was sought during this present research year.

We considered therefore numerical methods and examined

the various available advanced computer codes to determine (I)

if the stress field history in a target impacted by a hard

*The nonlinearity arises because the contact area increases non-

linearly with pressure.
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sphere had already been computed, and if not (2) whether such a

computation appeared possible with an existing code. We found

that the water drop impingement problem had been simulated by

Rosenblatt, Ito, 11,12 and others and that computations of

impact by penetrators with noses of various shapes (including

hemispherical) had also been completed.13  Rosenblatt and

Eggumil 4 appear to have performed the only computation of hard

sphere impact. These workers simulated the impact of a 400-

om-dia. WC sphere onto a flat ZnS surface at 850 m/s. They

assumed the sphere to be rigid, thc ZnS to be elastic-perfectly

plastic and to sustain no fracture, and the sphere-target inter-

face to be frictionless. Under these assumptions they obtained

the contact pressure and contact radius as a function of time,

the growth of the plastic zone beneath the contact site, and

the magnitude and directions of the tensile stresses outside

the plastic zone. Although their results will be modified by

the fracture activity that occurs in both the target and the

sphere, the results are useful in interpreting, at least quali-

tatively, the observed fracture morphology in ZnS. 15 We therefore

proceeded on a similar path, using a 2-D Lagrangian wave pro-

pagation code to calculate the deformation and stress histories

in our targets. Development of a reliable predictive capability,

however, requires that the stress relaxation caused by the

developing damage be accounted for. We are therefore also

attempting to obtain a treatment for stress relaxation by

appropriately modeling the fracture process, Section 4.3.

4.2.2 Computational Procedure

The particle impact experiments were simulated computation-

ally using TROTT, a two-dimensional, Lagrangian, finite difference,

wave propagation code written at SRI Inte, ional.3 6  The

calculational procedure is the standard leapfrog method of

Von Neumann and Richtmyer, 1 7 using artificial viscosity to
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smooth shock fronts over several computational cells, which

may be quadrilateral or triangular and treated as finite

elements for mass and momentum calculations. The code can

accommodate complicated material models because of its large

storage capability per cell, but the code is simple and easily

modified. Because of its simplicity, TROTT runs about three

times faster than standard 2-D codes.

In preparation for the simulation, a slide line was

inserted at the particle-target interface to allow the spherical

impactor to start out not in contact with the target, then to

penetrate an appropriate distance into the target with sliding

occurring, and finally to separate from the target as the

sphere rebounds. The surface of contact was modeled by a

standard master/slave slide line (with both force and displace-

ment condition) across the sphere-target interface. Before

impact and after rebound, when the two surfaces are not in

contact, the forces and displacements in the sphere and target

are calculated independently. During contact, however, the

force on both sides of the contact surface govern the motion of

the master side of the slide line, and the displacement of the

master side of the slide line governs the normal displacement

of the slave side. Hence, the slave surface slides on the

master surface.

The computational grids of the target and spheres were

constructed to conform to a Cartesian coordinate system and to

provide higher resolution in the area of contact where stress

and strain gradients are steep. The target cells were nearly

square and similar in size to neighboring cells. The largest

cell dimension did not exceed the smallest dimension by more

than 10%. Likewise, the areas of neighboring cells did not vary

by more than 10%. The sphere was zoned by laying out a grid

of horizontal and vertical lines that had the necessary resolution

and cell size variation, rotating this network 900 and mapping
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the network into a circle by means of the Joukowski trans-

formation. 1 8  This transformation 2' = Z + b 2 /Z in the complex

plane maps circles into lines and is well known in the field

of fluid mechanics. The resulting grids are shown in Figure 9.

We chose to 3imulate the impact of an 800-um-dia. tungsten

carbide sphere with a plate of CVD ZnS at velocities of 5, 30,

and 60 m/s. Cracking around the impact site and the concurrent

stress relaxation were not treated in the initial simulations.

These important effects will be taken into account in subsequent

calculations by the dynamic fracture model being developed in

Task 5 of this research program. The tungsten carbide sphere

was treated as elastic, but plastic flow of the target was

allowed to occur according to a stress-strain relation deduced

from hardness tests. Using the method of Evans and Wilshak.,
19

we characterized the quasistatic work hardening behavior of ZnS

by plotting in log-log space the indentation pressure versus

the normalized plastic impression diameter d/D, where d is the

impression diameter and D is the diameter of the WC sphcre,

Figure 10. The slope was taken as an approximate value of the

work hardening exponent, n = 0.3. The material properties used

in the simulation are listed in Table I.

4.2.3 Results

The computation simulated qualitatively all the important

aspects of a particle impact event. The sphere approached the

target at the prescribed velocity, imade contact, and beigan to

penetrate. The stresses in the target incre ased monotonical I1,

and when tile yield strength was reached, material in the

immediate vicinity of the impact site began to flow plastical v.

As the elastic sphere continued to penetrate, tle. elast ia I llyI

deformed zone expanded.

Sphere velocity decreased monotonical lv with increaing

penetration, reached zero, then became negativ (i.e.. reboundd),

26
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Table II

COMPARISON OF COMPUTED AND OBSERVED RESULTS

OF PARTICLE IMPACT EXPERIMENTS

IMPACT VELOCITY
5 rm/s 30 r/s 60 _ .....

Rebound velocity (mi/s)

Observd 4.8 16.2 30
Computed 4.9 13.1 20.7

Crater di;anktcr (mim)

Obse, rvd None observed 0.24 + 0.01 0.36 + 0.01
CoIputed 0 0.25 0.47

Crater depth (mm)

Obscrvd None observed 0.014 + 0.001 0.034 + 0.00]
Computed 0 0.012 0.020
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velocities. Stress rises more sharply with distance for higher

impact velocities and falls off more graduall. Also, the peak

stress values increase with impact velocity, even though the

resolution of the computer printout was not fine enough to

capture the maxima of the stress-distance curves in Figure 12.

Finally, the maxima appear to occur further from the impact

site center for higher velocity impacts.

The computed residual stress fields produced by impact at

the three velocities are shown in Figure 13. Compressive

residual stresses are predicted near the specimen surface and

extend several sphere radii from the impact site. A residual

tensile stress field is produced beneath the impact site. The

spatial extent of both fields increases with impact velocity.

Maximum values of residual tensile stresses for the 60 m/s impact

are about 40 kbar and occur approximately one half sphere radius

beneath the impact site. Compressive residual stresses reach

maxima of about 2 kbar for the 30 ri/s and 60 m/s impact and

occur c lose to the target surf ace at about one sphere radius

from the impact site center.

WC cooc I ode from the agreement between computed and

observe d crater dimensions that the stress field histories

tirodu('d bv hard s"irt ic impat ;Ire comp 1ulted rel iablv and in

sufficient tui to tha1t t TRI(' I R01th de is a suitable basis

t r the predict ivk d ,e , ,- ip,ihi litv. In Section 1.3 we

CoIat ruot .1 kuInIlt.It i'n11 :, 1 tll radiail ,rckinoc iroind impact

:;ites and write it ii. , l , oiitiH , tor incorport ion into

the ' I I ll I O e.

0 I _ns t r c 11 t i " a it i A I I [rI t Irc Moil I

For nakitip (I I ;t i nt at ,i Ird I ti o 1 ut tilt- ( , tu nt of

t ru,' tore pr diut'd ln ,1 t i V,+,," t imp;i, ted I" it cIur t ic Ie *t iuthi t ical ,

I)xrt ssil n tre reql ri-d tliat rilu;t t I reitiret 11 si ti til' tinsati IV
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one or two penny-shaped cracks containing the ind ontation axis

form boncat h the plastically impressed surface. These cracks,

cal led med ian vents, expand radial Iy outward and often join with

the radial c'-cks.

Still higher loads are required to produce lateral vents--

Cracks that form and propagate parallel to the indented surfa'c

bctwecn the radial cracks. The number and sizes of lateral cr:cks

increase with load, reaching ma xi mum values similar to thiose of

the radial cracks.

As the load is removed, ill thr, types of cracks grow

further. The depth, and to a lesser exttnt the diame t er, 1of" the

plastic impression recovers somewhat, but residual p1astic

strains apparently hold the radial cracks open. Sectioning

studies show a heavily deformed or finely fractured zone,

immediately below the impression, and often two or thre, levels

of lateral cracks.

4.3.2 Rudiments of the Fracture Model
The observations described in the previous section suggest

that the fracture damage produced in ZnS by particle impact occurs;

by the nucleation and growth of cracks in planes and directions

dictated by the stress field histories in the vicinity of the

impact site. Thus, the computational fracture model should

consist of an expression describing crack nucleation for comput-

ing the number of cracks produced by a given impact, and an

expression describing crack growth for computing the size of the

nucleated cracks. In addition it is necessary to treat the

relaxation of the impact-induced stress field that results when

cracks develop.

Crack nucleation is the result of activation of pre-

existing flaws during passage of the stress pulse. Flaws (or

weak sites) such as intergranular or transgranular cracks, pores,

grain boundaries or triple points, and machining and grinding
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damage are inherent in materials, and these flaws may become

unstable and propagate when traversed by a stress pulse of

stiff ici ent amplitude and duration. Linear elastic fracture

mechI an ics relIatLes the cr it icalI st ress amp LitLude to the crack

length by the stress intensity, and shows that the larger the

preexist ilng crack, the lower the continuum stress requ ired to

activate it. For the situation where the load is not quasistatic,

but rather is applied as a short-lived stress pulse, the durat ion

of the stress pusILHe u11s1t be considered in crack instability

anal vses. 20

Considerations of stress intensity histories experienced

by cracks whose lengths are comparable to the distance a stress

wave can propagate during the pulse life suggest that the attainment

of a critical level of stress is necessary, but not sufficient,

for crack instability A sufficient condition is that tile stress

level be attained for some minimum time. Experimental results on

several polymers and structural metallic al oys support this

premise. 21

Thus the expression for crack nucleation must relate the

number N and sizes R of inherent flaws, the resistance of tilc

material to crack activation (taken as a fracture toughness

appropriate for particle impact loading rates, Kid), and the

minimum time for instability tminl to the amplitude ., duration

To, and perhaps the shape 6 of the stress pulse. We can write

the genera l form

dN/dt - f(N, R, Kid, tai , ,,, T 1 , , ) 4-I)

for the nucleation function.

In our previotis work on ZnS19 we showed that tOhW shaipe Of

the flaw size distribut ion is exl)onent ia , having tile torm

Ng = Nk exp(-R/Rn) (4-2)

where N is the cumulative inuimber of f laws per unit v(ilit, with

radii greater than R, No  is tile total numbe r ,II f lI 1w , and Rn
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is a size parameter. The quasistatic fracture toughness, Klc,

has been determined in previous experiments 22,23 to be

0.75 -+ 0.01 MN m- 3 /2, and little rate effect is expected in this

semibrittle material.

The approximate functional form of Eq. (4-1) will be

established in future work by correlating the measured crack

size distributions from the experiments in Reference 8 with thc

computed stress field histories described in Section 4.2.

Several expressions for crack growth have been postu1lated

from theoretical considerations. 2 4 - 2 6  The crack size distributiolns

predicted by these expressions are illustrated in Referc nck, 8

and compared with measured crack size distributions at impact

sites in ZnS. Since all theoretical expressions result in

distributions similar to that observed, we chose tht imp lest

expression for the present fracture model, namely,

dR/dt = kCk (4.3)

where dR/dt is the crack growth rate, C( is the longitudinal wav,

speed, and k is a constant between zero and 1. In previous work

on dynamic brittle rock fracture,
2 7 the theoretical value 24

k = 0.38 produced good agreement between computed and observed

damage.

As fracture damage develops, the stresses in the target

relax. When radial cracks form and grow, the tensile stresses

on their surfaces fall to zero and this unloading informat ion

is communicated to the surrounding material by a wave that

propagates away from the newly formed crack. Tensile stresses

in the plane of the crack, however, may remain high, so that the

stress relaxation process may be highly anisotropic. Thus the

occurrence of cracking modifies importantly the stress field

history produced by an impacting sphere, and may cxpla in the

increasing divergence with impact velocity (increasing cracking)

of computed and observed crater dimensions and rebound Ve I ociti es

(Table 11). Clearly, a reliable predictive capability rcquirts
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that the effect of developing fraWture damage On thc state ol

stress be continuously acCoulnted for during a computat ional

simulation.

The bas is for the treatment Of crack-induced stress

relaxation is the concept of a two-component system: so] id

material, and void inside the open cracks. The spec ific vol lme

of the system changes when loaded; this change is due prtialI v

to strain in the solid and partial ly to change ill the void

volume. The void volume calculation follows the analvsis ot)

Sneddon 28 for a penny-shaped crack in an elastic material.

During the wave propagation calc.ulation, the following sequtlenc

of events is envisaged while the material i,; in tension:

(a) Initial tensile loads cause only elastic vol lnne chinge's

in the solid until a threshold stress (equal to the

dynamic fracture strength) is reached.

(b) When the stress exceeds the fracture threshold, cracks

begin to nocloto and grow, and the void volume produced

by the cracks acts to decrease the volume chlinge rCqo, irod

of the solid. Thus the tensile stress in the solid is

lower than it would be for undamaged material under the

same voltime change; hence, the effective modulos o the

sol id has decreased.

(c) With increasing stress and continuing volume change, ;

point is reached where the void volume increas. lust

equtaIs tilt applied volu1me, change. IlIere there is no

change in solid voIlime and hence no change in tens il

st ress: The stress-volume path has relche-d 1 pe;k ad

the effectivt modultus is zero.

(d) With further volmtime change, tile illcl-ease f Void voltlille

(by growth and lleicktion of cracks) tends to exceed the

applied volilitc chinge. Then the solid volunmne change is

negative and the tens ile stress is decreasing. lhe

effectlive modulus is negat.iv during thi ; period.
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(e) If compressive volume changes occur at any time, there will

usually be a decrease in both void volume and solid volume.

Then the effective modulus is positive as in (a).

(f) if no net volume change occurs, there will usually be an

increase in void volume and a corresponding decrease in

solid volume: The effec ive modulus in such a case is

infinite.

The preceding sequence of events is treated in the present

formulation of the behavior cf material undergoing fracture. A

derivation of the effect of damage on the material stiffness is

given below to indicate the basis of the method. Here. the case

is considered in which flaws are present but no nucleation or

growth of cracks occurs: The resulting modulus is that which is

appropriate for a residual strength calculation. The fundamjntal

relation is that the total volume change is the sum of solid and

void volume changes:

AV = AVs 4 AVv. (4-4)

The void volume change is derived from the analysis of Sneddon 28

for the opening of a penny-shaped crack in an elastic medium

under uniform tension. The half-opening of the crack face': is

4(1 -v2)cO
nE

where c is the half crack length

3 is the stress applied normal to the crack plane

E is Young's modulus

v is Poisson's ratio.

The void within the crack faces is an ellipsoid with semiaxes

c, c and 6, so the volume is
2 _ 2 16(1 - 2cc

Vic - - (4-5)
Vic(3 1)

To determine the total relative crack volume, a ium is

made over all cracks

Vv =7 NiVic
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where N i is the number otf cracks of volume Vic per unit volume.

Then Eq. (4-4) becomes

.= Vs + 16(l - v)fao (4-6)
4 3F + Nic~

V (K + 4n)V i

where Ao is a change in stress

K, pJ are bulk and shear moduli

V is the total specific volume.

Dividing Eq. (4-6) by Ac, we derive an effective modulus M.

1_ Y/ _ + 16(1 - v2) (
+ E ~ Nic.3(4)

This compliance is similar to that which would be obtained for a

composite made of solid material plus void. The term K + (4/3)

is the stiffness of the solid and Vs/V is its volume fraction.

The last term on the right in Eq. (4-7) must be interpreted

then as the compliance of the cracks. This expression shows

that the compliance of the composite increases with increasing

void fraction, that is, increasing number and/or increasing

size of cr-Aks. Since both the strain in the solid and the void

volume are tensor quantities, the stress relaxation is appropriate-

ly anisotropic.

4.4 Future Work

The final steps in the development of the predi( .:ve capability

for particle-impact-induced fracture damage are to evaluatt, the

nucleation function, Eq. (4. 1); insert the fracture modt-I (S'ction 4.3)

into the TROTT code (Section 4.2); simulate compu, tational lV several

selected particle impact experiments; compare the computed and observed

fracture damage; and, if necessary, modify th expression. and para-

meters in the model to attain good agreement.

The nucleation function, Eq . (4.1), should be evv;la oted by

correlating computed stress-strain field historicS. for cxperimens

of several impact velocities with measured r;idial crack siz(
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distributions. We expect these correlations to be difficult because

of the high gradients in stress and strain near the impact site. More

suitable experiments are flat plate impact experiments such as those

reported in Reference 29, because the specimens contain relatively

large volumes of material that experience nearly constant stress and

strain histories. Thus, statistical data on the number and sizes of

cracks can be obtained for correlation with a stress or strain state.

Limited data on ZnS exist 29 and should be examined to help in the

correlations.

The fracture model presented in Section 4.3 contains only one

orientation of cracks and treats only an exponential crack size

distribution. The model should be extended to pertain to cracks in

three orthogonal directions so that radial, ring, and lateral cracks

can be treated simultaneously. Furthermore, since nonexponentiail

crack size distributions have been observed after considerable crack

growth, appropriate mathematical descriptions of the distributions

should be developed and incorporated into the model.

These modifications have been studied extensively to determine

their feasibility and possible implementation procedures. The use

of three orientations of cracks introduces significant convergence

problems in the stress and damage calculational algorittim. Currently,

with one crack orientation, an iteration procedure is used to determine

one unknown strain from the nucleation, growth, and crack-opening

functions. With three orientations, an iteration procedure for

three unknowns will be required. Because of the nonlinearity of

the functions, convergence of the iterations will be difficult to

obtain, but techniques developed at SRI International for similar

problems may be applicable.

Representation of more complex crack size distributions can be

done in several ways. One method we have used in othcr cases is t (

describe the distribution by a series of N-R values instead of by an

analytic function. This method is straightforward to use, but it

adds greatly to the computer storage required. An alternative metld
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is to use a higher order full(-t i on to represent t it kr ;n kti yc' I r ii

tion; this method requires derivat ion ot one Ilint ion l dr'oWth I iws- t ,r

each of the parameters of the distribution. A third iltk-rnoitiv( i ,i

combination of the above: Describe the e-raj-k s i zi dist ribhutioin viv

series of exponential funct ions, each governing a narrow ri4~

crack radii. These three, possibilities should hi' explore.d I or t liir

approprilateness to the problem and tIL ew citn it wh ii ti% -II

be executed.

These mod ifi cat ions shoulId be done. colic or ri-itt Iv withi wo rk ,

c orre IatLe the nucl1eat ion and grow t Ii c Xp4e 551 05 withi oh servc-ldi!,

4.4 Summa-ry

C on s ide ra blIe p r o grcs s hai is b ei(-n imaidet i n deuveuIo1)i n g a p) rc-Ii t i Vi

capabi lity for fractutre damage i n cc rim i c s Produced(- by part i ( I c i npniL

A two-dimensional lagranginnil, f i te di ifeCrLiCe, wave, proiagit ion

code, TROTT , was p royvided withi a s Ii dIL I i ne c aipab i I it v and u setd to(

s imujlate tit inmpa- t of ;in 80(-1r-d in-. W: s;phere ind a ZnS p1itk a- t

velocities of 5, 30, mun 60 m/s. PLnstic Hlow was nillowid to( oiur

ac cording to nol experimenltal I I di' tiC-rm i neL d Lt re ss-s- t rnii ni re I nl t ionIt, hot

cracking and the issoc inted trsrI 'Ix;It ionl were nit t re;It '-d inl

tiiesi-, initial incalii it l 00. The' CoMput itt on -Si mI;itt'd (in I ittntiVt IV

;ill of the important nspec ts (it a pn rt i cii i mint ixint , ;no -ni

good quantitative aigreemetl') wi thti:p iit I Iinstirentts of rebound

ve locity and crater dii mns ions

Mathematical expri-'ions thant dk-sir ibi' crnck ilevel IiiIL-nt inl /nS

under part ic-le impact I ond iist or iis wi-ru dcli-dued fro0m1 obsiCrva:t ioiins of

the nuimber and sizes of mainil cracks, produiced vipii't ait vnr 1ills

velIoc it ies . These expressi)05- t ren~lt uiimVig develoment A is c ; iik

flueclent ion and growth phenomen~on and colst itllt( I- n implnt ati lon frncttire

mIodelI that , writ ten as a ,,ihrotit i 1We, ('Ill hi- IlSi-i iTT1 Oil j i1i1 t i (o1i w t 11

the wave p ropaga t i on codi, t en l (ii a.t i' I hit i 'l t in t i I rii ti if r(Tiig

reio I t long f romn a gi ven pairt i I (-i mpni t Flhit nf ii it) i litit( i Id

becautse they aire mai-i -peit ii aTil li0 it(i, i ;1; di iv 1i11?)i i-it ijre

pripert I t-, ,ii (,i 1- sed t 0 rink, and ,iViIIi.it I ~ *i&iInt (Mi atirv-i I hr

vir i Otis i rupac1t (eros i Onii pp i lit i Oi.-
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