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20. activation in its vicinity is suppressed.—-b 2. “Effects of Surface Pores in Silicon Nitride Impacted by a Water Drop”
A water drop impacting directly on a surface pore may significantly increase

• the probability of crack formation and growth near the pore boundary .~~.j~~~_.~examine this physical process , the dynamics of a 335 rn/s water drop impact on
a silicon ni tride target wi th a 40 micron diameter hemi spherical surface pore
has been simulated using a finite difference comQuter code called W A ’- ~~~~~~~~~~~~~~~~ 

-j

The maximu~i tensile stress in the silicon nitride target is about 15 kbar =

/ 1.5 GPa and occurs at the bottom of the hemispherical pore on the axis of
V cylindrical symetry. The tensi le stresses at the bottom of the pore have a

duration of about 15 ns.

Microstructural failure of the silicon nitride material near the bottom of the.
pore appears likely based on the large pred icted tensile stresses and the

\~,~
2arge predicted stress intensity factors .

3. “Strain Energy Release Associated with Circtniiferential Cracks Around
Embedded Particles”

Niinerical code simulations are used to determine the strain energy release
• associated with circtmiferential cracks around spherical particles embedded in

tension within homogeneous matrix materials. ~Jt is shown that the fractional
release of strain energy f(p), where p is the iibnnalized crack size and
f(0)=l for no crack and f(-n)=0 for a crack all around the particle, has a
point of inflection at about p=-IT/2 (hemispherical crack). A single point of
inflection in f(p) confirms the theoretical conditions of crack extension and
arrest proposed by F. F. Lange in “Criteria for Crack F.xtension and Arrest
in Residual , Localized Stress Fields Associa ted wi th Second Phase Par ticles”
(Fracture Mechanics of Ceramics , Vol. 2 , ed. by Brad t, Ilasselman and Lange,
pp. 599-613, Plenun Press , New York , 1974).
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SUMMARY

This report contains a collection of technical papers
• which cover three important areas in the development of

physical relationships between microstructure and fracture
in ceramics. Each section in this report covers one of
the fol low ing inves tigat ions :

1 . Surface f law e f f e c ts on crack prop aga ti on from subsonic
wa ter drop impac t .

2.  E f f e c t s  of su r f ace  pores in s i l i con  ni tr ide  impac ted by
a water drop .

3. Strain energy release associated with circumferential
cracks around embedded par ticles.
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SECTION 1

Surface Flaw Effects on Crack Propagation
from Subsonic Wa ter Drop Impac t

P B  
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-- 1:
SURFAC E FLAW EFFECTS ON CRACK PROP A CATIO N FR OM S1’RSO NTC WATER DROP IMPACT 1

Y . M a r v i n  Ito , Mart in Rosenh l at  t

C a l i f o r n i a  Research ~ Fec hun I ogv • Inc
Wood l and H i l l s, Ca .  9 1367

The e f f e c t s  of s u r fa c e  f l a w s  on ceramic t a r g e t  damage f r o m  subsonic wate r
drop impacts are inves ti gated using numerical code simulations based on funda-
mental wave p r o p a g a t i o n  and f r a c t u r e  mechanics concepts. T h e  w at e r  drop Impact
generates a tens ile s t ress  w aV e  w i t h  a sti t-p ,it :ir—surface gr a ( l l e n t .  As a con— V

sequence of this steep stress gradient , crack a c t i v a t i o n  is dependent on the
depth of s u r f a c e  f l a w s . In  add i t  ion , a r e l a t i v e l y la rge f l a w  can pe r tu rb  the
st ress field such tha t crack ac t  ivat ion in it s  vie inity is suppressed .

Key Wor ds: Crack act  ivat  ion ; ncincr c a l  ~ !nItIIaI ion; subsonic water drop impact;
sur face f laws.

I . Introducti on

The damage of a ce r amic target from a subsonic water drop impact is dependent on the
- t ensu e stresses generated by the impa ct and the c r i t e r i a  for the extension of flaws cx—

posed to the tensile St ress ~~~~~~~ S in ee the t arget response Is essentially elastic , the
ma ximum tensile st resses are t h e radial  stress components. Also , the tensile stress field

• has a steep near—surface gradient. Thus , t hese radial stresses tend to produce circumfer-
ential cracks which initiate at the surface and propagate into the target El] 2 .

As a consequence of the relativel y steep near—surface stress gradient , It is expec ted
• [i] that crack activation is dependent on the depth of surface flaws (exposed to this

stress gradient). It is the intent of this paper to analyze this effect for specified in-
pact conditions .

2. Appro .irh 
-

A ser ies o f numeri~~a L ma7 ,z ~ ~~~~~~ are perf ormed in order to examine the e f f ec t s  of
sur face f laws on ~~Z f l~~ ac~~~- u i’ ! :  w indow damage from subsonic water drop impact. The norma l
impact conditions of a 2K0 diameter wate r  drop onto the window target at velocity V0 is
shown In figure 1. A f i n i te— d i f f e r e n c e  computer code , WAVE—L , w ith an analytic pressure
loading model is used to prc(hict the target response.

WAV F.— L is a two—djm c ns tona l ~ax l a l  or p lane symmetry) , Lagrang ian , explicit , finite—
d i f f e rence  code based on the I!EMP scheme [21 wh Ich Integrates the governing partial d if—
IL-rent lal equations of motion for a r b i t r a ry  dynamic i~roblems In solid and fluid mechanics.
It i sis been appl ied in a nitinhi r of p.11- I Ic 1 e I mpsic I I liVest I ~~ t t I OIiS , inc 1 tIding both sub-
son ic [3] and htypersun Ic [4] eros Ion.

The analytic pressure loading m~dc1 ha s been developed for simulating subsonic water
drop impac ts and is. discussed elsewhere 1~1 . The iwtpact model speci f ies  the loading pres—
sure on the target surface as a f unt- t Ion of radius ft-nm the Impact point and t ime , P(r , t).

V 1 Research supported by ~~~ f f j ( V ~~ , of Nava l Resc ;irchi t inder Contract No. N00014—77—C—0790.

Figures In brackets indicate the 11 terattire references at the end of this paper.
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The devel o~ ment o f Liii s ;ina I yt Ic 1 oat ! I i~~ node I was based on (it t - :1 i ’d WAVE—L numerical ca I —

cu lat ions L~
] of spherica l  water drop impa ct onto .i ri gid surface. The rigid sur fa ce

approx ima t Ion is val Id when t h e  ta rget  so r fact de li cc t Ion Is negligible compared to the
dr op radius. For e last  Ic m a t e r i a l s , t Ii is cond I t ion is sat i sf ied if the target material
I tipt tkince (density t inies W aV e  speed) is muic It greater than t h e  wat er  impedance. The zinc

- selenide targets  described In this paper have an impedance which is 14 t imes greater than
~-a t  er. Hence , the ~ (~~(Vfl 4~~ l~J approach is justified In the presen t  case.

The loading pressure funct ion , l’(r, t ) , for a w a t e r  d rop  of 2—mm diameter (2R0) impact-
I rig at 222 rn/s (730  f ps) vo l oc j tv  (V 1,) onto a zinc sel o t t  ide (ZnSe) window target has been
dete rm ined ~s] . FIgure 2 g Ives the maxi mum impact  pressure prof i le.  Due to the spherical
~eomet rv and water material prop erties , an oft—axis peak 3 pressure occurs (at early times)
which is about tw ice th Ihuigon lot value. This peak prc~~ ure occurs when the velocity of
t he rad lus of contac t  ( r in li e . I ) a pprox I mat ci v t qua  1 s t Ito spced of sound (C0) in

~~i tc r

lb is Impact ~rc ~~sc  i c  I ( • t ) I -. u a d  as I Ice load i FtC l)ctIllda rV condition for the axisytn —
metr ic  WAVE—L mimer i c c !  cal c h i t  i to: t t he ZnSe t arcet response. Figure 3 shows the
in t lal computationa l grid or t ltt t i c  - c t  mat -r i i i  i t s  j ug 80 cells per water drop d iameter
(2R 0 = 2mm) . in the LV A V I  ~I. e ’dc , p art jul c- ve l  ‘c it v is de fined at the corners of the corn—
pc it a t i o na l cells 1111 t he  sI I t V

~~~ V s t i l t  Is ;Is:as t i t e d  w i t h  the center of the cells.

Figure 4 ind1catc~s t y p i  - il ;.~~~ 
. p. -~~ ‘ aj~~ . of a :~ n~~ t - window in terms of the particle

v e l o c i t y  field and pri nt i - i l  i n — p l i r i t -  ~~- ,::) :: • s t r e s s  f ie ld at 0.1 us. The velocity
vec to rs  show the m agnit ude itid 2 I Ft- ct Inn t lie V t -  I ccc i t v  of the par t i cle  mass located at

he ta l l  of the ve~c to r  . •\ I ~~— n i / s  ( t~ f l— ;c .~ ) S t  .il e ha r Is shown in the upper right corner
c i  the figure. ihtu pr int  ft.i 1 t ensi l~ - st ressus Ire hid i c i tc d  1-t v lines which show their

igili tude and d i rect  ion in t h i t  i’— :  p lane. (hoop tens ile s t r esses  arc not indicated on
t hese plots.)  A 1—ba r ( I4 500—psi )  s c i l e  bar Is shown In the upper lef t  corner of these
p lots .  Thus , at 0.1 S after the impa ct , the peak velocities are roughl y 15 m/s (50 f ps)
in t he target and the peak tens i l e  s t resses  are about 2 ki-ar (30000 psi).

It is seen that a region of  h i g h  t e n s i l e  St rc :ses occurs s, 2P the surface , outs ide
I lie contact  area . T h e  mater  i a I di ri-ct lv under the contact a rca Is in pure compression.
Figure 5 shows the corresponding ve loc  i tv  ~t nd in—p iano tensile s t ress  fields at 0.2 us.
The qualitative features are  s imilar  to the 0. i— as pl ot; however , the peak velocities and
je ak t ens i l e  stresses have a l re iclv ch-c: ivcd b - i n w  (lit O.l— t i~ values.

The specified impact condi t ions use d in t lit present mimer Ical simulations Involve
222 rn/s (730 fps) impact of 2—mm diameter water drop onto zinc scienide windows. These

¶ -“ndi t ions are considered to be re p resen t it  lye of subsonic l i q u i d  d rop  impact onto ceramic
r.irgcts. In the f o l l o w i n g ,  Secti on 3 gives det ails of the near—sur face stress gradient ,

inn 4 shows the effect of ;i r f a ~ t - f l a w s and St - c t  ion 5 has the conclud ing discussion .

1. Near—Surfac e St ress Crad tent

The formation of high tensil e stresses Iwar the su r face  of a ZnSe target impacted by
a water drop is II us rated In f iguires 4 and 5 (Sect  Ion 2) . In th is numerical simulation
the Initial computationa l grid (fIg. 3 in Section 2) has 40 cells per water drop radius.
Since the effective pr ediction of crack activation requires that these high tensile
stresses be well characterized , an .-nppro priatc fIne—zoned computational grid must be
selected . Some calculations , employ ing selected fine—zoned computational grids in the
near—surface Impact reg ion , provide a ba sis for select ing, the grid structure for subse—
9 t ient crack actIvation expe r m e n  t

t Note tha t this pressure peak wi ll not occur f o r  subsonic nol~ d particle impacts ;
and observed differences in target response from solid versus l iquid projectile
impacts may be parti all y due’ to the presence of the off—ax i s pressure peak.
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Figure 6 shows t he peak c -its i I st F L O S  v t - i  .s i i c ;  dept Ii in a ZnSe window impac ted by a
water drop at 222 rn / s  (7 30 fp s) for three var ta t  Ions in computationa l cell size. Note
the very s teep s t r e s s  grad it -nt near t h e impact surfa ce and Its  increased resolut ion~ wi th
decreased cell size (whit-re s t r e s s  is del Intel at the cell center). For a water drop of
1 —mm radius 5 the finest—zoned (80 cells per drop radius) case Is adequate to resolve peak
t e n s i l e  stress from 356 Mh’ a (52000 psi) at ~i depth of :ihiout 6 ilni to 80 MPa (12000 ps i) at
lOt .) urn dep th.

Figure 7 shows the pc-ak tensile (radial) stress near the surface versus rad ius. The
resul ts are from the surf .u-e computationa l ce lls which have stress defined at the cell
center depth of z — k0/16U or 6.25 tim. The maximum In the peak tension (356 MPa) occurs
at radius r~~ 0.2 R0 or 200 tim. For r ~ 0. 1 R0 or 100 pm no tension develops in the
target su r f ace .  At radius 2 0.4 R0 or 400 pm the peak tension has dropped to only
200 MPa ( 30000 ps I ) .  Th e nom ina l s t a t i c  tens lh -  s t re ngth of ZnSe Is about 45 Ml’a
(6500 psi) .

The temporal development of t he i ad ha l  tens! ht - st ress at four radial locations
(3/ 4  tp . rp~ 3/2 r p and 2 r 1-, ) near the target su r face - Is given in figure 8. The pulse
duration (which is about 30 ns at the maximum tension location r 1 ) increases with radial
location ( 6 0  ns at  3/ 2  rp and -75 ns at 2 rp) .

The e f f e c t  of a sur lice f l a w  of depth , R
~ /$0 or 1 2 .5  t m  at radius r~ 0.2 R0 or

‘ tH) pm on the peak P: i:~:! tens ile St  re s s  in shic cy i t  on I igurc 9. For this f law , the st ress
gradient ahead of the crack t i p is s imi Ia r In hat front t h e  sur face without a f law , hut

lie max imum in the peak radial tens ion is about 1(1 pe rce n t  less.

It Is concluded tha t the effects of sur fac e -  I law s of dc-p t his from 10 urn and greater ,
• w h i c h  arc exposed to thic ’ c St re-s o grad i c l i i. s , shoti It! he we’ l I charac ter ized in subsequent

- i i ~ k a c t  iV at  Ion e xpe l i t t e i t t o  i i w ~ th e j
V 
hit — :~‘it.~ I t t ’ ~r j t i t  ~i t i ’n ~iI ar [ci w I  tit 80 ce l ls  per

drop r;id ins.

6. Su t t .ic- e I - l a w  l-1 f t - e t c

In t he numerical code a f law is simu lated as ‘ tens ile” cracks across computational
cells near the surface. In .t cell with , an initi a l crack , no tensile stress across the
•-rack Is permitted , and no shear c ;tress is permitted on the crack if the crack is open
( t he width of the crack is continuousl y monitored). These stress adjustments are impor-
t ant because a crack frequentl y al ters the local stress fie ld In such a way as to enhance
its own growth. Thus, any real i s t ic method o f pr ed i c ti ng c ra ck  grow th must consider the
altered stress field .

The crack activation experiments involve surface flaws of various depths located at
r adI us 3/2 r p 0.3 R0 or 300 urn. A t this location , ~‘i t1iout a flaw , the maximum radial
ten sile stress Is about 285 Mh’a and a tensil e stress gradient develops to a depth of

0.075 R0 or 75 pm (see f ig. 10) . Al so , the tensile pulse duration near the surface is
about 60 ns (see fig. 8 in Section 3).

Figure 10 shows the effect of surface hoop (cliciim t e- ren tial ) flaws on the radia l
tensile stress gradient ahead of t he’ crack i 1c for crack depths of 25, 50 , and 100 ti m

B =1 m m ) - In each case , t hit - lit- ak .Rh Li I c - i t s  11 - ~- c  ahead (one—half a cell d irnens ion)
f the c ra e k t i p Is enhanced , hut d c c  rca - c i  • a wi t Ii liii i i  i - c  h it ,’ f 1.iw depth —

In tact , an analy~ ic solution by Bl owers [6] pie-di e ts ip :
.
di,d P~ - peak tensile stress

~ ‘ the impact surface for purel y ch a n t h e t Irget s

- - , c te.  that these elcist I t -ccc l c i t  I c c t t .  c iii In - c c l l e d  I h it-a t I y Iii th i menstons and t ime for
other drop radii as long as the Impact vel LCC it y m d  m a t er ial properties are not
changed .

—— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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Figure 11 shows the c-fleet ci i  lie- flaws at rad Ins 1/2 rp 0. 3 R0 or 300 tim rim the
peak radial tensile stress grad ient nncnltorecl downstream at radius 2 rp 0.4 R0 or 400 tim .
A factor of four reduction (from the- no flaw t-a sc) is observed near the surface for the
100 pm (R0 lnmi) deep flaw. (Note  tha t the stress profile upstream at rp 0.2 R0 or
200 pm remains essentiall y unaffected by the flaws.)

5. I) isc uc- - s ion

The e f f e c t s  of surface f l aws  on c e ra m ic  t . i rf e- t  dam .t~ e from subsonic water drop impacts
ire Investigated using numerical code simul.it Ic- its . Flit- press ure- pulse due to water drop
impact generates a tensile stress w ave w i t h  a s t e - ( -j )  ne-ar—surface gradient. Figure 12
shows a schematic view of the e f f e c t  ot  a surf.sc- e- t law on t he ne.mr—surface tensile stress
:irtcf lie. Upstream prof I Ic- s re-ma In e s s c - i t t  I i I Iv t irc Iian~~t d  , whi t Ic elownstrc-am prof lies have
red (iced gradients and peak va I ne at surt a CO .

Using the stress m t  c-no it v appt- n.ic hi of t rat - t t i re met hanics , the stress in tensi ty
i c e  tor , K1 , can be- obta jrie-cI t-’, as shown j

~ f I~~titc ’ 12 , and crack activation Is defined by
lie co ndit ion where K 1 K~~ Figure I 3 s h o w s  t he p~- .ck ot rc-ss in tensi ty  fac to r  for various

- c r face- flaws h~ se-d on t b t -  r -sc i l  t s  ~,V 
~ Ice ij ck u t  I cat ic’im expe r imen ts  from Sect Ion 4 (see

I Ia .  10) . For a toughness va l ue ot  = 1 M1’a~ m , surface flaws of depth greater than
15 pm will not propagate.

fhit i s , as a t otise d I t i e - i c  c •  III t I c - s t ( e - l I  c-c t i~1- CS  ~ r c d  I t - i t t , sur face crack ac t iva t ion  under
o-a tt- r d roll Impact is dc-pt -t id e -nt c ’ t t  I c -  tIe -pt Ii of s t i r !  - i c e -  f l a w s .  In addition , a re la t ive ly
i - crge sci rf a e- flaw can pt-rtu rb the stress fit-Id suc - Ic tha t crack activation in its vicinity
ic - c suppressed .

The authors wish to acknowledge the useful discussions with A. C. Evans of the
Un iversity of California, Ber keley (former ly  at Rockwell International/Science Center) .

~ The stress intensity factor is ca lc ula ted  from

K 1 
— o124

where a is the radial stress located one—half a cell d imension , ti/2, from the crack tip .
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E f f e c t s  of Sur face  Pores in S i l i con  N i t r i d e  
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AB STRACT

A water drop impac ting d i r e c t l y on a s u r f a c e  pore
may s i g n i f i c an t ly i n c r e a s e  the p r o b a b i l i t y  of c r a c k  form -
a t i o n  and growth near the pore  boundary. To e x a m i n e  t h i s
ph y s i c a l  p rocess , t he  d y n a m i c s  of  a 335 r n / s  w a t e r  d rop  V

impact  on a s i l i c o n  n i t r i d e  t a r g e t  w i t h  a 40 m i c r o n
d i a m e t e r  h e m i s p h e r i c a l  s u r f a c e  p o r e  has  been s i m u l a t e d
us ing  a f i n i t e  d i f f e r e n c e  c o m p u t e r  code c a l l e d  W A V E - L .
The n u m e r i c a l  s i m u l a t i o n  s o l v e s  ~hc f i n i t e d i f f e r e n c e
a n a l o g s  to the  p h y s i c a l  c o n s e r v a t i o n  e q u a t i o n s  of mass ,
momen ta , and e n e r g y  a l o n g  u i t h  t he cons t i tu t i v e  equa t ions
f o r  the w a t e r  and s i l i c o n  n i t r i d e .

S h o r t l y  a f t e r  ~ ipact , stre~~ wave dynamics a c c e l e r a t e

the  f r e e  s u r f a c e  of t h e  w a t e r  n e a r  t h e  a x i s  as t h i s  w a t e r
f l o w s  i n t o  t h e  p o r e .  The w a t e r  on a x i s  i m p a c t s  t h e  b o t t o m
of t h e  pore w i t h  a v e l o c i t y  w h i c h  i s  about a f a ct o r  of 7
h ig her  t h a n  t h e  i n i t i a l  impact v e l o c i t y .  T h i s  i n c r e a s e  i n
t h e  w a t e i  f l o w  v e l o c i t y  and  the a s s o c i a t e d  l a t e r a l  f l o w  of
w a t e r  i n t o  t h e  pore  l ea d  to  a r e l a t i v e l y  l a r g e  p r e s s u r e
p u l se  in  t h e  pore  w h e n  t h e  w a t e r  i m p a c t s  t he  b o t t o m  of t he
pore .  A p e ak  c o m p r e s s i v e  p r e s s u r e  of —.60 k h a r  = 6 GPa is
p r e d i c t e d ;  t h i s  p r e s s u r e  is about a f a c t o r  of 9 h i g h e r  t h a n
the  l - D  I l u g o n i o t  i m p a c t  p r e s s u r e .

The m a x i m u m  t e n s i l e  s t r e s s  in t h e  s i l i c o n  n i t r i d e
t a r g e t  is abou t  15 kba r  = 1.5 GPa and occurs  at the  b o t t o m
of the h e m i s p h e r i c a l  por e on the axis of cylindrical symmetry.

The tensile stresses at the bottom of the pore have a duration

of abou t 15 n s .

Micros tructura l failure of the silicon nitride ma terial

near the bottom of ‘the pore appea rs  l i k e l y  based  on the  l a r g e
prcdkted tensile stresses and the l a r g e  predicted stress

in tens i ty factors.
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EFFECTS OF SURFACE PORES IN A S I L I C O N  N I T R I D E
TARGET IMPACTED BY A WAT ER DROP

1. INTRODUCTION

A w a t e r  d rop  i m p a c t i n g  d i r e c t l y  on a s u r f a c e  pore
may significan tly increase t he  probability of c rack
formation and growth near the pore boundary. To examine

this  p hys i ca l  process , the d y n a m i c s o f a 335 rn / s  wa ter
drop impac t on a silicon nitride target with a 40 micron

diamete r  h e m i s p h e r i c a l  pore  has  been c a l c u l a t e d . This
pore s i ze  is r e p r e s e n t a t i v e  f o r  r e a c t i o n  bonded Si 3N .,
(Reference 1). The pore diame ter is small compared to

millimeter size water drops of interest; thus , the

wa ter boundary  is assumed to be a flat surface , as indi-
cated in Figure 1. The stress wave d yn am i c s  be tween the
water drop and silicon nitride target arc simulated using

a finite difference computer code called WAVE-L. WAVE - i.

is a L a g r a n g i a n  code of the H EMP t yp e ( R e f .  2) . The
numeric al simulation solves the finite difference analogs

to the physical conservation equations of mass , momen ta ,
and energy along with the constitutive equations for the

wa ter and porous s i l i con  ni t r ide . ‘l’hc water is treated as

a compressible invisc id fluid while the silicon nitride is

treated as linear elastic. The material properties for

these materials are indicated on Figure 1; the detailed

equation of state for water can be found in Reference 3.

The bas ic  ph y s i c a l  response  of the wa ter and targe t

material near the pore is described in Section 2. The dyn a-.

mi~ tensile B t r c B s  Ch c z r a L .~~~ 1 , Vf ~ l j . .  i n  the target , w h i c h
provide  the  d r i v i n g  f o r c e s  fo r  crack i n i t i a t i o n  and g rowth ,
are descr ibed  in Sect ion 3. In  S e c t i o n  4 , the conclus ions
are p resen ted  and di~ cussed .

1

h1. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-

~~~ -_-—--— -A-~~ -~~~ V ~~~~~~~~~~~~~~~~~~~ 



---V

2 .  THE WATER DRO P AN! ) TAR GE T I)YNAM ICS NEAR T Il E
SURFACE PO RE

F i g u r e  2 shows the  initial computational grid config-

uration. The left axis is an axis of cylindrical symmetry .

The explici tl y defined hemi spherical surface flaw is treated

as a void in t h i s  n u m e r i c a l  s i m u l a t i o n . The compu ta t iona l
ce l ls  have  been zoned t o  p r o v i d e  a ~,ood definition of stresses

near the  b o u n d a r y  of t h e  s u r f ace f l a w . S t r e s s e s  a re  calcu-
la ted a t a l l  ce l l  c e n t e r s , whi le pa rticle velociti es are

calculated at all cell corners. Note that the water can

slide over the surface of the porous silicon nitride target.

The sliding interfaces are considered frictionless . The

sliding occur s both along the hemisp her i ca l bounda ry  of the
surface pore as well as on the flat front surface of the

ta rge t near  the pore .

Figure 3 shows a particle velocity (left half) and

principal stress (right h a l f )  field p lot at 8 nanoseconds (ns)

after impact. The velocit y vectors and three principal

stresses are plotted for 1)0th the water and Si 3N~ direc t ly
from the numerical simulation . Scale bars for the magnitude

of the Vectors and stress components are indicated at the top

of the f i e l d  plots. Also , a descri p t i on of th e p r i n c i p a l
s t r e s s  C o n v e n t i o n s  is shown .

The v e l o c i t y  f l o w  f i e l d  a t  H n s  shows t he  downward  and
l a t e r a l  f l o w  of w a t e r  i n t o  the pore . The l a t e ra l f l ow i n to
the  pore is  a direct consequence of the large stress gradients

which form in the water upon impact. U pon i m p a c t , the  1-1)
I l u g o n i o t s t re ss e s (P  = 6 . 8 k h a r  = 680 MP a ) dev e lop  nea r  the
i n t e r f a c e  be tween  the  w a t e r  and s i l i c o n  n i t r i d e  target.
However in the  reg ion of t h e  pore , the w a t e r  does not  impac t
any t a rge t  m a t e r i a l  and t h e r e f o r e  no p r e s s u r e s  i n i t i a l l y
develop . The in i t i a l  pre ssur e g r a d i e n t at  r = 20 ~irn in the
wate r  causes p re s su re  wave s  to  p r o p a g a t e  toward  the ax i s  of
c y l i n d r i c a l  s y m m e t r y  and causes  in w a rd r a d i a l  v e l o c i t i e s  to
develop in the  w a t e r .
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The ve ry  h i g h  wave v e l o c i t i es  i n  t h e  s i l  icon
n i t r i d e  t a r g e t  cause the  e n t i r e  pore bou nda ry  to be st ressed
very ea r ly  ( — 3  n s )  . Note  t h a t  by 8 ns s t r e s s  waves  in the
ta rge t  have p r o p a g a t e d  to  d e p t h s  of about .008 cm = 80 u r n
wh ich  is r e l a t i v e l y  la rge  comp a r ed to t he pore dep th of
20 ~im .

Figure  4 shows the v e l o c i t y  and p r i n c i p a l  s t ress  f i e l d
at lS ns.  Note  the r e l a t i v e l y  la rge  vo lume of wate r  which
has now achieved inward radial veloc ities. The peak free

surface water velocity in the pare is now 82% higher than

the initial impact velocity , in the silicon nitride target ,

the par ticle velocities are very low due to the much higher

impedance (pC0) in the target as compared to the water.

Figure 5 shows the corresponding plot a t  23 ns. By this time ,

the water along the boundary of the pore has moved over half

way down the pore. The peak par t i c l e v e l o c i ty of the wa ter
is now 150% higher than the initial impact velocity.

Figure 6 shows the velocity and pr i nci pal stress f i eld
plo ts at 30 ns after impact with the target surface. At

this time , the water has almost completely filled the pore

wi th only a small volume nea r  the pore bottom remaining as

void. (Notice that the effects of compression of the air

i n i t i a l l y  f i l l i n g  the pore h ave been i gnored in this calcula-

tion) . The velocities near the axis are now quite large , a

factor of — 4 greater than the initial velocit y. Note that

both the velocity and stress scale bars have been changed in

this plot due to the large spatial field of view . The

stresses in the target near the pore arc in tension at the

bottom of the pore at this time . In the next section these

tensions will be shown to reach -‘15 kb = 1500 MPa 1.5 CPa .

At 33 ns (Figure 7) the w a t e r  impacts the bottom of the

pore and a strong compressive pulse is generated in the water

and in ~he targe t near  th e bo tto m of the  pore . Th e impac t

3

_ -

~~~ 

-
V ____  

- 

- - ,

—-— -—V. -V. _ V V~~~~~_ — V~_~~ V - -__ __~ — _V~~~_ V_V ~~~~ V_ ~_ 
~~~ ~V _VV ~_V~~~ ~~~ V_V  ~~___ - - __ V —_ V.  —



—~~~~

v e l o c i t y  of t h e  w a t e r  on the pore  b o t t o m  i s  a factor of ‘-7

greater than the initial impact velocity. The peak compres-

sive pres sure is 60 khar 6,000 MPa . The pressures propagate

t h r o u g h  t h e  w a t e r  in the ROT C and b e g i n  to reverse the flow of
V 

the  w a t e r  as shown on Figure 8 , t = 38 n s .  By 53 ns (Figure 9),
water is flowing out of the pore.

3 . M AX I MUM PR!  N CI  PAL l EN S !  LE STRESS III  STORI ES
IN TIlE POROUS SI 1. 1 CON NITRI DE TARGET

V 

During the numerical simulation , several target locations

were moni tored for principal stress histories. Figures 10

through 16 show the maximu m principal tensile stress histories

near the pore boundary at several stations in the linear elastic

target. The following sketch shows the relevant target locations.

ax is

S t a t i o n  ‘

~

~~~~~~~~~~~~~~~~~~~ 

v~~~

- -- ----- -

7 1.411
9 l.7R

10 2 . 4 R  1 9 S i 3 N h ,  S i l i c o n
I N i t r i d e  T a rg e t

I 
1 0

Figure 10 shows the t e n s i o n  hist or y at Station 1 at the
bottom of the pore on the axis of cvi ind rical symmetry. (A
sketch appears on each figure showing the location of the
moni tored stresses. ) The key referencc time is t = .033 ps
= ~~ ns which i s when the water imp ~Icts the hot~~om of t he

4
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pore. The greatest tension calculated anywhere in  t he  t a r g e t
is 15 kbar = 1.5 CPa which develops at Station 1 shortly after

water impacts the bottom of the pore. However , the ten s i l e
stress history at the bottom of the pore shows large tensile

V stresses of nearly the same magnitude forming iust prior to
t = 33 ns . l’hen , when the water i upact s the hot torn of the

pore , a com p res s iv e s t r ess w ave  h e~~in s to propagate into the
target and the principal s t r e s se s  near the b o t t o m  of the pore

are all compressive *. Once this C O n p r e S S i V e  s t r e s s  p u l s e
propagat es and attenuates i n t he  t a t-~ et , t h e  i.e I a t  ive  1 >- h i  gli
pressur es present in the water f i l l  ing the p or e  cause large

“hoop ” tensile stresses near the bottom of the pore. These

tensile stresses have a duration of about 15 ns .

Figure 11 shows the m a x i m u m  tensi le stress history at

Station 2 (~ i = 26° near th e pore surface). Also , on th i s
f i gure and the other tensile stress historie s , the Station 1

r e su l t s ar e sh own f o r  r e f e r en ce . The te ns i le  s t resses  do no t

get as high or l a s t  as long o f f  the axis of cylindrical

symme t ry a s on t h e  a X I S .

Figure 12 shows the tensi l e stress history at Station 3,

= 49 0 F i g u r e  13 shows t h e  t e n s i l e  s t r e s s  h i s t o r y  at
Station 4, ~ = 90 0. No signi f icant tension develops at this

stat ion.

F i g u r e s  14 , 15 and l~ show the tensile stress histories

at axial Stations 7, 9 and 10 , respectivel y, note that the

peak tensi on decays  rap idi ; wi th depth. By 2 = 2.411, t he peak
tension is reduced to ‘-2 khars = 200 P-IPa and has a duration of

— 2  n s .

F i gure 1 7 shows a cornp:I r i son of the nu mer  i c a l  s m l  a t  ion
s t r e s s  p r e d i c t  i o n s  on t h e  pore  surface at t = 4 5  ns w i t h  a
s i m p l e  ‘‘ S t e a d y  s t a t  e’’ ail a 1 y t i ~a I mode I . I i i  i s compa r i son ~ as

* The v a l u e  p l o t t e d  in l ’ i g u r c  10 is the l e a s t  c o m p r e s s i v e
p r i n c i p a l  s t r e s s .

S

____________________ V



performed to provide partial va l idation of the numerical

simula tion results for th Is c o n f i gu r a t i o n .  The analytical
model is composed of a superposit ion of two solutions found

in Timoshenk o (Ref. 4, pageS 392-398;. The twu s o l u t i o n s
are comb ined to attain a u n iaxial s t r a i n  far field boundar y

condition . The uniform interna l pr essure component was

selected to a p p r o x i m a t e  t h e  w a t e r  p r e s s u r e  in the pore .

The c o m p a r i s o n s  are v e r y  good , especially near the a x i s  of
symmetry  ( ‘I’ = 0) w h e r e  t h e  r e l a t i v e ly  h i g h  w a t e r  p r e s s u r e
in the  pore  d o m i n a t e s  t h e  f o r m a t i o n  of  t h e  hoop t e n s i o n  ~~~~~
and r a d i a l  c o m p r e s s i o n  (o ) .

4 .  CONCLUSIONS

Based on t h e  n u m e r i c a l  s i m u l a t i o n  r e s u l t s , t h e  f o l l o w i n g
conclusions are presen ted for a h e m i s p h e r i c a l  s u r f a c e  pore in
silicon nitride impacted at 335 rn/s by a water drop:

1. The maximum tensile stress in the silicon nitride
t a r g e t  is abou t  15 k h a r  = 1 . 5  EP a and occu r s  at  t h e
b o t t o m  of t he  h e m i s p h e r i c a l  p o r e  on t h e  a x i s  of
c y l i n d r i c a l  s y m m e t r y . l ’h e t e n s i l e  s t r e s s e s  at  t h e
b o t t o m  of the pore have a d u r a t i o n  of about  15 n s .

. S t r e s s  w a v e  d y n a m i c s  a c c e l e r a t e  t h e  w a t e r  n a r  the
a x i s  as t h i s  w a t e r  f l o w s  i t i t o  t h e  p o r e .  The w a t e r
o n a x i s  i m p a c t s  t h e  l ) O t t O f l l  of  the pore  w i t h  a velo-
c i t y  w h i c h  i s  a b o u t  a f a c t o r  of 7 h ii~her t h a n  t h e
i n i t i a l  i m p a c t  v e l o c i t y .  This i n c r e a s e  in t h e  w a t e r
f l o w  v e l o c i t y  and the associ ated l a t e r a l  f l o w  of
water into t h e  p o r e  lead  to  a re l ativel y l a r g e
p r e s s u r e  p u l s e  in  the  p o r e  w h e n  t h e  w a t e r  i m p a c t s
t h e  b o t t o m  of t h e  p o r e .  A p e a k  c o m p r e s s i v e  p r e s s u r e
of ‘-~~0 k b a r  = 6 CPa i s  p r e d i c t e d ; t h i s  p r e s s u r e  i s
about  a factor of 9 h i g he r  t h a n  t h e  I - ~1 l lugon io t
i m p a c t  p r e s s u r e .

3. M i c r o s t r u c t u r a l  f a i l u r e  of t h e  s i l i c o n  n i t r i d e  m a t e r i a l
nea r  the  bo t tom of t h e  pore  a p p e a r s  l i k e l y  based on the
following two considerations. First , there is a re-
por ted static tensile strength of 79-141 MPa (Ref. 1)
w h i c h  is  an orde r  of m a g n i t u d e  lower  than t h e  p r e d i c t e d
d y n a m i c  t e n s i l e  s t r e s s e s .  Second , t h e  “e f f e c t i v e ” s t r e s s
i n t e n s i t y  f~~~tor  exceeds  t h e  m e a s u r e d  K I C .  Note  t h a t  a
stress intensity fac tor cannot be rigorously defined for
the idea l  h emis ph e r i c a l po re , s i n c e  there is no c rack  t ip .
Howev er , the following sketch and first order relation-
shi p r ep re sen t  an approximation fo r  the  e f fe c t i v e  s t r e s s
i n t e n s i t y  f a c t o r  on a s m a l l  c r a c k  l o c a t e d  at  the  bo t tom
of t h e  p ore .
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Pore

/
, j 

Si , N ,,
I f  we a s s u m e  a s m a l l  i h e  largest calcu-
c r a c k  a t  t h e  b o t t o m  of  l a t e d  t e n s i l e  s t r e s s
the pore , t h e n  t h e  c a l c u -  of 1500 MPa oc cu r r e d
lated tensile stresses , \\ \\ at  a d e p t h  of = 2 p m .
a , a distance 

~
p e OW

the pore bottom are re- /
lated to the s t r e s s
intensity _ factor , K 1, by
K 1 o/2~~ p (1) Z~)

U s i n g  o = 1500 ~IP a a n d  :1) = 2 pm in Equation 1 to
obtain an approximate value for the max imum predicted
stress intensi ty f a c t o r , w e  f i n d  K ’

~
’
~ 5 M P a ’m ~ w h i c h

is g r e a t e r  t han t h e  r e p o r t e d  c r i t i c a l  s t r e s s  i n t e n s i t y
factor of K 1( . = 2 - 4  MPa ~~m~ f o r  r e a c t i o n  bonded Si~~N~
( R e f .  1)

A n n i m e  r I c a l  s i mu I a t  i on a pp r e a c h  to crac k i n  i t i at ion
propagation and arr est for water d r op  i m p a c t s  on
cer amics can he f o u n d  i n  R e f e r e n c e s  S and 6. Thi s
g e n e r a l  d y n a m i c  c r a c k  growth approach should he
a p p l i e d  to p re dict crack growth chara cterist ics near
a s u r f a c e  pore  su bj e c t e d  t o  water drop impacts.
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Y • M a r y  i n  I t o , M a r t  in Rosetibl at t , Lou i s Y - Chcn g

Cal  i f o r n i a  Research 1HI echnologv , I n c .
l%ood land l i i i  I s , Ca - 91 3b 7

Num e ri ca l code si; ~t i 1 a t  j o n~ a r e  u sed  to  d e t e r m i n e
the st ra i n  ene rgv i- c l e a s e  as ~ oc i at ed w i t I t  c i rcumfer —

ent  ia l  c r a c k s  a r o u n d  sp h c r  iL it I p a r t  i d es e i i i h e d d e d  in
t e n s i o n  w i t h i n  h o m o g en e o u s  m a t r i x  m a t e r i a l s .  I t  i s  V

shown t h a t  t h e  f t - a c t  i ona I r e l e a s e  of  s t r a i n  e n e r g y  f l i t )
w h e r e  ~i is  t h e  n o r m a  i i :cd crack si  :e and f ( 0 )  = I f o r  no
c r ack  and f ( V g ) = ~~~ f o r  a c r a c k  a l l  a r o u n d  the particle ,
has  a p o i n t  of  i n f l e c t  i o n  a t  a b o u t  i i = n / 2  ( h e m i s p h e r i c a l
c r a c k) . A ~ i~~; 1~- p o i n t  of  i n f l e c t i o n  in  f ( - ~i )  c o n f i r m s
the t h e o r e t i c a l  c o n d i t i o n s  of c r a c k  e x t e n s i o n  and
a r r e s t  p r o p o s e d  by lange 1 ] 2

1 n t  t o d u  c t I

An i m p o r t a n t  area for d e v e l o p ing  new c e r a m i c  m a t e r i a l s
i n v o l v e s  second p h a s e  p a r t i c l e s  embedded  w i t h i n  a m a t r i x  p h a s e .
Due to the  u s u a l  d i f f e r e n c e  i n  t h e r m a l e x p a n s i o n , h i g h l y  l o c a l -
i z e d  s t r e s ses  d e v e l o p  as the cer ami c i s  coo led  f r o m  i t s  f a b r i c a -
t i o n  t e m p e r a t u r e .  Thus , thes e i n c l u s i o n s  are usually considered

I ]  as p o s s i b l e  p r e c u r s o r s  t o  cracks that f o r m  e i t h e r  d u r i n g
c o o l i n g  or d u r i n g  s u b s e q u e n t  s t r e s s i n g .  The m e c h a n i s m s  w h i c h
govern  the  f o r m a t i o n  of t h e s e  c r a c k s  ar e  t h e r e f o r e  a c r i t i c a l  -

p a r t  of the  m i c r o -  St  r u c t u r a l  b e h a v i o r  of t h e s e  c e r a m i c s  -

For t h e  case of a s i n g l e  sp he i - l i - a l  i n c l u s i o n  of r a d i u s  R
w i t h i n  an i n f i n i t e  m ed i u m , a uniform hy drostatic s t r e s s  a
d e v e l o p s  w i t h i n  t h e  p a r t i c l e  and  r a d i a l  and c i r c u m f e r e n t i a l
stresses °r=° R~ / r 3 and ~-~= -c - R~ / r ~ d e v e l o p  w i th i n the surr ound-
ing matrix r a p i d l y  fa l l i n g o i l  w i t h  in cre asing distance from the
i n c  lus  ion  as sho~~n on F i gure 1 - The s t r e s s  o du e  to t e m p e r a t u r e
c h a n g e  AT ( p o s i t i v e  f o r  c o o l i n g )  i s  g i v e n  12 ] by

— A zAT

~ Research sLrpporttd by Off iee .0 N a v t l  R&’se.irt-h ~indcr C.~ntract N00014—77--C—079Q.
2 Figures In brack et s  indicate t h e  I I t L - r ~i t I I r e  ret crcn-es at the end of this papet
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where  k = ( l i v m )/2E 111 + ( l - 2 \ ~~ t / I - ~ a n d  A E i s  Young ’ s
modulus , v is  P o i s son ’ s rati o , and i I h e r n i a l  e x p a n s i o n  ~o—

• e f f i c i e n t .  A l s o , t e n s i o n  is p o s i t  i v e  and s u b s c r i p t s  m and p
denote m a t r i x  and p a r t i c l e , r e s p e c t i v e l y . ( i t  shou ld  be noted
that the stress ~ is independ ent of p art i ci e s i z e . )  The
associated strain energy is [ 3)

tJ s 
— tJ p +

= 2ii - 2 \- 
~ 

) k
P

+ 
O ’
( 1+ V m) 

-

Iii

2 ; K ~~2 1Z 3 ( 2 )

Now c o n s i d e r  a c r a c k , which i~ sp e cified by a single
d i m e n s i o n a l  parameter c , associa ted w i t h  the sp h e r i c a l
p a r t i c l e  and I avo t- ab 1 y o r i e n t e d  to t l i e  high t e n s i l e  s t r e s s

• f i e l d  nea r  t h e  p a r t i c l e / m a t r i x  inter face . The s t r a i n  ene rgy
associated with the crack/particl e /matrix interaction for a
g i v e n  n o r m a l  i z e d  crack siz e ii=c/ R c an  h e expressed F 11 as

(I
S = I ( i i )  ( 3 )

w h e r e  f ( p )  i s  a d i m en s i o n les s function which defines the
fractional strain enci-gy release and 1w definition ,
l-~ f ( i i ) -~.0.

By h y p o t h e s i z i n g  t h a t  the strain energy r e l e a s e  f ( i i )
possesses  an inflectio n po int , Lange 1 1) has d e t e t - in ined  t h e
g e n e r a l  c r i t e r i a  f o r  crack extension and  a r r e s t  in  the  local-
i z e d  s t r e s s  f i e l d s  associat ed w i t h  second phase particles.
The unique result of t h i s  anal ysis is th a t the particle size is
one of th e key factors tha t governs th e c r i t e r i a .  T h u s , f o r  a
g i v e n  m a t e r i a l , a c r i t i c a l  s i z e  e x i s t s  b e l o w  w h i c h  c r ack  ex ten -
s i o n  canno t  occu r  and is g iv en hr

= 
OflSt .in t 

( 
~ 
)

3 For par t ic les  in tension (Am ’0)  cracks i-a n occu r  e i t h e r  w i th in  the par t ic le
or within the matrix. For par ticl es in  compression (Aci-:0) cracks should
only occ. r w i t h i n  the matrix.
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T h i s  i s i u d ii cc I a ~ F eefltei~ I ‘- “  ‘-  t a • •h  -
~ . ~~~ ;i t i on s

1 3 1.

I t  i s  the i n t e n t  of  t h i s  p ap e r  t o  determine the
exp licit functio n for the releas e of stra i n energy assoc i-
a t ed  w i t h  c irou ’n~~1 - r en~~f z Z  c r a c k s  w i t h i n  the hi g h l y locali7 .ed
s t r e s s  f i e l d  L I n e  to  a ~nIj .- 1- - - - ’! pa i t  I i• 1( ’ em b e d d e d  I .‘ ~~~~~~~~ -

within a h O l l i O g e t t e O l l s  mat r I x tita t ~ I i i  I -

A c i rcuni fe i’ en t i a I c t a c k  as  soc I a  ted ~~
‘ i t  h a sP h er  I Ca 1 pa rt i c Ic

or i t ic lus ion pla ced in tens i oil w it Ii i i i  ii homogeneous material has
the lo l l  0h tiL t l~ 

rub  I i-rn de s cr  i pt ion

Axi s of Sy’umc1t~’
> t . i ( r i x

- 

( Angle 8 = ~~i~~~—cr~iç~ - c~ (rack < R
a 

Area A 4 i i R 2 ( I—co ~Q)
- ~~~~~ k (T h e inclusion is In hydrostatic

t e t i s t on  and th~ matrix is in radia l
- t ens ion and hoop compress ion. )

A s c l a i e s  ot ~. .;- - ,  -
• [ - - . .  ~~~~‘ a r  c p c r l o r m e d  i n  o r d e r  to

e x a m i n e  t h e  q u a n t i t a t i v e  e f l e c t s  of these cracks. The 8i”;~5~~1tcdcond i t  i o n s  of a s i ug Ic  sp h.~’i - I ca I j i a  r t  I c 1 c of  t a d  ins R w i thin ani n f i n i t e  mat r - i x  i s  s h o w n  in llgure 2~ An inner core r eg  i o n  o f
r ad  in s  ~ I = R / - I  an d  an  outer annti h i s  le gion ol rad ius h=31( are
s i m u l a t e d  1w appro priate p ressui - e h o t i n d ; i r v cond it io n s~ . A f i n i t e —
differ ence computer code , WA\ I - I , h it It  t he ana I yt I c rcprcsenta t ion
of the i~~if~~~i a ?  s t re s s  f i e l d  j s  use l t o  p re d ict the va riati o n of
the stres s f i e l d  h i t h  crack si:e .

~ The st r aIn  en . a ssoc Id ted w i  t I t t hie ;~~- a i ~~ is  I -ss than 5 percent - -
• of the  ~tota l -
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WA VE — L I s a two — d 1 j u t - u S  I oz ia  I a .\ i i i  I or  p I :i;ie s v i n m e t  r% ’ )
L a g r a n g i  an , exp  1 I c  i t  , I in ito— di l ie  r e n c e  code based on t h e  I I E M I ’
scheme [ I which i nt egrat es t h e  go~~e rn  I ng part i a I d i fferent i a 1
e q u a t i o n s  of  mot ion for a rh i t ra  rv  ii y n a n i  i c or q u a s i  - S t a t i c  p rob  I ems
in  s o l i d  and fluid mechanics - I t  has been apj)l ied in  a n u m b e r  of
fracture mechanics i n v e s t  i g at  ions , i n c lu d i r ig s uh s o i i  i c  w a t e r  d rop
i m p a c t  [ 5]  and  quasi — stat i c i nd en tat ion I 61 of cer am ic s . -

The a n a l y t i c  i a e p l a e s c n t a t i o n  of  t h e  hi ghl y l o c a l i z e d  s t r e s s
f i e l d  (see F i g .  1)  i s  used as  the b i t  Ia ) conditions f o r  t h e
a x i s y m m e t r i c  WAV E-I. numerical calculations of  t h e  c r a c k/ i n c l u s i o n !
matrix interactions. F i t ~i t r e  3 shows the m i t  i a l computational
g i  i d  u s i n g  a c e l l  s i :e o l  A - u  1) _ 03R iiea i t h e  I n c  h i s  i o n / m a t r i x
i n t e r  f a c e  t o  reso 1 y e  t h o h I i~h i ii it i a I ct ress grad i ent to  w i thin
10 perc ent. In the WAVI - I  code , ye I oc i t v  ( a n d  displacement) is
d e f i n e d  a t  t h e  corners o I the computationa l c e l l s  w h i l e  St ~CSS(a n d s t r a i n )  s t a t e  i s  a~- s ocia t ed w i t h  t h e  ce n t e r  o f t h e  c e l l s .

In  t he nume r I c a 1 code , c t a  c k s a r i  s i mit lil t ed as t e n s  i i  e
f a i l u r e’’ across c o mp u t  at i ona I cc  1 1  s - In a cell w i t Ii a crack , no
t e n s i l e  s t r e s s  a c r o s s  the crack is p e rm itted , and no s h e a r  s t r e s s
i s  p e r m i t t e d  on t h e  c r a c k  i f  the c r a c k  i s  open (the width of  t h e
crack is cont i nui oti s lv i t - u i  t o t i - ti ) - I h i -  i i1:I ~: i - s tat Ic st  z -e s s  (a nd
s t  i-a i n )  f i e I d i s p nag r i - s s I y e  I v c~i 1 c u 1 a t  t-d as a crack is  in c  i -emen t -

a 11 \a extended a 1 wig a p resc r I h .ed pat hi ( at t h e  part i c 1 e / ma  t ta x
interface in the present inveS t i ga t iou ) a

St t a i  i i  l i ~~~~i i ~~
a Re I ca — c

In the pr esent n u me  ia i ca 1 s i mit I a t  i on s , t he s t ia in ene rgy re —

I ease’ i s ca l ciii at ed , as :i c I rctim fr~~ a eui t i a l  c r a c k  I s e x t en d e d
a ! wig the p art I • I e/rna t u- I x 1 ii ter fact- , fo r em b e d d e d  p a r t  i ci es p laced
in tens ion, for thr ee mothi I a r  r a t  I os - lab le I g i y es  t h e  m a t e r  i a l
p r o p e r t i e s  and  m i t  i a l  c o n d i  t ions Ioi- the t h t - e e  cases with modu —
tar rat ios of M= I , N I / -h ; i u i i l  N I .

F i g u r e  .1 shows the ca I cu I atod fr :ict i ona I strain energy
release funct ion 1( u ) - Pi ie  t o  at a ta u n i t i l a t e d  numeri cal ci-ror as t he
c r a ck  e x t e n d s , a )  I the s t r a i n  energy is not r e l e a s e d  ( f ( 7 i ) + O )  as
the crack e x t e n d s  a 1 1 a u - w i n d  t h e  pa rt I c I c  ( ~ 

ii ) - l l owe~- er  , t h e
e r r o r  is no g r e a t e r  t h a n  11) percent for Case 2 (M ~ 1/4) and 5
p e r c e n t  f o r  Case  I ( M = I ) and Case 3 (M~ 4 ) -

W i t h i n  t hi i s ntu in e t I ia I a c e t i  r a cy  , t h e  p 1- e s en t  ca 1 cu 1 a t  i o n s  show
no significant effect of mod u lar ,a a ti o on strain e n e r gy  r e l e a s e .
I n all t h r e e  cases ther e i s a s I ng he po I nt of i n f l e c t  ion in I ( p
a t  abou t  p=n /2. 1 hi s is shown more d early on F i g u r e  5 where  the
d e r i v a t i v e  d f / dj i  has a ru in i mum va in c  a t  a b o u t  p ai i / 2 and compares
w e l l  w i t h  ~ curve f i t  w i t h  sy m m e t r y  a b o u t  i u = n / 2 .  No te  t h a t

a p i i / 2  c o r r e s p o n d s  t o  a h e m i s p h e r i c a l  crack and may he primari l y
du e to geometry c-I f e c t  s -

~ The crack is associ a ted w I th t he (-ompu at I onu l  cells Itt the mat r ix next to
the interf ac e.
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An ana ly t i c curve f i t  to  the c a l c u l a t e d  r e s u l t s  is g i v e n
in the form

=- ~~ sin 2 p + b sin 3 p (5)

and
— 

—
‘ 
p S i f l L t  cosp~

~ i~ij 
— - a 

~ 

- 
I

+~~(
c0~~~P - cos p ) + c (b )

Using the conditions f(0)~~l , f(-n )~~0 and f (it/ 2)=0 .55 (see
Fig .  5) , the three constants are

I = 1 .12

= 0 .57 (7 )
= 1.38

Figures  5 and C-i show t h i s  a n a l y t i c  f u n c t i o n .

F) i s c u s s i on

The as soc i at ed st  i-a t a e n e r g y  re I t~ ;t  so r a t e ’ i s defi n ed by

(8)

wh ei -e  A = 4 -ru R 2 ( 1- c o s p )  i s  t h e  su r f a i -c area of the circumfer-
e n t i a l  c r a c k .  I t  f o l l o w s  f r o m  E qua t i o n s  ( 2 ) ,  (3)  and (5 )  t h a t

— - •~0 f ( p)
•a_1 — U - a -  — 7 a

a SE 4nR sinp

= - -
~~ 
kI2R f ( ii)

2 sinp

a 
= -~- k~~~~

2
R ( I  ~~~~~~~~~~~~ 

- 
~~ (9)

Hence , f rom Lange  ( 1 ] ,  u s i n g  t h e  t h e r m o d y n a m i c  c r i t e ri o n  i n t r o -
duced by G r i f f i t h  (7 1, , c r a c k  e x t e n s i o n  w i l l  occur when th~ va lue
of G for  a g i v e n  c rack  s i z e  i s  e q u a l  to  y and c rack  a r r e s t  occurs
at a v a l ue  of p where  G~ y , w h e r e  ~y is  t h e  f r a c t u r e  ene rgy .  This
is shown in F i g u r e  7 u s i n g  Case 1 properties (see Table 1) and a
nominal value of V = 10-Jim 2 . Regardless of the crack size , crack

6 The stress intensity factor can he derived through K v~~ia .
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e x t e n s i o n  can onl y occur ~hcn t lie C I sn; a f t I n c t  ion ex c eeds  ‘~
w h i c h  f i r s t  occ u rs , in the p re sent a n a l y sis , Wh en

— 
2Y M O )

~Ca i-I -

A lso , Eq u a t i o n  ( 4 )  be c omt - s

R 2y ( 1 1)
C

The present inves tig ation obtained C for  the  case of
circumferen tial cracks associated ~ i th isolated embedded
par ticles placed in tension. Radi al cracks E l ] are observed
fo r  embedded p a r t i c l e s  p l a c e d  in  c o m p r e s s i o n , and thus  would
r e q u i r e  a s e p a ra t e  s o l u t i o n  fo r  C A l s o , f u t u r e  s o l u t i o n s
would involve particle-to-particle interac tions for the case
where the inter-particle separa tion is less than one par ti c le
d i a m e ter .

The authors w i s h  to a c k n o w l e d g e  t h e  u s e f u l  d i s c u s s i o n s
w i t h  F.  F.  L a n g e  of R o c k w e l l  I n t e r n a t i o n a l / S c i e n c e  C e n t e r  and
A G Evans  of U n i v e r s  i t s ’  of  C a ll forn i a , Rerkelev ( f o r m e r l y
at R o c k w e l l  Inter nat t o n a l / S c i e n c e  (cater) -

V. 
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