
AD AO7S 813 NORTHWESTERN UNIV EVANSTON IL STRUCTURAL MECHANICS LAB F/s tim
RAflt~ PROPAGATION OF INTERFACE FLAWS IN COI OSITE BCOItS.(U)
MOV 7~ ..J D ACHEN BACH DAHCOflfl—G—O200

UNC LASSIF I D Nu-S&-T ’— 79—9 ARO—12791.t—E NI.

%se
~L



I—
______________ 

L_. ;‘ •
‘

L
I-

L. .
~~~~

Hill’ .25 11111! ~ Hill 
‘P~



r
LEVEL ’

2’

RAPID PROPAGATION OF INTERFACE...FLAWS IN COMPOSITE BODiES ‘
-

~~

—----

,

~ 

~~~~~~~~~~~~~~
—-., / c

~~~~~~~~~~~ EP~~~~~ ~~~7~~-~ ’2

by

J. D. Achenbach

7

U.S. ARMY RESEARCH OFFICE

Grant Numbers

D D C
Ju~t ificat 1cn 

/_ .. ___— Department of Civil Engineering ~~ ~LJ~ DEC 26 1979By Northwestern University
Di~~~ibutlon/ - Evanston, IL 60201 _______________

ja~jiity Co~e~~, D!~jail and/or APPR OVED FOR PUBLIC RELEA SEDlst. special 
DISTRIBUTION UNLIMITED

ft _____ 
~~~~~~~~~~~~~~

~~~~~~~~~~~~~~ _ __ __ _ _



-
~~~~~~~~ 

-, 

U
I
. 

,

‘i’H~: F1ND1N~S IN THi s REPOR T AR K NOT TO RE
CONS TRUE D AS AN OFFiCIAl . OEPAR TMENT OF
THE ARMY U ) S I T 1 O N , UNLESS ~O DES iGNATED
BY OTHER AUTHOR I ZED DOCUM ENTS

_ _ _
_ _  

j~L-

~~~~ —



r’~ ‘I ‘~

____  

P
I . m t  r oduc t i o n 2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Rod ies c ons 1 s t I n g  o I c omp on ent S 01 d I l l  crent mat cr18 I s g I iied , I used or

o the rwise  C o n t i n u ou s  lv  olned are en~p I oved i n  many st  r u c t u r a  I app  I i c at  i ons .

An exa mp le i s  a l am i nat e d  med tu rn  cons i i u~ o I a I t  erna t i ug 1 ayers o f  two

materia Is of d i  f t  t ’r t ’u t  tu e c h a n i c a  I properties. Other examp les  ar e omp os i t  e

materials , p lat c~
; reinforced 1w adh ere d  s t r i n g e r s  of a n o t h e r  m a t e r i a l ,

inc lust ons i n  s he et s  • or si  mp I v  st  r it e  t a t res cons i s t i n g  o I two ~licc t 5

d it ferciat rn~. t t’r Ia Is ~o i i aed  b y l a p —  ~ot n t  s

Among the  p r o b l em s  enu~~iiii t i ’ i t ’~1 in  a e t t i a  I ( I S C  01 c omposi  I t ’  bod i es  i s

the  p r o b l e m  ot dehon d i ng . . e • , separ a Ion a t  t h e  I u t  er t ac en o t the  con-

s t  i t u e n t s  . Tb i s  proh f e r n  i s  i m p o r t a n t  b ecause  debond ing  d r a s t  i ca  1 ly  reduces

t h e  load — h e a r i n g  c apac i t  V

The I n v e st  I get i o n s  t h a t  have  l ’een c omp 1 t ’t cd have  been concerned w i t h

c o m p o s i t e  hod ies c o n t a i n i n g  sma L i  I I awn at  or near  t h e  bond i n t e r  l a c e s

for b o t h  s t a t i c  and dynamic t’ond l i on s .

A f l a w  in a s t r essed  hod~’ gives rise to a s i g n i f i ca n t  increase  of the

stress leve l , part i ctilnrl y in  t h e  v i c i n i t y  of a sha rp  edge ot  the t i n y . The

f l a w  becomes t a n s t a b l e  ~nd m a y  grow i n t o  a s iz~ h1c fracture sur tace It the

e x t e r n a l l oads i n c r ea se  beyond c e r t a i n  cr I t  Ic:i I m a g n i t u d e s .  The a n a ly s i s  of

t he  s t a b i l i t y  of  I l aws  he longs to the  r e a l m  ot  I rae  tore  m e c h a n i c s .  I n a

c o n v e n t i o n a L a n a ly s i s  e l a s t o d y n a m i c  ~or i n e r t i a )  e f f e c t s  ar e  neg l ec t ed  and t h e

a n a l y t i c a l  work i s  q u a s i — s t a t i c  i n  n a tu r e .

K l a s t  odynamic e f f e c t  s become o f  im p o r t a n c e  i f  t h e  p r op aga  ion  of a crack

is so I • as for example I n  essent  t e l  lv  hr i t t  Ic  tract nrc , h a t  r ap  i (1 met tons

are  g e n e r a t e d  in  t h e  m e d i aim . F lastodynamic et tects i i i  co ca  I u n c r l o i a  w i t h  I r ae-

t ore  phen omena are a i s o  impor n t  I I  t h e  ex te rn a l loads g ive  r i se  t o  propa-

g a t i n g  m e c h a n i c a l  d i s t u r b a n c e s  (as  f o r  impact  loads and exp l o s i v e  charges~
which  s t r i k e  t h e  c r a c k  and cau se  f r a c t u r e .  S p a t t i n g  i s  an ex a m p l e  ot  a frac-

tu re  phenomenon . a m m s v d  1w t he r a p t  (1 app I I cat  I on of l oads .

I n  t h e  work t h e  t ha s  been c o m p l e t e d  , i t  has  been a f t  empted t o a d a  ievc

thre e  p r i m a r y  gtaa Is: first t o  e s ta b  I i  sh a r e l a t  lv e i v  s imp l e  model for the
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anal ysts of bond stresses and deformations near a crack in an interface

between two materials , secondly, to establish a criterion for propagation

of an interface crack , and third ly to investigate the influence of dynamic

effects on rapid propagation of a crack ira or near a bond-plane .

From the ana lytical point of view , the general character of the fields

of  stresses and disp lacements near the tip of an interface crack depends

on the manner in which the condItions change from the interface bond to the

crack faces. Usuall y it is assumed that a sing le point of singu l arity (the

crack ti p~ forms the transition from continuous stresses and displacements

ahead of the  c rack  t i p  ( p e r f e c t  bond ) to t r a c t i o n- f r e e  cond i t i ons  on the

crack f a c e s .  Unfortunatel y a l i n e a r l y  e l a s t i c  ana ’ y s is  based on a s i n g le

point of transition give s rise to oscillatory singularities in the stress
*

field 1. 1 ,21 • Furthermore , there wilt be a wr inkling of the materials near

the crack tip causing them to overlap in a small vicinity near the tip.

See also Refs . 13 ,4] .
In research recently completed the author and co-workers have developed

a more realistic mode! for loss of adhesion at the tip of an interface crack ,

in which the bond in a small zone near the crack tip is allowed to yield under

the high stresses that are to be expected near an interface flaw . Since this

yielding may be assumed to take place in an infinitesimall y thin zone (the

interface~ it can very convenientl y be related to an appropriate distribution

of cohesive tractions , which is then defined by the nature of the adhesive

bond . The fracture criterion that was adopted assumes that the elongation

of the bond fiber at the trailing edge o the cohesive zone (which corresponds

to the crack Qpening displacement at that point) must exceed a critical value

for propagation of the crack. Results are reported in a paper that is

current ly in press 15]. See also 16].

En addition the elastod ynamic near-tip fields for a crack propagating

rap idly parallel to a bond-p lane , at a short distance from that plane have

been investi gated . A paper is in press 17] .

2. Participating Scientific Personnel

Work on the stih~ect Grants was carried out under the direction of

*Numbers in brackets refer to the list of abstracts in SectIon 4
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Dr • .1. 1). Achenbach , Pro i sor o f  C i v  i i  Emi g ineer I ng and App lied Mathematics

A l s o  c on t r I b u t i n g  to the  research  e f f o r t s  f o r  period s of t i m e  have b e e n :

Dr .  IC P. K h e t an , l)r .  I. M.  Keer , Dr .  M a r i a  Comninou and D r .  S. - H .  then.

3. Advanced Degrees

Dr. 5.-H . Chen was emp l oyed (part-time ) as a Research Assistant on the

sub jec t Gr an t  s . It is work resu I ted In  a Ph . p. ~ i sser tat i on en t i t  led ‘‘St a t i c

and D y n a m i c  Frac t u r e  Ana l ys is  I or Bonded I ) i  s s i m u i l ar  M a t e r i a l s  “ l) r . ( l ieu

is now emp loyed by Joh n Deere & (~~~~~. • i n  Eas t  M o l i n e , I l l i n o i s .  H i s  degree

was g ran ted  in Augus t  1979.

4. Abstracts ol Published Papers:

I. “F.lastodynamlc Near -Tip Fields for a Rap idl y Propagating I n t e r f a c e  Cr ack ~
by J. D .  Achenba ch , 7,. P. Ba~ ant and R. I’. Khetan , !ut. J. Et~~.Sc . 14,

p. 797-809 .

Abstrac t: The elastodynamic s t r ess  f i e l d  near  a c r a c k  t i p  r a p i d l y  propa-

gat ins’, along the interface between two dissimilar isotropic elastic

solids is investigated . Both antip lane and inpiane motions are con-

sidered . The .intip lane d isplacements and the tri p la ne displacement

potentials are sough t In the separated forms r°F(B). r and 8 being

polar coordinates centered at the moving tip. The mathema tical state-

men t of the prob l em red uces to a second -order linear ordinary differ - 4

ential equation in e . which can be solved analyticall y. Formulation of

the boundary and Interface conditions leads to an eigenvalue problem for

the s I ra gu la r I t y exponent q . For t he lop ! an e pr oble m , roo t  q is found t o

be comp lex . Thus , the stresses exhibit viol ent osc i I la t ions w ithin a

small reg ion around the crack tip, and the solutions have phys ical

significance o n ly  outside this region . The angular stress distri buti ons

are pl otted for var b u s  crack speed s, and it i s f o u n d  t h a t  a t  Ii igh enough

speeds the direction e ot  maximum stress moves ~‘t c t  of the interface. This

result indicates that a running interface crack may move into one ol the

adjoining materials.

2. “Elas todynamic Near-li p Fields for a Crack Propaga ting Along the Inter lace

of Two Or thotrop ic So l ids ”, by .1. P. Achenbach , Z 1’. ila~ an t and R. P.

~~~~ Khetan , m t .  J. Eng . Sc.  14 , 19Th , p. 811-818.
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flit ’ e ’la stodvma amlt Stt’ t ’~,s I i e ’ l e t  m acam a tac k t a p  r a p i d  l v

p m p . m g a t  t m a ~ a t o m ~~’, the a n t e r f a c t  b t ’t v t ’eii two di ssi mm m m t a t  ,‘rt laa ’t m ~p i c

e las t i c so l i d s  i s solved mime r I ca II v , f o r a ma p I mat e  mot I o t a  . ‘th e car—

test an disp lac ements S t e  sough t  In  t h e  mac p ar s  t i’d I ~‘r~ns , r~ I , d ‘I am id

r t’v t~~ 
‘I , r ami d i~ Pt’ i mag polar coord i n a t e s  c e n t  crud ~~t the ’ mov ha g t i p .

‘ft Is red uc m ’s t h e  ins t hema t lea I s at emema t of  the p rob lean t o t wa ’ c atmp I ex

se’a ond—order I a ne’aa m ord i nary dl I fere ’m it t a t  equ at  i on s  t o t  comp l e x

I mi m ic t a ens  I I , d ‘a a mid \‘ a, ~ ‘a . By means o f  the f i nit a ’ d i  I I e ’rm’ ncc miac t hod

a mat r ix et  Ccl iv  a I ama ’ pi et’t em o f  t h e  t vpe’ ~ I, r ~x — 0 . a s oh ’ t a i iit ’d whete ’

~~ 
‘
~ ~ ~ e’ po ly  non i a I s of  t he comp It’ x va r  IsP It’ 

~ 
amid x are c omp 1 cx

em mikmiowmi s . A u  I t a ’lS t av e n u m e r i c a l  sdI i t ’ nn’ t o t  a ie t e’rnai n iutu ’ , fm n a ,p ’a I s

da’vcl~tpa’d amid the too ts of p as w e ll as angular st le’sS ~nd dtS p t: me e ’nu’ Li t

d i s t r I ba i t  i o a t s  art’ a ’ a 1 c u I at ed a mid p la ’  t t i’d I ~‘t’ va r  i on s nas a ci I a I ~‘ aint’ Ins  —

I 0 0 5.  ( ‘ onap at ( sons  wit ii exac t  so t n t  I a t n s  f o r  the ’  case of d i  si  mii i l a m

I sot t o p i c  so I i  d s lai d I c at a’s gnoal a c e m m i  ac v o f  t lie n u m e r i c a l  so t  u t  I om a

The or t h ot  rop ic n at  t i r e ’  o I t h e  mnStt ’ i’ I . m l s  Is shown t o  have’ a si ~ui I t a cali f

e I t e a t nit  st  m’ e’ ss max nun s
‘‘ f l i t ’  I m i t e r  face f’ e’ u a u i v  Shaped ( ‘r ack  R ut ’  ou t s  t du ’r ed • ‘‘ l’v 1 . N .  Ke ’et

S . II . — ( ‘hen am id Mar a .1 Comma loon , ‘‘ t n t . .1 , Fa t s .  Sc I a’ -

l e a  ‘5

Af ’st  t R c t  : The p e n n y —  shaped crack  ~~t the’ i m a t e r  f a c t ’  bet  wt ’eaa two  P om aded

a l t  s s t n t  1 :ar med Ia  is r econs ide red  ~in the b a s i s  of a c c en t  aI t ’ \’ a’ I a ’~ t fla ’ti t S Oil

t h e  e l  i m i m i a t  ion of osc I I t s  t ory  s i m ~gu lar  i t  les . lii Is  Is  accon ap I t  shed ~~
assuming an aminu tar I r je t I onless coot  act zone at t h,’ cra ck a’ i i  ,‘aitti t e’ t t ’ l t a t’

and reduc log  t lie proh lena t o  a F’r edhn u n  i n t e g ra l  e nu at  I a’aa . V x p r e s s  i on s

I or t h e  S t  ra i n  a’ mu ’ r ~
y , crack alpen Ing  I n t  c e said bond st re’s se $ a t’e oh t at laCal

.111th numerIc s  I r e s a m  I t  s g i v e m a  I or spec i f t c  m a t e r  is I a’omnb i na t  i o t i s .

4 .  ‘‘Am v m p t n t  Ic F i e l d s  a t  t h e  I’r a n s l  ( I o n  ‘ a ’tie ’ of  a P r o p a g a t i n g  I mat  un Set ’

Cra c k , ‘ b~’ M a r i a  Commi t nou am id .1 . P . Aa ’iaenhach , Mccli Ra’s. ~‘omm

pp. 285- ‘t t ) ~~ ~q 7 a a

Abs f ra u ’ t : l i i  the’ prcst’n t pil~iet’ we i ova’s f t ga t e’ I he i n  I t  t u e ’ l i t ’t’ of a sma l l

I m’ . lm i s  i t t  a ’m i Zone on t h e ’  e’ l a s t od yn amaa tc t i e ’  I d s  mac at a rap  Id I \‘ pta tpsga t I uag

a ’ rack I p. At the I e~ d i m a g ed ge of t lie t r ans  I t  I on ? omi t ’  ( l ie  a’ end a f t  otis , lre’

assumeal t a t  cham a ge  fr om  per tea’ t bond to mixed eond i t t  ntis • wha t eta f haa ’ta i n

— 4—
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I urm a change’ to tract i t ’ll f r e e  cond i ( j a m s at  t h i t ’  t i-a u f l o g  ,‘‘fce ’ of the

t r a n s  it  iot a  zo m ie  . The lead ing  amid ra I I f  t a g  ed ges can cone  e’ivah l v

p ropaga te  a t  d i t t e r e n t  v e l o c i t i e s .  An a sy m p t o t  I c  a m a a l \ ’ s i s  of  the

f i e l d s  a t  t he  l e a d i n g  and t r a i l i n g  ed ges of the ’  t r a n s i t  i o t a  zone

show s t h a t  t h e  stress ti e l d s have simp le snuare’— root  si igu  l a n  a u s ,

wh ich  ar e ’ ta mi I h a t  f r o m  n e a r — t i p  I i e l d s  i n  a hon toge ’u i ~’ou s s~’I jet - ‘hose

s g a m a r e - r o o t  sing ul ar it . it’ s can be acconuitod em t ed c a s t  l v  i n  e x p re s s  i Otis

f o r  c l a s t a a d y m t a m i c  t ’ u i u m e ’ , v - r e l e a s t ’  rates , w h i c h  t h e n  p r o v i d e  t i t e  b a s i s

f o r  an  c last odvosm n I c  a- t i t e r ion I or- bond fa  i I ma re.

5. ‘‘ Loss of Adh e si  ai m a a t  t h e  i i  p a’ I a im i n  a a ’ r I ace t r a ck • ‘‘ .J . D . A c h e n h a c l u

I , .  N .  Keer • R . I’ . K h c t  ama and S .11 . — Chien , , I . o~ F l a st  I 
~_!,!y_ . Iii ‘Fuss

A model is c, ’u i s t  r a i c t e d  t o  a n . m t v z e  a d h e s i v e  Pond 1 s f  t u r u  at  h~’ t i p

of an i n t e r  t Set’ crack. t h e  mode l  i s  based tin the ass imm pt i on  tlt a a there

8t’a’ 7,a ’nCs o f  l iou m ma ded  c o h e s i v e  t e n s  i 1 e amid shear  st  i-a ’sses nea r  a c r a c k  —

t i p .  W i t h i n  t h e  c o n t e x t  of c e r t a i n  broad a — p r i o r i  a s s a m m p t  i o n s  on t h e

d i s t r t h u m t i o m i s  of  certa ima stress and d i s p la cemen t  c omponen t s  i n  t h c

u nties ive  zones , the t equirement that a l t  s t r ess e s  i n  the  two m u a t e r i a  I s

r e m a i n  bounded provides  a method t o  c omp t mte  t h e  s p e c i f i c  d e t a i l s  for

hese zones . I t i s a ss amrned t h a t  bond I a i I c are  occurs  when t h e  ex t e n s i o n

of t h e  bond f (her a t  the  c rack  t i p exceed s a cr  I t i c s  I vs l a m e .  For an

( m a t cr 1  ace  c r a c k  im i  a e mm a i form t e n s  io ta  f i t ’  Id  c omp em t a t  i tins for  t w o  a t t c r  -

m ia te I ormu t a t  I n n s  s tuo , a ’,e st  t h a t  d ii  s I a I l ur e  c r i t e r i o n  is independent ot

he prec I se d i  st r i h u t  iou a’ I ti l e’ c ,‘lit’ s I ye ~~t ti ’s se’s • b i t t  r a t  he r  dep end s

o n l y  amp on t lie it averaged vs 1 ties Comb i mied I oad i mig wit Ii S ( h o f l h t t l a m i t  t e n s i l e

component h as a l s o  been am ia Ivzed  . I f  the cri tics I ext ensi on of bond

f i b e r s  amid t h e  m a x i m e mm n va l i me of (lie cohesive tensi le stress are known ,

t he  model p rov ides  th u  m a x inn m m a l l o w a b l e  i n t e r f a c e  st r e s s es  f o r  g iven

cr a ck  d i m e n s I o n  amid m u a t e r i a l  p a r a m e t e r s .

“The Intersec t i on  o f  a h’r e s su m r  i zed Crack  w i t  1t a , lol  t a t  . ‘‘ 1w 1, . ~‘I. Keer
and S .11 . - Chie m a , to appear.

A b s t r a c t :  A niodel is  d e s c r i be d  f o r  c o n s i d e r i n , ’ ,  he p a r t  i a l  s l i p  t h a t

occurs wh en a v e r t i c a l  , pressurized crack i n t e r s e c t s  a hao r I zont  a t  j o i n t .

W i t h  I .n t h e  s l i p  r e g ion  the  r e s i s t a n c e  t o  s l i p  I s  accoum i ted  f o r  b~’

prescri bing thac i n t erf a c l a l shaeat’ st r e s s .  R e s u l t s  are obtaIned f or

v ar I o u s  c r a c k  load i mags , and t h e  crack growth is i n v e s t i gat e d .

- ‘1-
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“Steady ~f o t  Ion of a Crack Par all eL t o  ta Rond—Plane ,’’ by S.H.—Chen ,

1, . M . Keer , and .1 . 1). Achenhac h , t n t .  J. Eng . Science, In press.

The combined effects of hi gh crack-ti p speed and the pr sximi ty of

a bond- pl ane on the e (astodvnam ic s tr e ss-i n tensit y fa c tor are i nvesti-

gated a n t h i s  pa per. The mode l-prob l em that is caim asid ered concerns the

ste ady propagation of a c rack  of t t9 agth  2a , paral l el t o a hond-p ia mac
with a hall -p lane of d i f f eren t ma te r i a l  propertie s. h~v easing a moving

a’oord j nate ’ sy stem and app ly ing FourIer transfo rm techniques amid super-

pos ition method s, the mixed hoemndary-vslue prob l em is reduced to a dua l
si n g u l a r  in !  egt ’a h eaama t ion wit ha Ca mmc h v — ty pe  k e r n e l s, wh ich i s solved

n u m e r i c a l ly .  S t r e s s  i u t e a ’ s i t y  f a c t o r s and cleav age so le s are computed

with the materia l constants , crack-int e rf a c e dist a nc e ’ ~nd t h e crack-tip

speed as variat ”he s. It is f o u n d  t h a t  t he  e f f e c t n t  the bond-plane is -‘
more i n t e n s e  f o r  smaller crack- In ter la ce distance amid lar ge r crack-tip

speed .

~1
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A sunsuary and a bibliograph y are presented of the investigations on the
rapid propagation of interface flaws in composite bodies, which were carried
out at Northwestern University under the sponsorship of the U.S. Army
Research-Office during the period July 1, 1975 - September 30, l’~~’~.
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