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- Foreword

This Final Report suemarizes research conducted during a three—

year study performed under sponsorship oi the I .S .  Army Research Office .

• - / .  Durham, North Carolina , which was initiated in February, 1976. The first

- - 
two years were performed under Grant DM1’. — 7f ’—~ -(i1#’~~. the third year

under continuation Grant DAA C 29-78-C.-0053. The ARO Program Monitor

during the entire period was Dr. John C. Hurt ., Associate Director ,

Metallurgy and Material Science Pivision .

Program Manager and Principal Investigator at the Pniversity of

Wyoming was Dr. D. F. Adams , Professor o~ Mechanical Engineering . Co-

Principal Investigator during the first half of the ~tudv was Dr. A. K.

s Miller , Assistant Prof,~,,sor of Mechanical Engineering. Co—Principal

Investigator dur inc the second half of tin .tudy was “r. D. F. Wairath ,

Staff 5clentist in Mechanical Engineering

‘~ Graduate students making significant contributions included M . M.

Monib , B. C . Schaffer , S. R. Graves , R. A. Benson , S. V . Hayes, D. A.

Crane. and M. N. Irion . Undergraduate students included A. R. Hoyt ,

L R. S. Ziemerman , K. H. Kiger , and D. W . Peterson .
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Sec ti on 1

Statement c t  the Problem

There has been a considerable Increase in interest during the

p.1st five ve.irs in the influence ot moisture on the mechanic.il

proper ttt ~s of polymer—ma trix ctsnp tisttt- m a t o r itls . The present study

was .ictua l,lv tnitL.ited in late  l’~73 , wi th t h e  ruliminary formulation

of an inelastic mfcromechanics anal ysis ~ model moisture expansion

.‘tt .n-ts .tnd moistur e—d ependent materi al ~~r pi r t  ics. Support by the

Arm y i~,~st .irch i~~t I i - c  was ri. ide ’ avai1ai’~ . in ~‘ar lv 1976. At that t ime,

very few n i  ~.t l’le expe r ime n t i l  data w t t ~ .tva ll,t ’ i t  in the literature.

Many of t h e  pubi I shed i tt  t w e r e  conf l ic t ing.  However , enough was

~n’~’—’n to V.’!  1’. 1 he is surp t  I hi  I no st u r ,  a l’sorpt  ion has much

t he same Intl iuer~t- i- Ont •t po lymer as an Inc rease in temperature. That

is , t he nonlinear ni s;onse ’ i s  enhanced , w ith modulus and strength

dec reas ing , m d  s t r- i in  t~~ ~.ii lure Increasing . Thus, a non l inear

.inalv sis was call .’t t o n .

The study be’ing r~’p ’rted here w.i s ~ir it ed  to  t ime—Independent

inelastic ~ at e~ la l res po nse .  T his his  f i t n  referred to as elasto—

plastic material behavior. Viscoelastlc/vtscop lastic material

response, i.e ., t ime—dependent response, is the subject of  a fol low —

on study presently being Initiated Ii).

Because of t in - conpiexity of the problem, a numerical analysis

was clearl y in order. Since a fundamental understanding of the

influence of changes in the mechanical properties of the polymer

matrix on the c c ’ npos it t ’  response was desired , a micromechanical - 
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approach was necess.iv . That ~~., a study was made of the local s t r e s s

and delorma t ion si ll ‘s iii and er • ‘wid individual I be t  s

MI ~ r ortw~- i iar i  i s~~~ . cmi i . -e s  of compos i t e  be hav io r  had been performed

p1ev ious lv . inc ud ing se ve ra l  by the p r e -re - nt senior author. Moat of

se had assumed ~~ .ist Ic n.j ~- r  i a 1 behav i • ;no.eve r , and also

t s o t ro p i~ I ibers. No p i  ~ ‘r j n.Il’. s e s  included mu i. s t u re ’  e f f ~~~t s , or

vary i n~ ma I c r i . i l ‘no;’ .- I it’s . A su~~ ey ot  t lie ne pr j o works is

pres. ’nt ed in Ret c-rem .

Thus , the 50.1 ’. ~) t  I ~ r e  ~U71 t s t u d - ~~- is  to  d.’ve ioi’ a r ~~~on.’us

micronechanical analysts of .t un~~~h i r e¼ iona l l-~~ einfo rced composite

material - ii’ji.ct ed t ’  ~ni - - ~-oi~hi nj t  ion 1 no~~~ J s t r e s s t~s , thermal

h t ~~’ .j es  and moistu l- .- i-s ;. - ~oi i, - b i s t  r~~.s. - - ~~ 
( eta! ma t rix  s t r e s s —

strain re la t i ons . i he- determ ined experimentai~~. , were to be used

as Input prc ’pert 1.- • . Th~~s would require n’ ii’! erminat ion - t  the

po’ . .-ner ri.I t r i x  pr ’ ; t ’r z i,’s ‘yen the l u l l  t i  - ~- r  i t u re  and mois ture

r inges o t  Inte: ‘ - t  . S ince s imple  sup.-r;- -.t t  io n io u l d not be assumed ,

th is implied that p r ’ p e - r t i . - s  would have to  be determined at combin-

a t io n s  of t etn; i ’ r t t t i r . - and mois ture conditions.

Since graphite fiber s a’~ well •i~~ some ot her commonly used

reinfo rcorments (.~. g. K i.v lar) were kn own t i be both mechanically and

thermailv in isotn ’p t c , f iber an isotropy was to be modeled.

In ord er to permit axial load ings (i.e.. arpl ied stresses in

the fiber d i r e - l i o n s )  and vet retain the advant.~ges of a two—

d imensional - m n a l v s i s , it wou ld be necessary t o  convert prior plane

.inalyses to a ~:eneralized plane st ra in  condit ion.

- 
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Finally , in order to be able to interpret the’ results obtained,

and to  present them in .Ini easily understandable manner , extensive

computer graphic s would have to be developed.

All of these goals were achieved during the three—year study being

reported here. Some- 1 the more aignit icant results are suamarized in

the next s e c t i O n .

_ _  _ _ _ _ _ _ _  
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S e c t  iou 2

Suesnarv ‘1 Results

2.1 First Yea r

The full l i t - I  v e m r  of the stud y was d i rected t o  developing the

ic ana l ys t s . n i - .~~o. ..i t ed fin ~te el .-~ a t i t  I .rr iil.it ions and compu ter

;n o5r.e’t . and a p t . ’1 i n i n i r - ;  i . t . t  o u t pu t  plot r -  ne. A de ’ai led su rve~v

the l it  t’t it t i le l i t  ins to t em pera tu r e— .iri.I r~ s t  ure—dependent polyme r

it nix r’..It.c! ial p r opi rt .-  - ‘ was a l so  ct .mp I .‘~~~~ I. I ite analy sis work had

a~-t ua l lv b ’ e ’ri m i t  i . m t . ’d p- n to r to h. beg iti :n~ ~f tb .  f i r s t  ve.i u

~ , t m c  t t  ins .c technical e’pot t t o  h._~ pi e p i c  id in m u i r  v 1979 (2 ) .  This

tec hncc . i l r e p o r t  include t a ~. t m ~~l.-d h l s t . n l c . i l review 1 the problem ,

c lu ll p n c s . r i t . t t  ~on the s tv .r : i ing t h i - m i l o n a , d e t i t is of the f i n i t e -

e lement t o’~~c i t t  eon mu d a t o w  mim, r icai examples and check ca- .. - . It

provides a ‘ri1 i t ’ t e -  -.~uir ,e  0: m l  - ‘rmat ion concerning h. I tjrid arr t-nt ;m l s

of t he analysts c ; ; :  .ni~~~.

A lthough son,’ experiment -i l work w a s  u s e  i n i t i a t e d  during the f i :  st

year , Including a ~~~~ Ii . m t t . ’n and t .c t ing oh n.~.mt r e s i n  - pm -c imens ~f

Hercules 3~~f li-~~ and 3 l~~’ ~‘ p ’ - . ‘~u t t ic’jent data were not avai lable for

use as input :- the m ictomem n.inics analysis . Thus, an amalgom of these

l imited data and available literature results was used as input In

generating the t nief r es u l ts  reported in Reference L’l. These assumed

input curves a r ’  al s o p rm -’se’nted in Referenc e 12 1.  In retrospec t , the

ass~~ed curves were not very accurate; the degree of nonlinearity and

the strain t o  failure were overestimated , par t i cu l a r ly  for the elevated

temperature , dry conditions.

_ _ _ _ _ _ _ _ _  
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2 . 2  Second \e.i!

The gcni’r cL lo t i  of suitable experimental d i i i ~~~~ emphasized during

the second year . l Ime Hercu les I nI l— S and f ’,m) l —
~~ epoxy mat rix system s

w e re  I . und to  have essont  ta 11 ide-n t  it -a l mci- h a n  c c- a l  and i h v  .-~ ic  .11 pro-

per t  Ii” . • as cx p. -~ I .0  . t i t (  handling prope: t les were a iso v e ry  similar ,

tnimwe ’v e r . Thus , it was dc’ ided t o  c rteIu ~ t. the remainder i t  t ime experimenta l

work w i t h  the newer and more w~de1v used 3 . 1 l - n  system . Heing a hot

me lt s’,s t em , c as t  i :c~ .‘t thin (1. ~~~ , i . e . ,  0. ’ ) S l )  in.) p ie~t e ’ ’ -. and ~.3 mm

c : . 2 5 : t m .  ) diameter rod s wh ich we t .  I ree ’ on r.cpped air bubbles , I n

us e In r~ m ktn ~ I o st  s pec - in.’nis , 1 : - i  - - i l  t o  he-’ a major problem . Con—

g i de r u b le ’ c i t  rt was e~~p~~n0e ’d in d e - v e l L --pirig .1 te - hit 1 1 Uc t o t  making

high ; m m c l  i t -  spec inc-us . This is d is cu ssed  in do t e ~ in Reference ( 3 ) .

along w i t h  ::. . mt r O s i n  t e S t  d a l t  I n  I:.. H e r c u le s  h’ O’ l  ° e poxy  matr ix

mate r i a l .

AS 3~e i i— ~, e : r a ; ’ : .- epoxy and S2/3’oi i —ni giass’ep xv unidirec t tonal

c o u p s i t e s  w e r e  also I abr icat t’d  and t e s t  . 1  dur us the second ‘- - .ir . The

AS gr. u; h i t e  n i , - r  ~s -c low modulus c.~~ ’ GPa ~ .e ., 12 Msi) t :1-i t produced

by Hercule s , l :ac ’ r p o n a t t ’d ( - . 1 .  As-3501— 6 prt’preg in 300 ~~ (12 in.)

wide rolls was purcha s~ d f r o m  Hercul o,- , and I .eh’ r icated into f h a t  t~a r ie ’ 1 s

OF molded into ~.3 mm ( L ) . 2’ m In . h I :c r u-( , r r id s ( b r  t o r s io n  t e s t  i nns ) .

),‘t c i i s o t  i : .- fahr I ca t  ion proc e’sse’s are present i’d in R e f e r e n c e  ( 5 )

S i n c e’ S2/350l t’ 5~~~I’ - e-~~’Xv  : r el re ’i: w a s  n e t  a v a t ’ . - m 1- l e and it  was

desired to use t h. same matrix resin system throughout the study, S2

glass fib.’c roving w u s  purchnsed from (~~~ens Corning Fiberglas Corpor—

it inn V1 and prepregged w i t h  the Hercules 3501—h ,‘p ’xv matrix.
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The Composite Mater ial s Resear ch i r  ~~u; r c u t  inely i)r.~l~ r ‘g~~ i t s ow n

materials and thus th is did not present any s pec ia l  d i f f icu l t ies .  Details

cit  b ot h  the p n e - p t . -~~c ~us p no ~ ess and I~~br ic., t i c l i  c t  panels and tors ion

rods are presen t ed tn Ret e n rni i - 15J .
mcd m l  and It  arm sve ’ -. o le - r i  - it’ as w. 11 as l e t  -. : ‘n.m 1 shear t i - st  s

w e i , - conduc t ed on l.oth css~j ’c ’s1te .  :s.it -t tal ‘ - - t o ”-~~ Bot h dry and fully

mois t  cure sat cii .* ted s;.’. ~m etns i.c- t o te st eel , . c t ’ - s ~. t emperature and .it

~~~~~~~~~~~~ e lov . i t o d  t i -~~:” - ,a i u t t ’s u;- te  1h0~C ( h 2 i ) c
~~~), the lie - c i d es  VMI— h

epoxy be’in~ .~ l7~~ c; (35~rF) c u r , -  . v s t . -~- - . The - - . - t e s t  resu l t s  .rc

pr esen t eel ;t ket  e~t .un~ . 
- 5 . N.’.. i- s i n  p.c inemi s — • re a l s e e  i - s t  ~ l a t

t he’ so -..urr .’ t t’n;’t’ It .:. - - and no . - ut . end . tons (3)

The ; ‘ r c . pe c t  it’ s ‘ th ,- ui - i t  :,- - , :n i t . - mc  - - I  ~~~j or i n t e r e s t  in t it,’

st ruc inn a I i ; p  1, - . i t ions sc ’n-c e , com pos . : - 1 . - n  n . m  e i r n u e ~ i n ?  n eel

pol~i’i~ rs l e e t n n ~ t he main t h t u ’ - t  ~ t . -  pres.-nt St  : . h4e ’we ”,’e ’y , fu l l

know ledge of the r u - t n  e s : n ; r  — ; - e t :e’ s Is f m d ine ’ n t u l  t ..  be . - nt -arm

use of the —i cr ome c han ics  a n a lyst s  I c c  p r e d i  ‘ 1mg e- e ’ncp. ’ s m t e .  m u t t - c  ta l

response. 11.’- .r u s e  polymers me hi .i~~ th e lie n ml , ’’. l~~1 P l — ’- i -po x -.- .iro

e -cs ent m i l l - . r mrse ’d in ut:ni ’ i n l -  - r  - i-d ’ r — - - . I i- r e  .it. - e l m - .t no

pro pe rt  t es  c i c t . i  u v . c r l a ! h c  :n the l i t er at u r e .

ht.ee - a c i s e-  c il th is , as d is misse d in S. - n ~‘ , j, lee r  the f i r s t — y e a r

ana ivt ic .u l work , t b ,  n . t  c l x  :‘n ’~’er t i m ’ ’; ~~
- ‘ .- e st i m a t ed .

Durins the sect -end -y ear ~tudy, wh il ’ experimental data wer, being

genera ted , many additi ona l refine ment s of the basic micromechanlcs

ana lysis and compu ter pro gram were Incorporated . Many of these

refinemen ts were made as a result of defic lences discovered while ustn~

4i~ ~,c ’ - -
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the analysis for various applications purposes. In particular , a better

met hod of t racking the input stn. ’ ,s - s t r e u t t c  curves of the ma trix was

developed . Also , in cn t int ’l v new plot packag e was written , in order to

be able to pr cse’nt r i ’sults 1: m a c learer manner.

hes ,’ various ‘2 - l i t  ions ant I cci. ed i t  icat  j t ” :.m .tr,’ su~~ st i~ cd in Sec t ion

1 , and so rye to ciNt.c t 0 ~ et e’retncu’ ( .‘ J .
2 . 1 T h ir d  Year

Dur ing the t l m l t d  . . . i t  t ’mr experiment al work w-c ’. c omple ted . This made

availabl e, for t im. ~r - t  tin,’ , a r,’asen:i ’- lv  - 1 . - t a i l e d  and self—

,- orcs l s t e ’ rn t  ‘eel e e l . l c :  i r use in t bi’ i’d t - ’ ’- . c l c i m n l - s  analysis. The

~Iit hard— L~ m - k lock ~
- , rv r— it  ~ r ’cenic i re ’  used In 1 m ,. or igin.-cl numerical

ana lys i s . - us e! l * -  - - - - . - : in s,-fe r en ce (2). w i - . computeri zed . Since the

.‘x;-e. ’riment al data w e re  - i - - c ncmi r c d  in di. - ta l  form ‘mstn ~’ .c computer—controlled

testing machine (in Tn s tr ‘~e - e do i  112 S  , ‘l c - t r w’ chi nlcai tes t  macbin.

c ent ro l  led by .u lls~~ l et  —Pick . i i - 1 .‘ 1~~ -F ccm It: I ~~~‘tit .‘r and stored on a

magnet Ic t ip~’ , it -.. c -  - .1 ~‘1. to di v. - l -; - ’o- ftware t o  take t h i s  ic t coi l

da t a - i : n - 1  ‘ :mc , ’r ! . tn t  - a for m which - .ur be input di rec t lv into itt -

micromechan ics ana lys is  c omputer program w i t h  c i ’  manua l data preparat ion

req uired . This c a ’ a l i l l t v  was made f u l l y  operational during the third

year.

These c l . c ta  were t ’ en used as input t o  t h e  mtc’romechanics analy sis

to predict t b’S response of th~ graphi te- and glass—fiber reinforced rmn i-

directional -oic m p o s i t m ’ s .  Detailed comparisons were made betw een pre-

dicted anti experimentally measured elastic modull , Poisson’s ratio , and

coe f ficients of thermal expansion as functions of both temperature and

moisture co n te n t .  These comparisons are pre sented and discussed in

Reference 17 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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In addi t ion , t he expe’rimt-ntal da ta f or t h.’ neat r e s i n  w o r m ’  e l o !  I.

re’ pe ’at some 01 t i ’ m i c romechani c’. calcul at I .icns made during t he I irs t two

years ci t  a t ’ cc Iv  using ,isMCIn,’,! ncm. mt rix u .n.  t ii prop i’ r t  i.’s . Predicti- .?

* moisture expansion .in i t ‘me n—ni I expansion Coo t I Ic lent $ t or high , medium

an.? low modul us ~r ,n’h te t t h o r —  re’ i t t ?  . n c i  onpos It c-s incorporat 1mg the

Ut—routes iSt~1—f ’ .- ;- e e x .  :‘ , t r  r ’ . are ; e n. - si - cm t e! in ~ e ! .  t e r m  . -  (
~ 1.

In creasing jut •-i- ,’ ’ in i-! ’- u t i fv i ng - i i  lure i- - - t i - -  .mn.! causes ‘ ‘I

ci lure prompted a s t e idv I Ia’ temp o r i  - n — and ~~ti i St U t i -  — I ndmn e’d norma l

and shear st re ’ ss , ’s  at t i -  I - n  ‘ ‘~~i t’ 1’  in t. -r !ccc. . High , med ium , and

I o~ ~~~‘c ! m i  I is .~r .mp l- - ,-  t h or ’ . , and S.’ ~ , ~- i - n  s , in iii r c m i i  i s

ISI l l—I m epoxy nat rix ~
- .- t  ~~~~~~~~ ~~~ ‘ ‘ : , I t s  s r ,  p1 i -- . i n I . - ! In 1,- ta i l  in

Reference [9J . This - t n - ! -  it i:~~- - t h ’  t h i rd  v,’ ,ir promp t ed t ! m ~ add ition

of a rm tn t  or c . p I t  ‘i t inc t o  the micromcchan l ~ -n- ; - i t  .-r ;— ro~~r .-In

plot package . this r ’ e t  1 m m  was used Ic’ obtain all of the re’ .t ’ ; presented

in  Re t , ’ren. ,

Anoth er t r e e  o~ I it i r e - I  w~ I. ~ wa~~ ~~t - - - 1 t i  the - emp.esi te Materials

Rese a r c h  ~~~~~~~~~~ ill , r t  ion during the — 
- - d -  ‘a’:i r study was the conce~~ by

polymer chem ists l’e cvnrh.’si:ing r . - - d m -  which have mechanical properties

l eadin g to V ; r ’ -..- - ! composite p i t ’ ‘ r imuc nic , .  In p u r l  icular. polymers hav ing

high s t ra in  t o  failure ar,’ being ;- n u p - ’ : . - - ’ for use (I~~1. As .i result of

di~ cusaion s with the senIor author ‘ 1  Reference (101 and other polyme r

chemi s ts during the :- .‘ - en .! Annual A rmy Composite Mater ia ls Research

Review at t~~m. !‘nivers itv of Massachusetts in May 1979 . and during earlier

conferences. it was decided to  use the •ierosw’chanics analysis to study

the potential benefits of thege potential matrix materials. Some typical

results are presented In ~rference (llj. Addi tional studies are planned .

C_ _  
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The ’ m i . m  - “ - - . ‘em : m  I ~‘pc anal ys I ~~ wa - - also mit ~e’d Ic’ ~ef lerate un Id i t  i- 1 1 ‘ m m . m !

pl~ - m .it ’ni. i l p m -  i t t  ~~ 
- - - ,  in ~, t m u e t u c . i 1  i;- it ions w!mt - n, - .ilj  .‘t  t hen

re ’ q u t t e - cI • c l i. -- . .- r . - ~~~~ m.n1cew-n . U~~e- —‘ut - i c  ..;- -,- i .i t l u m  in. reported in

ei ~ n. c f I .~J . . 1. u a t  .- t ~~~ ire In.! inc ~ n: re’:i~~1 mm ~ use in spde - e—

O t c i t t - t - i l ‘.n n~~- : - a re s .  it e- i m m - ~o of ‘ - , i n i-~Iti. e- d ‘— e-  m~tht - - and c x ’  n .-nn,t

1 o’~- t he r~~t 1 ox ~~it i S I c ’t i  c e ‘ - m m  t s in . i - c  1 ..n nt I .ut~ cn n t o  or lent .it i ens . In

i c  t ,  I:..- n :  . - n : - ’ .l e’xp.i c m ’ s ion c . c t t 1 j
~•I, n t  - . . m t e -  en s.c l.’~ 4c ’ nm n : , -  order

1(1 1° C - ‘t I~ ’~~- -~ I :.. t  t~~’- . - - . i t e ’ n ;.~ .~- l v  d n t  i t i l t  t o  e I t - t . - c n l n e  e xp e r l—

rn~’ n m t . c I  lv . Ih,~~-e v - . , m  ~ - - ~ . . t ’, ne .’ pred ict  .- - :  ~
, - - t’m ~ l It ,-  n’tcr.’ciri’~ t u intos  ana l~ s is

in conjunc t ~ ‘cm w i t h  a c~1 , i s s : c c ~ ij ainati- -! an ’ t m  - i t - ; - l - i t m  analysis ,

start ing — t I m  known c O f l ’ t I t U Cf l l  ~~~~~~~~~~ c l ; e - r t  i - -  i.e ., f i n ,-r .inI ~a t r 1x

t i c e r t i a ’ s ) .  lh.- - - .- 1t a - m t t  mat&- r~~i1 . - . : t , , ~5 i n . - not typicall y

ex tn .-n-~ - ~.
. 

- -
* , .~n.I ~;t - tn. , - ran n- i ’ m. - ,iscl m e d  t e - , i - - - ’ n . i h l  -m m~ t at  • I ‘ by t t ) f l—

ven t icena l ‘-- i - t i n - ,!’- .

II.- c;c .i~ ot  ii~ t ø~ie ’- ‘ i’S in t he’ v - i -  - u - ‘~ pi~ . -
~~

- .- c i -  no “- - ~ - - t i l , -  is

- 
. 

-
. 

• -
~~~

- 
‘ ‘- ‘ i , i t  .t: c - i n  i- . , oh” ~- - 2 out • and s - pt c cal  s -.- - -~~ ,‘~~~s

c c l  thr., t ed on •- .u: t - ,. .1 pt . . which ‘ -
~~u . n i - ’ ~ st-vet-al ‘., ,rs . Pi tr ing  t his

t t m,- ;-,’ n i ’ .! . t m , - . n ~ - material is , .ut ’ ) c ’c t ’ - - I.’ v i r ’~ - mt ’- le v e l ’ -, of

rei.c t iv,’ h~,i~- -. d i t  - - . ~iu- .ing t Ine - ct c i -  lut e ’ n -  • ‘n: t tnni j al l .- ‘-~~.- I I and shrink.

TIme cnm ’ i ’ .t ure di t I is  t~~nm p c - c c’s-~ ns si - — it can take several -‘ i - u t  s in a

V a eni’Ir- i t  r - -’on- cm t n : - e n . , t u n  .- (~~ v a compo si t - I .-v~ -n mode ran’  t I i t o k f l e ~~’-. t e ’

desorh ~h m mo ist - i - ~ h t . - - , it is Import i - In  n be .ei ’ I .-  to p red ic t  t h i s

m o i s n i a c , - . - x p. c nm - mt n h t s t ~ - n .  • t.. ’ t ha t the ‘pt  icic l system can he- ca librated

accordingl y . Since moisture i-x p, n ci c n coeffic ients are not yet ceu~~ ce nlv

measured • -
~~ - ‘-v n-. :mt - m l i v . .-- ~~~I- e n -c are .uva! I thi. ’ in the literature. The

mi cram ech an ics i - m i~ - - ;  - has t een eus ed ver y effe c t i v e l y  t o  predict these

V - C lue’ . ~~~~~

‘ ‘
~ 

—‘ I - — -—  - —- ~~~~~~~~~
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During th~’ thi rd v,- .,r , i. m icc .5:1,- , hanics • c ’ rnj ’uter program was pro—

v ide’d t o  h ’th ( tic’ Arn~v M.e te r i- .  L~ c t i c ! Me han l o S  I c e - s - a r c h  Ce-n t e’r (A ~~O(()

and t inc 1nt v ers t ~ ‘ o ’. ~r i ‘-ito I . I.MI-IRC pt- n nonnt’I v n s j  ted t h e  Un lyon s I ty of

Wv cnm ing in Litnu., : - - 191 1 h i m  to  use t lie program . The program is avail—

. i h1~ to ot tnt ’ rs  n t  j—m e .is _ e  1 • . ; -  :m t. -~~m ii - .1 , beIng fu l 1~ c ’;’.’cat tona l  .mt

this

)nt n ing t he ’ thIrd y,..cn n the ‘- t m . ! . , a 1 - in g e blan~ t -t ;‘ n o s s  ~~as

designed and 5 . n n t r t a  c u  t n i t i m t i - ! .  liii. - re -S n. is nearing com p l t ’t i o r~ at

the present t ime , It W I l l  he c.i~’,ci’ l e’ t mmri n~: .i composite cc~~ ponent imp to

h ’ x 3 mm ’’ in s i .’e . C: - t . ‘ t i e  c- - n - — n t . . . . t i n  -‘ - m t  i- ’ ials v . i, -  smmppc ’ c t u ’ d  by the

ARO t .! u m t  . Fa br lc .c n 1e ’t i  l i n t ~~~. 
...

~~~~~~~ ~t - ’v idi’d by the M.~. han i~~.il Enginee ’ning

Depa r tment . Th i s bl.Lnket p: ess t i C  ii ~t .
- , ~ h~’n - c.mt fonal, wj ll • renat l v  expand

t he Composite Mater ia ls  Rc- .t - ’ . i rch - - n - nm ‘s t i l t m . a r  i c - n  -

- - - ~~~~~~~~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—-- --‘-- --- -— --, .4.c. m - -
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5,( _ _ ‘ n  3

Mj c r c ic’mt- 5 1c.tn t c~ (‘..mputer Program Modtt :-  .c t  t ’ n ~s

I’ci ’t . i l ls at the basic rilrromechanicn. t hoot -v  developed during the

present study , .cm n d - i  ge,ner.c l J e s cr i ;’ t  ion of the .*sn.oc m c l i !  finite el~~ ent

nome r t. -al s_ ’ I-a t .c mm t e e  tnt fjic t~ mr m.1 C.~ : n e spond I . s - - :’i~’’- m t er r - r an- • t t ’ t

p t - i ’  med :; Re it ’ n . rc. c~ .
~ 1 . jim i I mm ~r he - I ii: ml t c _ . ’ - e u  0 of t lit ’ studs’, .i

number ~: refinements were’ ~n~~o- • : i t ,-.l • hoc _ e v e - n ,  To ass s t  the i f l t e l e - t  it t

In a:nii ’r- ~~-unJIng n, d i n  - - n ion t L ,-ie modi’ Ic - i t  ions have taken , t hey

. i c e - a”” ” ir  i~ ed n me n  ly In the - I c c _ - l u g  - mt . ign . i phs .

Comp l.- r  .- doc u~n-e ’ ut  i t  5- ’n - I  t ine micromenc : .urn ~~ s com;- i i t  c - n

i n - ludang d t ’ t i l l ed  t n c t n . i c ’ tc’f lS 1- - ’  i v -  m a s t ’ , let avai i.i’ le’ t rom n’ .-

M-ati ’n i - t i n .  Ri ’ - me .ir ch - r -  t H.- I n  i v . - : -  i ‘ V  - n  • - - “-- ing .

t :m , ’ basic t.-’c -riul in to ni ‘ ‘ m i t t  :n ,  d inn Re : e n , ~ n m , ~ (.1 o — - :mS unctm .i nngi ’d .

Mod it t u i t  i ons !n.uv, - hee~n ide pr in- .ir ilv t .m 1’’- - v i -  ic  m a n  i cy  - ‘r i- i - - .  usi- .

S t u , - ,- th ,- . : , - ’ .~ Is n m - .ini p r n - c r  fly to  c ud - - ‘~~
- s ’piu r i- arrays - i

circul ar fi be’r - i , n ixed (mu 1, c- Icr n g r id Is avail. -i bIe’ . A s p e c i f i c !

fiber v- -’ l u - - . -  c - ’utc -u t 5 .cnn be mt and t he program w t l l  s c a i, ’  this grid

accor dingi- . . t Icia s e’ l iminat ing the- need - rec ’nst mmc t .u gn Id f o r  C.Ic~h use .

Since’ .un i nc r e m e n t a l  loading solut n - n: ms used . i t  is possible t o

termii~~te n~ c~~~pmm ter run ct t ime ’ end - I  - un- .- load in crem ent , 51. - n e  the

necessary I.it,i and then r es t a r t  it at s -n .- l e t  ~r t im ,’ . This also permits

branching I : --‘- a n y point. For exanupi.- , hav ing s imulated the therma l

r.’ s m d mm - u — t t t ’ s s e ’S induced during curing, it m.c v be den.ireahle to  study the

subsequent ri’ -c p c c n n - ; e -  t o  -~ever.c I di iferent l oad i ng conditi ons , with or

-wi thout  nh. subse quent addItion of m o i - n t m ~re. The res ta r t  capabil I ty

_
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permits the analysis of thes. different conditions without the necessity

of re’pe ’IctIng nin v prior co~~~on loading increments , resul ting In significant

saving . in computer run time .

The def init ior : n of ocr tim , - c i ra l shear stress and octahedral shear strai n

have b.’en reexprcsn.t ’d li t ornn; more sul intl le for computer use. The

•!,-n Inition ci the inn: m5c i slop .- of the octahedral shear s t ress  — octahedral

shear St rain -ur -~’,’ has a lso 1 , -c -nt modif ii’ ! accord inglv.

in the initial .:- .Il ysib .ini ! computer program , fai lure of the fiber

was ~h’tined in the same manner i’; the m.’nt m ix material, viz, as occurring

when the octahedral m-i ’nc: nr - ‘- re~s’; (or octahedral shear strain) a t any loca t ion

within the lb i ’r -c. m s •‘x. - i-oded . As iik’r.- extensive micromechanical analyses

of anisot rop to gr .t~~! In. ’ f I I ~e r s  v. r,- pt c- I c rc.. 1 , i t was f ound that an

octahedral criterion (wh i c h  Is easent I - n t i s ’  a distortio nal energy criterion )

was no t adt ’qu.at e’ . The c r i te r ion  was reexpressed In terms of material

principal stress allc ’w.’m~-le s, wh ich now r - 4 l e ct s  the anlsotropv more accura tt ’lv.

in  the ’  init ial  ~~r m r - l n~ . coefficients nf t - t - r~ mal expansion and moisture

expansion were not ca lcula ted and output , alt hcmi gh composite strain

increment s were available. The program now c ompu te s  and prints out the

thermal expansion c o e f f i c i e n t s  [or any incrment. in which a temperature

change only is app lied , and the moisture expansion coefficients for any

increment in which a aoiqttir,’ change only is applied .

The normal and shear stresses around the fiber /matrix interface are

now also calculated and stored for plotting purposes.

A complete printout of the stress state in every finite element for

every loading increment results In a large volume of output , much of

which may not be needed , Thus, It Is possible to specify only those

-

~
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increments for which a full printout is to be provided. However , it may

be destreable to trace the loading path of a particular element throughout

the entire loading history. For example, if a particular material region is

successively loading and unloading, or the temperature and/or mois ture is

continually chang ing, it may be destreable to verify that the material

response Is following the specified input stress—strain curves . The present

versi on of the program permits the specification of an element for which

comple te information is printed for every solution increment.

The data output computer plotting routine has been completely revised

s I n ce  Referenc e f 2 J  w as w r i t t e n. At tha t t ime only the princ ipal stresses

were plotted , .ls vectors originating at the centroid of each finite element.

The d irections of t im e’ tn—plane princ ipa l stresses were indicated h’.- the

directions ci the vecto rs , wh ile the third (out of plane ) pr inc ipal st ress

was plotted as a vector at an angle of 135 from the positive x—axia.

The magnitudes ci zimi-sc three stresses were indicated by the lengths of

the vectors. Negative values were indicated if the arrowhead pointed at

the centroid rather than away.

In the present plot pac kage, contour plots are used to portray

these three principal stresses and three additional quantities of interest ,

i.e., octahedral shear stress, octahedral shear strain , and the in-plane

shear stress. Also,radial plots of the normal stress and the tangential

shear stress around the fiber/matrix interface are available. By

specifying the plots wanted , any combination of these eight plots, for

any combination of loading increments, can be obtained.

The availability of this extensive plotting capability makes it

almost unnecessary to even refer to the printed output .

- ‘n’
- - -
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Al though not part of the present ARO study, three major additions to

the Mn~-romechantcs analys is and associated computer program are currently

in progress. Under Army Materials and Mechanic s Research Center (A?*4RC)

sponsorship 113 1,  a longitudinal shear loading capability is being added .

That is, it will then ! c  possible t~~’ stud ’. the influence of shear loads

applied parallel to the fiber axes, as well as normal loadings.

Nonlinear viscoelastic material response is also being added . This

has been propo sed as a task under the ARO Grant described by Reference

(1J . Although the grant has not vet st .irted , work on the viscoelastic

a n a ly s t s  h.is , .is an in—house e f l o r t .

Under .i NASA—Lewis ~rant (l- ~) , ~‘tes ent l’. tn -i ~t s  second year, crack

initiation and rcp -i~:.tt Ion is being - *~ided to the micromechanics analysis.

This will permit the study - ‘i micromechanm.al response beyond first

fa ilure , to total I.iilure of the unidrec t ional pl y . The eventual goal

is to d.-’vc lt ’p a ph’.- 5 h- .tl failure criterion , t o  support or replace the

phenomonclog.cal fan lure theories in prese”n t use.
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Sect ion 4

Abstracts of Publications of Reoult~

A signi ! i c . in t  number of j~-irna 1 pub li .it ions , published conference

proceed togs, and unpublished conterenc e .ind technical meeting

pre-.t ’tnt .et ions have hct’t~ pre -pu od t a m ed upon-. 1i e ~ research work performed

for AR.) o da te .  Add it . ~~~~ 1 public at Ions a, e planned .

Br nef abstracts ci these publ icat ions and ;‘re’st’ntat ions are

prest’nt .‘d hen e- . Co p i e s  ct the ct~~pl O t t’ pa ; e’ r ~ an- c, or wil l he , jva I l .abl e

f rom the Compos1t~’ ‘-~.1t. - r l , 1- - Re- - i t ch Croti ;- .

-.. 1. Repom ~

A .K. Mi I Ic r and P. F. Adams, ‘M i .  Fo r,’ch.in ic- i l  ~~~~~ s of the F.nvi ron—
mental Betiav mom of Composite Mater na Is ’’ , ~ t-;~. - r t  l~~ 1E— bR— ~~l—lI l l
Mcch.tn it - a l  ~ng I neu r . ng llc;’.i r t m . ent , In n  Vt- n~~ I n  ‘. ci Wyoming , January 1977.

This repcn  bt’~~~i~~ ’-. -
~ t l i a literature survey ci numerous invest i—

gat tons of the et f t ’c r  s c i  m o i s t u r e - on I flu-r—reinforced composite’s

fab ricated using p* ’l - .-~~- r nc r n a t e r i i 1 s  is t he’ -n .it y ix constituent. It Is

noted that for :e’nt,..fl conditions, the result- - reported by dif ferent

investi~ .itors shown s,’e~n nn1n- ,~lv anomalous property increases for composites

when t hey  a re  cuh~ ccted to high ne - is tur e  .-nnd temperature environments.

These property inc reases i n . - postulated to be the result of moisture—

Induced dilat .it ion al strain s wi thin the matrix materia l, which rel ieve

the thermally Induced (curing) residua l nit -rostresses In the material.

The su rvey reveals no previous analytical efforts to account for the

effect s of both thermal-and moisture- induced strains on the microstress

state of a composite, nor for the temperature and/or moisture dependence

of the .-on stituen t material properties.
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A f in i te’  element ana lvs im ,  method it ; developed to analyze the micro—

mechanical s t r e s s  s ta t e  In a I it ’t ’r—rctn for ced composite. The method is

based on general I :ed plane strain cond i t ions , wh .- lm pe rm it s a pseudo—

t t i i o e ’—dtmensional analysis. Nonlirn ,- ar (plasti c ) material behavior is

Included , whIch n. ’qni ~~m c-n tha t the . in,i l vsis  Ut ii lie incremental loading

parameters. The e e’flSt t n t  Ive’ r~ l it  ionsh I pm. t nt  isO t rcp i~ p l.ist Ic mat rix

materi .i l behav ior are :.‘r m -- mm l.itc d for both ;‘ i e i m e -  ~.tr.i i rn and generalized

platte strain conditi ons , wit h hv g rot hen ’mm -t I J ilatat  ion, strains included,

.IS ,in - t he ce t niSt t i nt  ivi . t - ; u r t  i on- ~ . r  n r - i n - ’’ e - r - -.eiv .s.’tr oplc el.ist it

i her n.i t ,‘ r i t  I be h.iv t o n

A unn i ’ ;u t ’ .is pe ’c t  .~t th e- iflil  V s i s  mel h ~t p re-s t’nte •d in th~ ’. report

— is the iflc h i s  ion - ‘I the f unct tonal te ; t ’ t i t i a mi. . t  t ime ; ‘nst  itut ive,

rmm .ute r i .il prcp~’rt I es on t t’mnpe’ r -itu re and ’ or no s t u n  e- . -\ method ci so]v ing

the result ing g loba l equ-i t loris is used which il lows all external trac t ions

t~ be applied cit : l t i m m e - ” . r , l ’ ,. Ihe solution “- -t ,- ’.t permits .;n extreme]

elf ic tent incremental tm ~ r l- - - -. it; rout Inc to he d .’ve lt ’i’e’d . The fact that

the material pr. p~-rt to’. i r e -  not constant, but functions of the onvir on—

n.’ntal state , req u i res  tha t chagni~t’c in t h~ envnronrn,’nt a lso be modeled in , -

small incremental steps. The anal y si s method permi ts the environmental

changes to he simult,ineouslv applied along with the external load ing

increments.

Ex amples of app l i ca t i ons  of the analysis method are presented .

Transverse loading of a unidirectionally—reinforced boron/aluminum

composi t e is analyzed, and the results compared to those reported by

previous investigators. Transverse and axial loadings of a graphite/

epoxy composite are also analyzed . The effects of temperature and
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moisture changes ott the i n ic r e s t r e s s e s  in the composites are presented ,

base d on idt’ .il i .e ’ d mtne~ h.inlcnr l ;m ro p t - r t  ies of the e - p . ’ x v .  I~ is shown t hat ,

in some case ’ s , m o is t u r e’  dilat -it ion . t  the matrix material can reliev e

local r~’s tdu.i I cur ing ~- t  Fe’sm.t’s suf f i c ie n t  lv it’ result in a net ~nc rease

in :ymm; ’ s l t e ’ s t i t ’t i~~t i t  ;‘r opt’ rt  n. ’s of a polvmem - mmm.ir r ix compo site .

~~~~ 2 .lournal i’~i~’l i c at  ions

.).F. Adams and A .K.  M t i  l e T , ‘‘ fl~~~r ; t h e - n m m . t l M i c r e m s t r , ’ • ,,.,’c in a i n . —
d ire ’ e- t i o n , i l Co mp os i te  Exhib it ing  Inelast ic Material Rehavior ”, Journa l
ct Comlosite Mat e r ia ls , V o l .  11, No , 3, July 1q77 , pp. 28S—2q9.

- ‘s. finite element muir - ical anal ysis inn presented wh ich  nt - d c - I s  the

m t  luences of t emperature’  v.ir i t ions e:- i..1 d ilat.i t i~~rts due to mon sture

absor pt moa on t he ’ icc il st ross s t a t e  In a u ni d nru -t I n n .il iv —r ,-in for c e d

compos i te  -m~ i t , - t i.il. T ii t ’ m ,t - mni f hmo ’ n t i’s .im. -  ~eJ nmt ~~s t i h ,  in both f l h e - r  and

main m x ,  -cud ,Li mater n i l  p rope ’ r t  tt -- - a rt- tssmnmmt -d to i -  t emperature— and —

-
~m stuae—depe ’rndent . The f be’r i -’ .issml.~ , t  to be e’ i.Ist ic and t r a ns v e i - s e ’ lv

isotropic , t he rmi~~m mx . i t e ’ r n . i l  in n . -  I .rsti c -in ’ ’ n- .otrop ic. A ~ e ’n~. - y i l  ized

plane st ra in ~
- cud i t  ion is t o r1~tt I at ed , wh t in permit t h. analysis of

applied nornal loadings in three l i t e - c L I e n s  (I.e., longitudInal and

biaxial transverse) combined with arbitrar y temperature and moistur e ’

con ten t changes . Nmirm ,’r i .a l  re - ti lts are presented for a t’.-pi cal graphite/

epoxy com posite- , indi cating the r t ’ n.ldm,a rnicrostrcsses induced during

cooldown front the curing temperature , and how they can he altered by a

subsequent rm cistu re absorption it room temperature. Results are also

given for pred ic ted  microstress states and failure initiation in a graphite/

epoxy composite modeled both with and without curing stresses and moisture

dilatati on , fo r a transverse norma l applied loading continued beyond the

elastic limit, to f irst failure. —
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D.F. Adams and A .K. M i l l e r , “The I n ! luen t’c of M ,e te r i a l V a r i a b i l i t y  on
the Predicted Environrnent.i l helt.i~ ’ to:  o t  ( crnp.’s te Materia ls ,” Journal o1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V I . I II) , N - . 1, Januar y 1978 ,
~~~~~

. ‘‘—~~i.

The stresse’-. and strains i r ne iu c e-d in a composite material when sub—

o ct  t’;I to  rn,.-; h i n t c i  1 load ’, ~~ c shown be n-I r - m m ~ 1 v influenced by prior

exposure to  both tem p&’r .ntur&’ e-h.s rngt ’s ( i ’ . ~~~. • c ’ - - Idown i n n  the curing

temperature) and nn~~m s t u n e  .rb- .orpt to rn (e .~ - . , - ‘- .-ni r n - i n t e l  e x p o s u r e ’  t n ’

anbient condir t oni at tt ~: c u re) .  l I m e ’ ; e -  envir -nu’; .’u(, iI .‘f f .~~t ’, .ire- in turn

t i t t  luence ’d by mn - ’ r ’ rn i l  ~‘ - er iabt t r i e s  in i N .-  basic pro;’ e ’ r t i e ’s ci the composite

cortst I t n t  e n t s .

Is  m rig ,i .- - .- : m m  I . deve’ 1 opt- el t in t i  e- el.-” n t nur e- T i -  .i I model — i  compos I te

mate r i .e I ;nt ’ l is t  j c hvgr;’t  hernia l .-s ;’cnc e , v.- r r i a t  fo rm-  i n  s t T e c c e s  and

t41 r e ins a re -  l-.!’ -~I t ;~ t ,J  ~im- a (uni t ion c il ~- -.r nt  ions in - - i ns t i - i it -nt r a t  c-i i.i l

properties. A t v ;m ; ii ,~raph i te /e poxy c otnptreite mm ; se ected - n  de -t.i iled

study. Tl ,m s S- -- s t c n t  is - t p a r t  n i l - i t  inter est l t ; i ii s , -  o t  the .inniso t r- op ic

nature ot ~:ri;’h t i e ’ fibe rs , and tb. ctr cnn~: t or.; : ature anna nto fsn i t. ’ de—

en c’ ot he’ e’p mx \ mat r m . S p c’; 1 f f  c I N , n pm ; ’ p.’ n- t v var t i t  ions con—

stm Ji’rt’d m t - h i de’ t r.i - ;v t - r - .e- rrc~d u1mi- , m.n~ or Poi- .m-. n ri ’s ratiei , and mn — plan e

Po isson ’ -; rat  i~~. ~-lesult~ are c cn r j me re ’ d  with t I i o s - obtained fo r an isotropic

f iber c ‘nt;’c-~ l t t ’.

A. k. Miller and D. i- . \ciarns , “lne l a st i-  F i n i te ’  Element Analysis of a
He t enr , s~ ,.ne~o a s  ~ltd ~i,nrn Exhibit  inng  Temper at u re and Moisture Dependent Material
Properties ”, F ibre Sc ie n ce mind r — - h n o l - ~~~ , Vo l. 12 , No. S , September 1979.

A pseudo—three—dimen si onal finite element method is presented for the

analysis ‘f t h e  nt icro stresc state within a fiber—reinforced material. The

method is based on ‘ slightl y revised definition of the generalized plane

strain conditi ons. The ana lysis includes both inelastic and an isotropic 
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ransvt -r se’ lv m sOt rup t c )  mat~- r t.t I proper t te ’ t - .. The necessary mate rial

:natr ict’s t ’ r  e ! , e  -t it~ i S ot r o pi c , ine!-~- ; t ii. iso t rop ic , and e las t i c  in i sot rop i c

m at  en  n~ e 1 be - hay ion a r e  g iven u.nd on the cond ir  i ~ms I generalized plane st rain.

-‘ unique ~e s ; c - c t  0! t he- a n a l y s i s  is t h.et eni ’ -- ironmenta l dilatat ional strains

are inc luded in the i n c - l i - - n  mc  n ’flsl i t u ’ n i t  r e t  i r m a !  t o m m i i l , t  ions.

The J.-p -n d&’ nnc -~- n i l the met e l  - c i  p t - ‘pt -n t m e s  on I t-rn~~e- at  u it ’ and/or

mo in- I ti re m ‘- t’x tended in it ’ N. - I m e -  la s t  c : r t . I t e -  r t a 1 range . A means of i inc or —

‘on i t  ing these ’ i i \R i n ’t  i - ’-nn .c l lv de pt’ndenut irn.et ; - r m.d propert ies b~ un ir n~ the

k tch . i rd— RIac k lo~-~ ;‘ - e r e:rn i n  m c  n~~l. i ing  t n - i t  ions is ~at  d ; m~ .-d . A nunre ruc mi ]

e’x.cntp it’ inns .- ing t in.- m”N’ - - m en .- c I nnc hod ing t ie - I u n t I e’ i i ;  u~ r c- dependence of

- - m m - -: ut  iv ~:t-ri.e l ; t i c - - wiR - ri i : i u - -~~ing .i m i - c r — r e i n f o r c e d

& ‘mpos i t e  -rnan ~
- - e l  m s  r ; ‘ - - - ‘ n t  .‘d.

ii. F. Adam s and ‘1, ~I • i I’ , ‘‘ (o ut  r n i t  m - m m - , - t t inc Pc I \niit’n ‘-~,it n - t o  Ito 
:m ’tht’rma l and ~k,ch. irm ’~~.e R.- ’~; ’ mi - ..- - -1  .e Compos ite  ma ter ial ,‘‘ t o  t ’’~-

pubi usht’d li- i rh.- :‘ i ’~u iit i~.

The de -v. - l . - p r n r c - m m n  ot c- -~~ -~ - i :u e t • n  t ,e l s  during the’ p e s t --e-\- e- n i I

dec,ich’ s has e’rnp h e - ~ i ‘ . lie ’ Improv~~ ent o n I her proper t ies .  ih’wevcr , the

p
~’ 

l vrnee r t~ item— . isi is ~~ ,~ mm ing - .r , ‘‘Hosm can t t ;e ’  mit r ix i -c -  mod if led to

I i i  tN,-r  int pr- ’,~,- the ,- - e ’ n ’. - m m-m e n , , - or . ‘ - tn ’ nr p~~-~i n~ - ‘‘ Since the pol ymer

i-et rlx t y p i ca l  ~y exhibi ts -it l e as t  some i.- .~r cc ’ -~~~ nonlinear re ’ r-mpo nse

pr io r n f a i l u re , arid I s s i rh lec t  1 mc v t - t v  complex stress s t a t e ’  induced

by the fiber- ; p resen t in t he- composite , ietcmiin ,e t ion of the contribution

of the matr ix is - i - ‘m -p l ex  pro c es s .

( :on i cmn r r e -nt l y t ine’e ’ ret  t c.el methods of predicting the response of a

compo site - have been considerably refined during the past few years. In

pa r t ic u lar, the so—cal led micromechan ics analyses , which pre dict the

composite’ response of a unidrec t ional pl y as well as the local stress

states in ihe’r and matrix, are applicable to the title prob1~~ .

- - - - - —~~~ m- “- ~~~~ - - — - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-

‘ ~~~~~ W~~~~~~~~~~~~~~~ ’i ~~~

— — -‘-
~
,,, ‘ • ~~ , ~~~~~~~ ‘ —— ‘“j



20

One such ntm cr om e ciu - enuit -s a n t , e l v s l s , developed by t ie.’  author and iui~

c i  le - .i~~uie~~~, ii .t~ been used t o  pr ~.d mci the Ant lue-ru - en of variations - - the

polymer matrix pt o j ’ - ’. t n irs on cc’ rnpos i t.’  response t v.i r b u s  combina t

~ f t~~~peratur e , mo isture - e n d - i l - I ’ ! led lt ’ e d  ings .

Basic cx 
~~~~~~ 

- .-n-:.  ci data e n  •iv i t  I i P-. i I ; r N. e.pe x v matr ix  mater ia ls

in cur t  u - m i t  use, includ ing compl. - r.- str e”,s— s ’ :111 1  carve- s to fa i lu re  t o t

v.e r touts Lest t e~~pcr .etures and ru st t a re- ~~ ‘nn t s - :  - ~~~. is - t n t  luence of spe~;
- i t  ic

vat l i t  Ions cci I his mat rix l’t’h.iv for have i’.’t’i i nu de led , t o  dent i t v those

modin i c i t  ~~~~~~~ o t  the pol- ’- .- r whi ii , 1! ac b,,’.e-d , would imp rove t ine

r o rm.enc e ot t he • - - c 1 rig ~
- . ~~po~ in ,‘ . Vat .c t Ions t -n s m d i ’ red t nnc l ade

mat r ix nt& ’ due l i i- ., u it m r - c t . - - - t r e ’ngt :, • St .e an  - - at 1’ - . - - c - i tic i c -n t  -

t l i . -rrm.e 1 exp.ints-~~- - m ’  • ;~t ’t ’ t  f l  i . - m m t  of ~~~~ st  c i t e  expan s mo m- , and the t em p e r a t ur e—

.ind rio : -;tur ,- - I , ’t~,’mn f. -n n & ’ of t ’m . - - ..- r~ at r ix pr- ’ n . - r  ics • as we! i mis rn - - u t  r i x

vet Lt~~c nt m t  of r No compoa i t  e .

The ri - s t i l t - ;  oh’ ained g e~ ’s- t he ;- ‘ivr s’r ~- i - - - m m - I f I~~ guidel ins ’s as to

the di: , ‘ ions t in ,- ,fs -y e ’ lt i ptrne n : o t  polymers - m id take In order t o  resul t

in .-onpos lt.’ r u e t , - !  m u s  having lrmp r ’v ,- l per~ crrmn .i ne .’ in •-n particular envir on—

aent and loading s t a t

~~ . 1. Pub! shed Conference Pt - - .-.‘d tugs

A. K. ‘1.11cr and D .F. Adams , “An Inelastic Mi-romechanical Analysis of
Graphi te/Epoxy Composite Subjected to Hygrotherma l Cycling, ” ASTh Con—
ference , “The Env i ronmental lif ec ts on Advanced Composite Material s”,
Day ton. Ohio , ‘~eptii’d’c’ 1’~78.

Result’; are presented - ‘I an ine las tic finite element anal y s ts of the

residua l rui cros tress state in a unidirectional graphite /epoxy composite

subjected to temperature cyc l ing from room t~~peratu re (294 K) to 405 K or

a combined cyc l e of changing m a trix rneis ture content from a saturated

condition ( S . fn percent water by weight ) to 2.0 percent moisture content
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w i th a simultaneous temperature change from room te m perature to 3 $ m i  1K. In

— th~ analysis , the graphit e fibe r ’ ate  modeled as being transverse ly isotropic ,

and .t- .--oume d temperature— and moisture-dependent properties of modulus and

St I ell~~ t h to ! ir~~~’X v - e r .  - a t  l it red .

The ~e~smi lt,. Lfld m~ c ! .  t i n - i t  r t - i, i t1v e - l~ ~ - e ~~ : r e s i d ua l  mt c rostr e~sscr.

est i  it t r oct t he  coolduwn -! the composite ‘n- the ~ur trig temperature —

I -.50 K )  t o  room I-rm l e - r  nit ii u , and tha t in port , & ‘t’n s  - t tl.i~ matrix mater i.e 1

t ttc ’ t e - . : di .~~i s t t , - s SC$ nea r ly  exceed t i n , -  v t . - ld strength of the material for

a end p e r - - e m i t  y cilmem- ,- cospoalt i- . It i~ -~~
-
~~-~~~~

-
~~ tha t m o i m — r u e r e n  sa tu rat i on  e el

he ru.c r ix c cli t,t 5 mu mx v • e Id I ng t f l  - - t h -~ fl - c r u d  riP pe ‘ - c m l  t ib e t vo lt~~e

com pos ites.  It is rioted t i~ it m m n - - * - l na . - : t therma l cyc l ing ,  on t l v g r e ’t l i t- n t dl

c - c  i lug , pt  -n-n ’ t o-. ~tt~’ n it . - c hmunge- s j~~ 
1 me ’ s, ri i cr o ‘cit ,-ss t.i I es wh I cii .e eust ~

4 :ntcnis ~‘nn.i I must ab i 1 ii y o I t • u c&nmpos it.’.

D .F .  ,~dar nc , ‘ m : t  I - c ’ i- - O f  ) .nn ’.- I : - mc- - c• :m t On t he t i r m e - n n s i o n i i  Sta b i l i ty  , t

Fibe r — )
~ t mn f o f  t ccmpc’c it . -  S t r u - t u r e c ’’ . P r ’  c-ed ings ‘ 1 the i on crence ,

“Er-tv i t  -mi m i-m m ii II I - end is ’ g t ,id.i t mcmi cc flu .~ one, - I ng M;i t o t  Ia 1 -, ‘‘ , VP I 511
Blackbu m g, ‘.~~~~. c c  t o m -, -m l’ u

A finite element — romechanical •an.u l~ - ..as Is iis,-d i t ’ stud y the

dtme’ rn s Ion.; I c it-en.: . - ~ ;t~f nr , t -d in n .1 unidirec t m&’ n.u l lv—re in f cc rcc d  .nrnp. -s I t o

due to vartat t ins in t , ’mp.- r . i t u r ,- - and moisture content. A ty pic a l graph lte /

epoxy com posite ia -i -. s e j r ’, - cI. The so ns iti vi t v of these ;— r ed ic - ted d imen-

sional c hance’. to variat ion s in var ious constituent material properties

is indicated. T tne -  presence of absorbed moisture is shown to have a

• significant iniluence on the appa rent therma l expansion properties of the

composite ;rntic ~r certain conditions. The effec t of moisture dilatation on

the subsequent mechanical loading stress—strain response Is also indicated.
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I). F. AJ~enn - . and M. M. Month , “M,,1 s t u r ’ -  Expans ion .cn~t Thermal Expansion
c ’e t  I i t tents  e Penl ’.-nne-t -~! e t  m x  eomn;’~ - - i t t’  Material , ‘ Proceedings of the

Fourt h ( t i r t t  ~- ren.- c ’ c’f l  Ft t r o t a s  Compost t eS in S t ruc tu ra l  )c -si gn , San Diego ,
Cal i forn ia , November 1978.

- Ihe t nh l t i - m m e e , t  vari .ii 1t ’ mn - ~ in fib er and matrix constituent materia l

it r olt .r t teS on the not- - n - r c -  in -u! therma l expansion ~o,~ff lcie n ts of a unidi —

re .c -t i c in .u l c ’rupt ’ s i t e ~ is d , - m n , n s t r a t t . d , u s t i o  ,i t i ~ ~t e - c - l i - m s - n t , inelastic

mj , - r-n ,c-c h : c n t c s  ana l \ n -  : s . i’t m r . ,~ of  the cot~~ tnl y Ut I I  f r ed graphltc /c .p oxv

~ - c t ’ - r : e j  5 % - I , ”-- 1. - j ted for  d e t e l l , ’d . e m n d i ’ - s is , u s i n g  available cx—

u t  i— c -nt a I v.; tu i , - n  c n n the const it tie -nt ut  c r ial ;‘r o pe- r t  ies wherever possib le.

The e’poxv -- - i t t  ix  is c - - o r’ tf to be- t h- r  n i l , - - . isni —en in all cases , a polymer

-..-- ft tch is t i l  1- ~ repres’ I: ’ c i  ~ve of th. %- , u r l  ‘ u ~~ - - t m- ; t n r , i ] c -pox i t- s  in curr ent

i c - . The t s .  gr e ; , l I ‘ e ~ ibt’rc an , Ce’ l imit s.- ;-X — - - 
. Hercules 1*15, and

ii~’r ~
- u I s - c  •\S  . t .- r c i  I v. 0! high , nrc-  t om , ~ ncl I o~

- riodu I ns g r.i pit i t t -

f : i - .-t  ‘ - , n’ - ., - - - t i v e I .

The s i n , I i v s n S  tnc~~- : c - - - t 1 nc’ i n f l uence s  of f l i e r  anisotropv , mn.-nt r ix

in ,- I .n’u Ic it ‘ -  
• 

.‘— i n  - i t  .- - iti -f — ‘ 1  store—dr •u— ” dc -- n I m.-nt r I x material proper—

t i es , v i r t i t  tin S in n— cl r j x  1u-rru,-u 1 xpans ion and ‘ i s i t a r.- expansion cc—

effici ent c . amid I ~n e - r  v o l n r — c - con out . Results .ire’ presented for both

longi tudin a l and transver se c o e f l i c i e n ts  of t lce rnn.u l expansion as a func-

I t in cc ! temperature , inn-I mba ’  nn r re s pond 1mg c - c e !  ic len t c of aol - ;t ‘a rc ’  cx—

pans ion as -i n u n t -t ion of r o r upos i te  moisture weight gain.

P. F. Adams , “Tempera ture- and Moi sture-Induced Normal and Shear Stresses
• a t the F the r— ’~N ir r t x Interface in Various Compo site Materials ,” Proceedings

of the 24 t h  ~at  tonci l SAMPE Syapositmi & Exhibi t ion , San Franc i sco , California ,
May 1979.

Usin g an e las t op la s t i c aicromechanics analysi s , a study is made o f

the local stresses Induced in a composite , particularly at the fiber!
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aruatrix interfic,’, •lue’ I t ’ cooleiown from the cure temperature and suhs --

quent moi s ture ’ ,i~ts o r p t  ton . Four polymer—matrix composites are analyzed ,

r.-prc se nta t  iv. of high, med ium , and low modulus graphite fiber , and S

gl a -us f t ~’ e r s  in -i typical structura l epoxy matrix. Ac tua l propert ie . of

~Y— 70 , ftMS, .end AS graphite’ tiber s , S gl.as. fibers , and Herc u 1e-~ 3501- f,

e’ pccxv .r rc ’ used , assum ing .n 60 percen t fiber volume .

P. F .  ~~cjr ,ith .i nd 1). F. Adams , “Moisture Absorption Analysi s of the
Thematic Mappe r : ra p h it -  Epoxy Composite Structure ,” in bound volume en-
t it l ,’e! Modern Pi’vol~ p~ieu t~ in Composite Materials and Structures, ASME
~ int - -r Au nti e 1 ‘ f t -c t tag . Y~e -u York • N . Y .  , December 1979.

C r e ; ’ h i t c ../opoxv  - n ructures nave been used in the Thematic Mapper to

r- iuim i,- ,- t i t,-r ’-- .- i l l v — i nd n n c e d  dimensi ona l changes. However , noli ture ah .orp—

m ion during n i ”m - t c a t i~’n end p relaunc h ass embly can also induce dimensional

variati o ns . The se mo is m uro—i nduced strains we ’re predicted for the Then.- tttc

Mapper — c s t n ~; a d i ’ i n a s t ’ m n  .in;ilysis , a n”icromechan lcs anal y sts , and a 1.-jim -

m ated plate - - t r ess anil - .-ci s  with the environmental condition. and material

properties is inpur. par.ims’tcrs. Changes were then suggested for controll-

ing ti-nc - pr el .iui n .-b envir’n—a’nt t o  mini m ize moisture—induced d imensional

variat iOflS .

4.4 Seminars and Presentations

“Environmental Behavior of Polymer Matrix Composite Materials ,” Army
Research Office Rev iew of Degradation , Deformation , and Fracture of
Polymers and Polymer-Based Composites , Wright.ville Beach , North Carolina ,
October 197h . -

“Composite M .iterial s: Influence , of Property Varia t ion, on Performance ,”

We,tbolloi., Research Center , Shell Oil Company , Houston, Texas, May 1977.

“The Influence of Material Variability on the Predicted Environmental
Behavior of Composite Materials ,” ASME Winter Annual Meeting , At lanta,
Georgia, November 1977.

“Hygrotherura l Response of Polymer Matrix Composite.,” Eastman Kodak
Company, Rochester , N .Y ., February 1978.
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“Hygrotherma l Response of Polymer Matrix Composites ,” Workshop on the
Effec ts of the ,’ Env i ronment on Po1~ mer Matrix Composites,” U.S. Army
yatc ’rials and Mechanics Re-sear ’f Center , Watertown , Massachusetts , May

• 1978.

“Lam inate Ana l yse s, M icromechantcal Cree p Response , and Fa tigue Behavior
ot  Polvuat r Matr ix M a t e r i a l s ,” Second Annua l Army Composite Materia ls
Research Ru ’v tew , t’n iveracit v ccl Maun.ic - husetts , Amhers t , Massachuse tts ,
May 1Q79.

- , , 5 Pub I.! c,i I ions P

D. F.  \damnn s and P. F. W ai rath , “Exper ime~n tal Data for Hercules 3501-6
Epoxy Resin S e - - a ~

- u i n n u : t  Ion ~‘t  re ~n~~’e - ra t  ure’ .Ini,: ~~- I store. ”

P. E. Wa1r~ith and P. F. Adams , “Hvgrotherma1l~- Influenced Mechanical
i ’ r o ;—e rt  i t - s  of A’~fl’uO1 ‘- (~raphite-!F poxv and ~~~ ~5f)l—f, Class/Epoxy .”

P. F. ~dams and 8. ( . S c- tn . j f f c - t , “M icromech,ani~ s Predictions Versus
Ex; ’~’rt ment -i 1 ? ‘f e a au r -r i - n ta  t i? n n - i i r c’, - t l o n a i  Composite’ Proper t i t’s . ”
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Se~ t j o~ S

P.irttci;’~ttIng Se-t ent i fli Personnel

The’ e’ f l t  i~ 
- t 1 n r t - e ’ — ve - ar s’ — i ~~v w -c s  tinder t he. general direct ion of

Pr.  P. F. Ad , em - - , wti e’ ‘;,- r vod  aa Program M tn i.e ~~e r  and Principal I nv,-st igator.

l’~a r i nit~ :he irct ~- .- - en- , Dr. A , K. M i l l e t , ini t iall y a Ph.D. candidate and

la t e r  .j Supply Assis tant Professor , s e - n v  .e~ a Pr incipa l Investigator

also . Mr. P. F . n ;r ~1n t .- . a St~~i ‘ Sci.’nc i s :  in t h t -  Composite Materials

R, .~~e e r ~~t i ‘ -r~.tn p • ~ ove r as the s,-~ -On-! Prlu~- pa l Invest igator  during the

I in:a 1. tc.-o ~- e - I r s .

P’ n. ’ ts .i- . u -  --
~~~ . n - - ~-h ~:.ii -s .eualvs i -  .ud a ss o clit ed co mputer program

‘ was de ’ve ’ lop t ’t! h’-- Pr. ‘~~~ 1l~~r , as h t s Ph.D. !Iis.e -r ta t ion . Mr. Walrath has

led most ~~t t h ~‘::‘,-r im ,-nt  el - Ispes t s of this •~nt ire study.

hi -- - . t~- r , - ,’ Pri:n. - i pa I l nv es t i~:e ~~-r - we -r e - assisted hv --a im t’ -r of

e and und~- r  ,- r . e - h n - e t  ,‘ 5t  Uj e -il t P:r :1n~ I t ;t~ three yea rs. Graduate

students W h i t - e r  ~~.- : - n t - ~~~~~, M e lvin Glass and . 1~~;c’ph Milner contributed t o

th~- o r ig ina l ‘~ n ;- -
~~ ~-: ;rc’grarr’iin~z and pl -t : o u a t  Inc’s associated with the

r i c r o m e - ; h e : ’ h s a n : - e l v s i - - , ~~‘rkin ~ d i r t t  iv  w i th  Pr. Mil l e r .  Undergraduate

qt eui !en
~ 

-: - - -Ic ~~~~~~~~ , “ ii ha , 1 ‘h :erv • - m d  Ross Benson did in It m l  work

in the ex;- c’ri-mem t al areas during this same - t ime .

Ph .l~. student Mohirned ,Monlh took over the microeaechanics analysis

and relate- cl computer program during th. second year , making substantial

revisions and additions , some of which are outlined in Section 3. It was

under his directi on tha t the computer program became full y operational.

He was aqs~ s~ e(! in d eveloping the plotting routines by graduate studen t

Mi chael M i l l s  and undergraduate student Anthony Hoyt. More recently,

graduate students Brent Schaffer and Daniel Murphy have made addit ional

L 
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changes and refinements , in the course of using the program for specific

applications .

Graduate student Stanley Craves developed the basic procedure for

converting the matrix experimental da ta to forms suitable as imput to the

micromech.enics analysis.

Mr. Wairath was assisted by a number of undergraduate and graduate

students in various phases of the experimental work during the fina l two

years of the study. Graduate students included Brent Schaffer , David

Cr ane , Steven Hayes, Ross Benson , and Mark Irion , all of whom started their

work as undergraduates. Participating undergraduate students included

Forrest Selmer , Richard Zinenerman, Patrick Dempsey , Kevin Kiger , John

Huenefeld , and David Peterson . Steven Payne . another undergraduate .

worked on the data reduction computer program development during the

third year. Undergraduate student Valerie Johnston assisted in computer

program development with the analytical group,

Graduate student David Crane designed and supervised the construc-

tion of the blanket press , under the guidance of Mr. Walrath.

Full t ine mechanical Engineering Department staff members who made

significant contributions to the study included Electronic Engineers

George Twitchell and Robert Seluran, and Computer Specialist Steven Ovnbey .
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