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INTRODUOTICN

This final tecnnical report describes the rescarch Performed under iSAF

Office of Scientific Research Contract F 4462C-74-C-0023 entitled "Fracture

and Fatigue of Bi-Materials" during the Deriod I December 1973 to 30 Septem-

ber 1978. The AFOSR technical monitors were Wr W'lliam J. Walker and

Lt. Col. Joseph D. Morgan Ill.

As suggested by the title of this researcn contract, the research is

directed toward a fundamental understanding of the Failure mecn.anisms of the

filamentary composites such as boron/aluminum ana graohite/eocox Ahicn are

technologically the most important examples of bi-materials. At the beginning

of the program there was an attempt to use the diffusion bonding orocess to

create a special material which could serve as a model for bi-material be-

havior but the diffusion bonding process proved to be much too exoensive and

the attention was thereafter focussed on the available filamentarv rnrtposite

materials.

The penultimate objectives of this research are the theoretical founda-

tions and the exoerimental justificE m, for a structural design rethcdolocy

to be used for the design of filamentary composite materials to meet USAF

damage tolerance and durability requirements. To that end the work has both

theoretical and experimental phases,

Analytically, the structural combination of filament and matrix can be

viewed from tao different aeometric scales. At what is termed the "macro-

scocic" scale, it is assumed the filamentary composite is orthotropic and

homoaeneous. The other scale is termed "micro" and views the filamentary

composite as a bi-material.



On a macroscoDic scale, the stress anal',sis of crac:,s " cr:::

materials and on a microscopic scale, tre st-ess sinzulrltv aC 3-ress is-

tributions of a crack lying at the interface of a bi-material nave Deen

studied.

The experimental work has encompassed the compression-compression fatigue

of graphite/epoxy laminates with holes, ;he tensile fracture of uni-directional

laminates with circular discontinuities, and the tensile fracture of cross-

plied laminates with various geometric configurations of discontinuities. /

SUMMARY OF MAJCR FINDINGS

I. As a result Qf our experimental investication of boron/aluminum bi-

materials we have oroposed a formula to predict the rapid fracture of

[ 45/0] boron/aluminum laminates. The motivation for this theory comes

from linear elastic fracture mechanics as applied to homocenous ma eria!s

where the fracture stress, cf, in the presence of a crack in a wide sheet

is given by

G Vir KIC[2a]- (I)

Thus, KIC is a material parameter called the fracture toughness which is

experimentally determined and which has dimensions of stress x length to

the one-half power. The crack size effect (2a is the length cf the

cracK) is embodied in the exponent of "minus one-half" which is the order

of the mathematical sincularitv at the tio of the crack.



The presenT theory proposes an equation for the +racture stress, :f?

of filamentary composites of the form

f = H c2a )m (2C c

where Hc is akin to K C but which has dimensions of "stress x lencth to

the m power" (which is different than that of K-). T he exoonent "-inus

m" is the order of the singularity of a crack lyinc in tht matrix .q;th

its tip at the interface of matrix and filament. It has been shown thaQ

the order of the singularity is a function of the ratio i/ i cf the shear

moduli of the matrix and filament and of the two Possion ratios ', and v-,.

Not much statistical data on the shear moduli of bocn filaments, craphite

filaments and the epoxy resins are available. If 'he shear moduli of 'he

boron and 6061 aluminum are taken as 24 million Dsi and 3,8 million osi

respectively, then the ratio of moduli for the boron/aluminum system is

aoproximately .16. If the graphite filamenT and the e-oxv resin tensile

moduli are taken as 28 and 17 million psi, respectively/, then The ratio

is approximately .025. The most likely value for m in a boron/aluminum

system is about .33 and for a craohite/epoxv system is .26.

The best fit to our experimental data yields the result

f -.3

- ,33(2a ) (3)o0  c

where 70 is the strenath of the laminate without holes or other 'orms of

discontinuities.



Imbued with this success we applied this fcrmula To excerimental data

gatherea by other experimenters on raDhi te/ecoxy laminates. This has

yielded the relation

CY f. 2 3

- .4 3(2a ) (4)
a0  c

for F0/+45/907 symmetric lavuns and

-.25
- .33(2a ) (5)

a 0  c

for [0/+451 symmetric layups.

Some ouLervdtions and comments on these results may be helpful

a. As predicted by the theory, the exocnent in the boron/aluminum

material is larger than for The graDhite/eoxy material.

b. The exzerimental values are smaller than predicted by theory.

c. It should be possible to correlate the factor H in Ec. (3) to the

stacking secuence of the layup. At any hole size, 2a, the ratio of

the resoective f /a0 values for the two grachie/epoxy layuos is

about .77 (i.e., .33 .43). The ratio of 0' plies in the two

graohite/eooxy Layuos is .75, i.e. one-third of the l. ies in the

C,/-45 Layuo is orientec at 0" whie one-fourth is the procort ion

for the r-1/-15/ 0 a'uo. CbviousLv, much more ex-erimeniaL wor

is recuired tefore suci 3 si-nLe correLation can be osec

o. The fiLaments in the -45 pLies in a Layuo ccntribut- to the

"touchness" Yhereas the ones at 90 do rot cecause fracture can

occur soLeLy in the matrix of the 900 pLies.

I !



-7

e. Impl icit 7-, the Droiosed c:orr-ela-r;,n is tne -h~~t a-; cracKs

n the ma-rix oerpencicular t o th-,e CO0 laments are ne trincermac

mecnanisn for the final failure. Cracks in the -Patnix at an an Le2 -o

the 45' filaments have a different kind of a singularity and hence

induce an intensity of stress in these filaments insufficient to

cause catastrophic fai lure in the layuo. 4-owever, the exocnent -n 'av

be a function of the sincularities Dresented by the cracks at- the

non-zero deoree filIamen's .

2. Th i-directional f lamentary/matrix of bi-materials were testec in tne

presence of circular hole and slit types of discontinuities.

The failure process of such a uni-directional laminate bteans as a_ 'Slit',

i.e., a crack proplapatinc in the matrix Laral lel to the fIilament-s. 4ilth

the aid of crack Droracation gaces we were able to correla-e the stress

atl which the slit initiates acainst the length of the -ilsccntrinuity.

This correlation leads us To suggest that linear elastic tracture

mechanics nay be used and that the conset o-f splitting is governec by an

equation of the form

ay = H (aW 0:; (6)
5 5

leno7th of: the discc-ntirui ,/ and is Ej fracture touchness acainst

sol ittinc.

le hiave tested a sinaI I number cf _70/-i457 and1 gO ora DI-i te /e,-c x

lamina~es in the 2resence of circular hole disocntinui ties. There is 3



a dif-ference n the failure mrodes of thpse two laminates. 2-ch setsc;

data do correlate with the theory : rcnosed in Section Ianc Dreflminar,

analyses show that the substance of commenT (1e) needs odtitionaI inves-

tigation.

4. Static compression tests of [+45/0 7 and [0/+45]j laminates 6were carriel

out Prior to ccmDression-compress~on faticue t41ests. these lamrinates,

which were the facings of sandwich beams, were cf three di"erent Confi-

gurations: M~ unflawed, (ii) .25 inch diamreter hol!e, anc (Iii) a

.25 inch diameter hole clamo~ed by washiers held to-cether by a loose !'t inc

bolt. The results are shown in Fic. 1. Some observations can be made.

(a) The mean strenqth of the [+~45,/0-' specimens is higher than 'or the

_-C+5 s-cecimens. This acrees with the notion that the 4-ree edce inter-
_- is

lamninar stresses normal to the Plane of tho !ominaTe are comoressicn "or

t he 7 +45/07 system and tension for the 7O/+457 system. The in-.erlaminar
__ ~s L - 5

tensions at the free edge degrade the compression strength.

(t) Unce a noc is ur edor the two sv,;Ters are

ro, apcreciablv dif'erent. This succests that the strain concentrations

cau-,ed by TIhe holes dominate the free edce ef-Iect.

(c) The dlamoed hole specimens exihK t abZ.t t"'c q~trenoths.

(d) The 7>-5/o]' scecimens a ooear to exhibit a larujer scatter than do

the DO/+45' scecimens.

5. Sch-ematic -ecresentaTions which ccoare the stalic and fa~icue f-ailure

modes ~ ~ -o70eT~5 adZ/4457 laminates as observed in our 'aticue
mode s o''e'd/7 n



tests are shown i n F I s. 2 2q res:-ec- "e

fol lows:

(a) 7here are sicnifican-, oi',ererces -I-e fat:e -- e

two laminatre syster-s.

(b) The unfljawed LQO/+451 scecimens exhibit, the sz "e C'OS ~ r

in both static arnd fat~cue -aues his is -ot -j -o r --e

:d~/OZ~systemn.

,C) enerally, the -.aticue rrcdes :fa Kear ier4 *.

mo.des _ 7with the exce:Dtions nocoe ri (3)-. This zcotr-s -D 3__--

Com-,,leXities inVolVed In d amace 4-oleranoe en uaiIi eSes.

I n me'al1s t he fin al f at l ur e s, w he-n e r c ue co ooic c r s- 3zc 1 1

ca-rrons otl the loads, are the <Eame basic chencrmeron a,7d' 'e~c-- 2, -

Dre lcOe Dv the same 4rac-ture -ecnanics forr'ula. 7rs

Situ ation noces nc- cl to the tehav~or -~h~e acvarcen ooons

-he varieties of 'ai lure rod(es and the -n ai lr oe

between static ann ';-3toue H- tle acvaroed ccomnsites in

need "or continued reSea~oh.

(t) There do-es ancear o be some beneficial1 effect of he olamciricono

provided by the washers, as can te seen in . 'Acore Jat ! *sr-

-uired but if the trends exhibi-ea in --lc. c-c rif-od +ien Cer-

hacs t-he beneficial effect o4 h clemoinc o-roviden Dv mlecr2,ic2-

4as'eners can be used 'or desi7.n.



ccnt-ai~n n ic7 non 3~me-;r ci rcjlIar- .cles e~erec're cn

lamiinate svslems -Jenotec by~ar

n',ere was a larce differe-nce in the minimurr and -axi-un 7num-er c w's

N, to fai lure as shown in the acccmcanvinc tatle.

.on., i in a. eiu -arameers
Ccec -e-l s % -

37

"~v~m KC:00C s<'a~es crr~ rme-ters 2an n ~ \

are as : s rwn.in he n 3i an,- t e D Ic ts ; cr he ,ci e iusrui s

ire shown in Fic. 5. There is a lam e var t icn in Nas crar~cnica I

I lu s-ra~i -? t re i (,u re .

-a -~ae at + e noc wa s vi3al te ecled ~e F" ea rL;2 ne v ic s

at4 the holes in all of the soeci-ens. % -r examvie, -tere 2re I 5e

men s n r, e Z3- zrj. f these one 4ai led at 60OO cycles. Nn



of the remaininq 10 shcweC visuallIv dizcern ibe iar-ace I- ,?O v s

The re'rainlnc soecimen wnicn did nr,-- exhit came 2-l~~c

exhibitec tarac at 2C,'_M cy/cles. The Zr~0 cu D ~ cn x

bit4ed similar behavior. For The oth~er -wo crcu~s, Z/~~ r

most of the scecirnens exh;ioited ;--'ace at the hole by -,," cyces Tese

-esults lead to Th -e rliowiflc comments:

a. _,onsiderab~e -octrace to-lerance Nas demons-ra-: by h-ne ,orsc.:

nae d: _ ofes in thaat the rnumners o' cy/cles rm sui:-

da-ace at the hocle To r17ai -ailure Nere Fenre.

t. IT can be costulated that The nitlial damac:e at -.e hole "~eee

reduces the nonh stra~n concentration cusec tv The h:;e b-ec2ase

strain ccncentra-rio,)n exists o-nly/ if 'he sun-'ace o- -h e -ole arc --e

surrouflcirc ma~eriai -ernains continuous. Onethz u-e c' n roie

;s dar'cec iv Epl i~s or ' elaminaticns, t'hen n"e "scurcness -

struc-ire is breached and t-he Ccntrinuous stnein 4iec.s 4,ric7 Bit

the hich concentra-io-n cannot exist . .nus,un e mels arc _n

irect _contradistinction to netals, rhe initiatio-n o :amace 3' Z

hole leacs t.- a necuction of th e strain ccncertr7io n anc -3',! rn :ar

exDlaln th e djarace tolerance co- t hese -ri lamentar-y, systems. n me-als,

the in-itiation of cracks at a hole means a transition from a! stress

concentrat-ion ractor qcE~rcacr) to a3 fmactunje -ecn) nics aDcoro-Dcr In

order In account 'Dr 4 e theoretical 1K in'inite ccncent-3 i.7n a-~

crack tic. This asp~ect of the behavior- o' comcosite mtras

ex:loited, would have great -rechnol(-cical 1imnact.
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c. These resu.Ts seem To indizate the rance of cycles at vwni, taa-ce

can ce detected a- --he nole is 3cDreciably, le. 3 Than the rance Co

cycles wnich encompasses tailure. This is different Than for -meta s

because crack initiaticn in netals -Eoquires a scatter 'actor of four

but once a crack has ioitiated, its rrowl'h to fracture can be encom-

p~assed by a factor signif icantly fe-zs than four. Zur ex:,eri"'ent.=l

results succest the opposite for t .e filamentary -ccsts his

miay he due in t-art, to -he -act -hat the observed tamace -ecn anisms

increases in complexity 4vitn th e accumulation oi Ioaci-c cycles.

3. The theoretical and analytical studies on the fracture and fa7iCUe Of ti-

mate--rials has addressed the macroscoi: stress analvsis and the ricro-

mechanics of crack~s (,Appendix ) These studies ocCur-ed early in the

p rogram and provided the t;heoretical foudations for our 4rac-ure theory.

Our excerimnental studies nave -cIven us a chinomenolocical !nsio ht and_

data base icon which these earlier analytical studies can be aoclied.

The stress distribution and stress intensities of cra cks in (W) homo7ce-

neous materials with compl icate2d gecmetry (2) bi-mater~al interface

(3) anisotr-Opic materials have been made amenable lor sio2:fied arc

economica! solution by the creation of crack-containinc finite elements.

A 'amilv of bi-material, homceneous, and anistr-oic scecial crack

elemen~s in Plane and axisymrmetric cases have been developcd. T hes-2

nclIude



a. -moceneous rixed-rncde Diane c7-ack ele"'en7

.E-rnaterial detondinc olane crack ele-ent

31-mnaterial peroendicular Dlane crack ele-er

d.Axisymmetric penny-shaped crack element

e. Axisymnmetric circumferential crack elemrent

Z.Axisymmretr-ic bl-ma-erial debcndinc cr2ck r-eeq7n

C. Anisotronic -.!ane crack elemrent



14

=1 LK ATI ,C . . . .. .

I. Lin, K. Y. , "Fracture of Filamentary Cornoosite Materials," Ph.,.- Disser-
tation, DeDt. of Aero. & Astro., M.I.T., Cambridae, MA, Jan. [977.

2. Lin, K. Y. and Mar, J. W., "Finite Element Analysis cf Stress Intensi-y
Factors for Cracks at a Bi-Material Interface," International Journal

of Fracture, Vol. 12, Aug. 1976, P.. 521-531.

3. Lin, K. Y., Tong, P. and Orringer, 0., "Effect of Shape and Size on
Hybrid Crack-ConTaininc Finite Elements," Presented at the Secona ASME
Pressure Vessels and Pi~inc Conference, San Trancisco, CA, June 23-27,
1975.

Mar, J. W. and Lin, K. /., "Fracture Mecnanics CorrelaTion 'or Tensile
Failure of Filamentary Ccmoosites with Holes," J0r4af o Aircraft,
Vol. 14, No. 7, July 1977, pp. 703-704.

5. Mar, J. W. and Lin, K. Y., "Fracture of Boron/Aluminum Comoosites with
Discontinuities," Journal of Composite Materials, Oct. 1977, pp. 105-
421.

6. Maass, D. P., "The Effect of Compression Fatigue on Failure Modes of
Graohite/EDoxy Laminates," S.M. Dissertation, Dept. of Aero. & Astro.,
M.I.T., Cambridge, MA, Sept. 1977.

Graves, '. J., "The Effects of Ccmpression-ComDression Fatigue on
BaIanced GraDhite/Eooxv Laminates With Holes," S.,. Dissertatior, Dept.
of Aerc. & Astro., M.I.T., Cambridge, MA, Feb. 1979.

8. Orrincer, 0., L in , K. Y., Stalk, G., Tong, P., and Mar, J. N., "K-

Solutions with Assumed-Stress Hybrid Elements," Journal of the Struc-
tural Division, ASCE, Vol. 3, No. ST2, Feb. 1977, pp. 321-334.

'.'ar, J. :,'. and .in, K. Y., "Characterizatfon o' 53 1 t n : rccess
GraDhteE-oxv cmoosites," 2ournal ci ,o-mposite .a' " =,

1979, pp. 27S-257.



310H VIO G(3dbV1I 0 0m

(aD

C')

LU.
0 00000 NI ~ M

310 VI GZ (1clIVIO0 C

UlLU
V, (n

30Vi bl30 0 0~ 00 M co r--
ISMNI S38S 3ISS8diOO l0



STATIC COMPRESSION COMPRESSION-COMPRESSION FATIGUE

S700730

4

-I

z

w
-U

Q

0

to

_z

0

CL

Q

z
0

to

SHARP LINE JAGGED LINE

SPLITS PARALLEL TO SURFACE PLY FIBER DIRECTION
SDELAMINATION

FI3. 2: S,.H,_.,IATIC E=RE:EAT.-Ti,_", :F '-4 ,_ --E "''=7S



STATIC COMPRESSION COMPRESSION-COMPRESSION FATIGUE

I i

-

3 1,3

w

-J3  2

0

0 '

-.J

x

o

C.,

0

c-j 2I_ _ _ _ _ _

-SHARP LINE JAGGED LINE
_.rt. CRACKS IN SURFACE PLY DELAMINATION

NOTES: I. SEQUENTIAL BUCKLING BEGINNING AT 12 25 o/ OF LIFE

2. SHARP AND ROUGH LINES OBSERVED IN SAME
3. (0) SURFACE PLY DETACHED AND BUCKLED

FIG. 3: SCHE:lIC l ] Er EEHT.-T I N :,F EAI L' "E lOE -

Z0/:45]s L-X.IIA1-TE



coo 10
0

aw
-J -

0 0 a)

0-

a w

0

Ian)

+ z -

L 0 1 0 0
Ln 0

o0

f 10

0 0 0 0 0
OD w In

(IS))



0

0U

00

0 0 0

0 or)

0n cnIl 0 -

'0 0 0 0 w
+1 U) +1 0

w to
00 +1 0 +1

L. L-j L-i Lj

a. 0 03

C,,

C13 w

'0>o >

0

0

43

0 ~~' (C o Nl 0
60000 6 6 6 06

38nfliv .JO ALI1IM~Od



,AcnAi : raC7,jre :Iecn'z3c 04Conos

AoDerncix B ocnc 'C+ ies



APPENDIX A

FRACTURE MECHANICS OF COMPOSITES

Introduction

The concepts of fracture mechanics are now beingapplied to

the study of crack extension phenomena, both slow and catastrophic,

in isotropic homogeneous materials, and is of great importance

wherever high strength metallic alloys are used. Based on energy

equilibrium considerations, Griffith (1920) first developed a

fracture theory for brittle materials such as glass (4]. Griffith's

theory postulates that fracture occurs when the decrease of elas-

tic strain energy per increment of crack area is equal to the

increase of surface energy over the same area. However, the

surface erprry for a solid is difficult to calculate and measure.

To overcome this difficulty, Irwin introduced the concept of
"stress intensity factor" K, which is related to the amplitude

of the stress field near the tip of a crack [5]. In fact, it can

be shown that the stress intensity factor is related to the rate

of energy release per unit area, G E 3-, and hence to Griffith's

surface energy. The Irwin-Griffith fracture criterion states

that catastrophic crack propagation occurs when G or K reaches a

critical value G c or K and this is regarded as a material prop-c c
erty, called "the fracture toughness" of the material.

It can be shown that under general loadings, the stress dis-

tribution of an elastic body in the presence of cracks can be

superimposed from three separate cases: "mode 1 which is the

opening mode", "mode 2 which is the shearing mode", and "mode 3

which is the out-of-plane shearing mode" [6]. For homogeneous

isotropic materials, values and formulae of stress intensity

factors obtained from various methods of analyses can be found

in various handbooks (7]. A large body of laboratory data has

also been generated and there is sufficient evidence that frac-

ture toughness KI  is a material constant, independent of crack
c

length and crack configuration.
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Table 2 Accuracy of Finite Element Solution

a/B
F.E.M. Bowie Solution

_4q7f

.10 1.00 1.01

.20 1.04 1.05

.30 1.10 1.11

.40 1.18 1.19

.50 1.28 1.29

.60 1.40 1.41

.70 1.58 1.58

.80 1.86 1.85

*1. H = KI/ ra

2. = 1, 82 = .32, L/B = 2.0



Table 3. Stress Intensity Factors kI and k2 for a Crack Along
the Bi-Material Interface

E = 1 psi, vi = 0.30, a = 1 psi, axxl 1 psi

20 x 20-inch panel, crack length = 2 in., plane stress

Ui/V2 v2 xx2

(psi) EXACT* F.E.M.** EXACT* F.E.M.

1 .3 1.00 1.000 1.01 0.0 0.0

3 .3 .53 .988 .997 .0724 .0728

10 .3 .37 .968 .975 .1171 .1176

23.1 .35 .38 .966 .972 .1208 .1213

100 .3 .31 .953 .959 .1391 .1395

144.2 .35 .36 .960 .965 .1303 .1306

1,000 .3 .30 .952 .957 .1415 .1418

*Solution for an infinite panel,from Rice and Sih 125].

**Finite element solution.
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Table 4. ENERGY RELEASE RATE G FOR A CRACK ALONG THE
BI-MATERIAL INTERFACE

= 22.5, v1 = 0.2, v 2 = 0.35, ayy 1 psi, a xxl 1 psi

axx2 0.39 psi, 20 x 20-inch panel, plane stress

Half Half-panel
Crack , G = dU/dc 2
Length Energy EXACT* F.E.M.** EXACT* F.E.M. EXACT* F.E.M.
(in.) __ _ _ _ _ _

0.80 969.1628 25.04 --- 0.862 0.867 0.125 0.122

0.81 969.4165 25.35 25.37 0.868 0.872 0.124 0.122

0.82 969.6734 25.67 25.69 0.873 0.878 0.124 0.122

0.84 970.1970 26.29 26.18 0.884 0.889 0.124 0.122

0.86 970.7337 26.92 26.84 0.895 0.900 0.123 0.121

*From Reference [48]

**AU/AC calculated by taking differences between half crack length
and half-panel strain energy, vising consecutive lines in zhe table.

Table 5. ENERGY RELEASE RATE G FOR HOMOGENEOUS MATERIAL

E = 1 psi, a = a= = 1 psi, v = 0.30, 20 x 20-inch panel,

plane stress

Half Half-panel
Crack Strain G = dU/dc k
Length Energy
(in.) EXACT F.E.M. EXACT F.E.M.

0.80 141.0115 2.51 --- .894 .900

0.81 141.0370 2.55 2.55 .900 .906

0.82 141.0629 2.58 2.59 .906 .911

0.84 141.1156 2.64 2.64 .917 .923

0.86 141.1697 2.70 2.71 .927 .934
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Stress distribution near the bi-material crack tip

I. Crack lying along the interface

For X =2-1 + iAj, n = 1, 2, 3 ,

For Xn =n, n= i,2,3,C 3 )

n

For XJ nn 1,2
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;] , - 04 in material 1

0"' jc- I ' .1. in material 2
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II. Crack normal to the interface

A-

- C,\-0)

4 U\1 -',, ) ( , \ ,.-3)- .o,,,-3)")IJ

where

in material 1

z (z *)osxrJ/P\

~O~n>0 0ZoAx cW4 2Ayrr/p(A

d-- in mtra 2 c '/ +,! .

and in material 2



APPENDIX A. 2

Stresses and Displacements Used for the

Derivation of Axisymmetric Crack Elements

-. OO~- )

(A-' nLv) A ( )4 ,-n) c i s (~ 30 -)~)nA~

- -f~~-o C , : zo-O.-z ¢-ow

LL ~ ~COS (A-3)05L\-))4

A. .,,,,. .,
0 ( 0.)ra~ z -AOr- 4

+O_ )

-- ,a,~ ~~ ~ ~ ~ ~~~~~~5 36)ii nn nn numlllllnnniiWi



where

(1) x 3 5 7

. 2 , 2,,y -

14~

(2) X.. 2, 3, 4...... . . . 0,

f=In(x )-.>CX1

4Ylz



APPENDIX A.3

Relation Between the Stress Intensity Factors

ki, k2 and the Constants bj

b b + ib-
J j j+n, bj, bj+n are real constants. n No. of

stress (or displacement) terms assumed.

1. Homogeneous Isotropic Materials

4'2F

2. Homogeneous Anisotropic Materials

3. A Debond Crack Along the Bi-Material Interface

4. A Crack Normal to the Bi-Material Interface

N1 G%,)l is defined in Appendix 2.A.

5. Penny-Shaped or Circumferential Crack



APPENDIX A.4

Material Properties for the Finite

Element Analysis

I. Boron/Aluminum

(i) (0) Layup:

Ex  20.1 msi, E = 33.1 msi, vy x  .25

Gxy =7 msi, S1 = 1.5180i, S2 
= 5134i

(ii) (±45/02) Layup:

E 20.3 msi, Ey = 26.5 msi, v .33

Gxy= 8.7 msi, S1 = 1.0848i, S 2  .8068i

(iii) (90) Layup:

E = 33.1 msi, E = 20.1 msi, v = .15x y yx

Gxy 7 msi, S1  1.9480i, S2  6588i

II. Grar'h te/Epoxy

(i) (0) Layup:

E = 1.7 msi, Ey 17 msi, vyx = .21

G = 0.65 msi, S1 = 1.5918i, S2 = .19866i

(ii) (90) Layup:

Ex  17 msi, = 1.7 msi, vyx .021

Gxy .65 msi, S 1 = 5.0338i, S 2 .6282i



Appendix

COUPLING ACTIVITIES

The Principal Investigator, Prof. James W. Aar, was very active durinc

the years of this contract in the USAF Scientific Advisory Board (SAB). As a

member of the SAB he was assigned at various times to the Division Advisor,

GrouPs of the Aeronautical Systems Division, the Armament TeveloomenT ana

Test Center, the Foreign Technology Division, the Logistics Cross Panel, ard

the Science and Technology Advisory Group. Some of the advisory activities

which were impacted by the research activities of this contract are as

follows:

I. Chairman of the USAF SAB Ad Hoc Committee on

Advanced Composites Technology, 1976.

2. Chairman of the USAF SAB Ad Hoc Committee on

the B-I Strucutre, 1973-1977.

3. C0zlr= of the USAF AFSC STAG Ad Hoc Committee

on 3-D Carbon/Carbon Nozzles, 1977.

The PrinciDal Investigator during this period was also a memoer cf the

following advisory Committees:

I. NASA Research and Technology Advisory Committee

on Materials and Structures.

2. NASA Space Systems Committee.

3. DOD Defense Science Board Task Force on V/STCL.

4. AGARD Structures and Materials Panel.

Of soecial note, three students who participated in the research

activities of this contract are now workino in the field of advanced

composites. Their oresent assignments are due in large measure to their
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nvolvement with their research. They are l isted as fol lows:

Dr. K. Y. Lin, Boeinq Comnnmercia I Ai rDlane Co.

Mr. David Maass, Sikorsky Aircraft

2nd Lt. Karyn Knoll , AFML


