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INTRODUCT ICN

This final technical report describes the rescarch performed under USAF
Office of Scientific Research Contract £ 4462C-74-C-0C23 entitled "Fracture
and Fatigue of Bi-Materiats" during the period | December {973 fo 30 Septem-
ber [{978. The AFOSR technical monitors were M-, William J. Walker and
Lt. Col. Joseph D. Morgan Il1. '\

\

X *
As suggested by The Title of This research contract, the ressarch is

—~—

[

directed tcward a fundamental understanding ot the failure mechanisms of *the
fiiamentary composites such as boron/aluminum ana grachita/eosoxs shich are
technologicaliy the most important examptes of bi-materials. At the beginning
of the program there was an attempt to use the diffusion bondingc orccess fo
create a special material which could serve as a3 model for bSi-material be-
havior but the diffusion bonding process proved To be much too expensive and
the attention was thereafter fccussed on the availabie filamentarv corionsite
materials.

The penultimate cbjectives of this research are the thecretical founda~
tions and the experimental justifice .20z for a structural design methcedology
to be used for +he design of filamentar, compesite 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 two different geometric scales. At what is termed the "macrc-
sconic" scale, it is assumed the filamentary composite is orthotfropic and
homogeneous. The other scale is termed "micro”" and views +he filamentary

composite as a bi-material.
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materials and on a microscopic scale,
tributions of a crack lying at the intertace 0f 2 bi-material nave been
studied.

The experimental work has encompassed the compression-ccmpression fatigue

(8]

of graphite/epoxy laminates with holes, ihe tensile fracture of uni-directional
laminates with circular discontinuities, and the tfensile fracrure of cross-

plied laminates with various ceomeTric configurations of discentinuities. /[

SUMMARY OF MAJCR FINDINGS

. As a result of our experimenta! investigation of boron/zluminum bi-
maTerials5 we have oroposed a formula fo predict the rapcid fracrture of
[j45/O]S boron/aluminum laminates. The motivation for this theory ccmes
from linear elastic fracturs mechanics as applied to homogenous materials
where the fracture stress, cf, in the presence of a crack in 3 wide sheet

is given by

R -1/2
g = ¥ KICEZaC] (1)

Thus, KIC is a material parameter called The fracture touchness which is
experimental |y determined and which has dimensions of stress x lenath vo
the one-hal® power. The crack size effect (2a is the length of the
crack) is embodied in the exponent of "minus one-half" which is the order

of the mathematical singularity at the tip of The crack,
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The prresent *theory proposes an equaticn for the fracture s*ress

~
y -~

f)

of filamentary cocmposites of the form

g, = H (23 )" (
c C

~J

f

where HC 1 akin To KIC out which has dimensions of "stress x length To
the m power™ (wnich is different than that of KIC)' The exocnent "minus
m" is the order of the singularity of a crack lying in *he matrix with

iTs Tip a2t the inferface of mafrix and filament. [+ has been shown thav

the order ot the singularity is & function of the ratio uI/u7 ct the shear

moduli of the matrix and filament and of the fwo Possicn ratics v, and v,.
i <

Not much statistical data on The shear moduli of bcreon filaments, craphite
filaments and the epoxy resins are available., |f *he shear moduli of *the
boron and 506! zluminum are taken as 24 million psi and 3,8 million psi
respectively, then +he ratic of moduli for +he boron/aluminum system is
approximately .l€. If the graphite filamenT and the epoxy rasin tensile
moduli are taken as 28 and |7 million osi, respectively, Then the ratio

is approximately ,025. The most likely value for m in 2z boren/aluminum

system is about ,33 and for a craphite/epoxv system is .25.
The best fi+ fto our experimental date yields the result

= ,33(25 )"0 (3)
C

QI_hQ

0

where % is The strength of the laminate without holes or other forms of

discontinuities.
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{mbued with This success we zaoplied this formula to experimental Zata
. - ' 4 / - : A -—
gatherea bv other experimeniers con grashite/ecoxy laminates. "nis has
vielded the relation
o
f -.23
— = 43(23 ) (4)
o; c
0
for [0/+45/907 svmmetric lavuns and
- >
o -.25 .
— = .33(2a ) (3)
OO C

for [0/+45]

s symmetric layups.

Some observavions and commenTts on these rasults may be helpful:

a.

As predicted by the theory, the exponent in the bororn/zluminum

material is larger than for The graphite/ccoxy material.

The experimental values are smaller than predictad by theory.

I+ should be possibie to correlate the factor H in Ec. (3) to the

stacking sequence of the fayup. AT any hole size,‘Za, the ratic of

the rescective Gf/cO values for the two grachi+e/epoxy tavups is

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

graohite/enoxy layups is .75, 1.e., one-third of the plies in the

{p/*4§7 layuo is criented at 0° while one-fourth is the properticn
-4

for the t@/:AS/Qé? tavuo. Obviouslv, much more experimental work

iz racuired tefore such 3 simole correlation can be used.

The filaments in the +4S plies in 2 layup contribute to the

5
"toughness" wher=as the ones at 2907 do rot tecause fracture can

occur solety in the matrix of the 90° plies.
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n the oroposed correlarticn is the assumoction ~hat or

e. ImpticiT
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in the matrix nerpencicular to the 2° filaments ara *he ri

ccering
mecnanism fcr the final failurse. Craciks in The mairix at an angls +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 failure in the layup. Hcowever, the axpcnent = may
te a functicn of the singularities oresented by The cracks at the
non-zero Jdearee filamants.

Uni-directionai filamentary/matrix of bi-materials wera testea in tne
presence of circular hole and slit types of disconﬁnuiﬂes.9

The failure process of such a uni-directional laminate tegins as z 'siit'
i.e., & crack propagating in the matrix parallel to the filaments. With
+the 2id of crack propacation gages we were able 10 correlaTe the stress
at which The slit initiates against the length of The zisconTinuity.

This correlation leads us TO suggest that !inear elastic fracrure
mechanics may be used and thaT the cconset of spolithing is governed bv an

acuation of the fcrm
g. = HS(23> ) (6)

where G_ is the far field stress at the onset of splitting, (2a) is the
2

len

18]

Th 2f the discentinui®y and H_ is a fracture toughness against
>
solitting.

We nave tested a small number cf T0/+45] and [O/jSO]S araphi+te/eocxy

=
2

faminates in the oresence of circular hole discentinuities, There is 2




a difference in the failure modes of *these two laminates. Zeth sets ¢f
data do correliate with the theory cronosed in Section | ang preliminary
analyses show *hat the substance of comment (le) neegs acdditional inves-
tigation.

Static compression tests of Ef45/0]s and [0/14515 laminafes6 were carried
cut prior to compression-ccmpressicon fatique ftests. These laminates,
which were the facings of sancdwich beams, were cf *three ZJifferent confi-
curations: (i) unflawed, (ii) = .25 inch diametar hcle, znc (iii) 2
.25 inch diameter hole clamped by washers hel!d together by 2 lcose fitting
bolt. The results are shown in Fig. |. Some observaticons can be mace.
(a) The mean strength of the [j45/023 specimens is hicher Than *or the
EO/j45]S scecimens. This agrees with the nofion that the free edge inter-
laminar stresses normal to the plane of the !aminate are compressicn for
+he :jAS/O]S system and tension for the [O/jAS]S system. The interlaminar

tensicns at the free edge decrade the compressicr strength.

(b) Unce a noie is uriiied, iz nean strongthc for the fwe svstems are

s}
O

o, aporeciably different. This sucggests that the strain concentrations
caused by the holes dominate the free edce effect,

{(c) The clamped hole specimens exniLit abcut +the <a—> mear~ strencths.
(d) The [jAS/O]S scecimens appear *o exhibit a larger scatter Than do
+he CO/jA5]S specimens.

Schematic rescresentations which corpare the sta*ic and faticue *failure

mcdes of *the Cfd5/O]S and [0/+445] laminates as cbserved in our *fatizue
- >




(3)

(5)

shown in Figcs. 2 2nz X rescectiveivy.

There are significanTt Zifferencas in The f

+*wo laminate systems,
The unflawed C0/+457] scecimens exhibit t-
- o)
in both static and fzt'gue failures. This
[#45/07_ svstanm.
- 3
cenerally, the fatigue mcdes 27 “ailura ar

modes [with the excenticns ncted in (3)_.
complexities involved
In me+tals the final
the same frac*urs mechanics
siTuation
2ilure modes ancd *the i

The varieties of

between static an2 fatigue '~ *the acvanced

need for continued ressarch,
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of the remaining [0 showed visually discernible ramace a7 12,007 cvciss

The remaining specimen wnich 2id noT exhibit damzce =2- 12,700 ~velas

exhibi*ed camage at 20,200 cvcles. The ffdi/ojs crcup of spacirens axris

bited similar behavior. For the other *wc arouss, _C/+30°_ anc _*I2/0°_,

- =] >
mosT of the specimenc exhitited damace at the hele by 3000 cvcles. These
resulTs lead to the *cliowinc comments:

2. .cnsicersdble camage vclerance was ZemonsTra~Tel by The fwe IrTuds atiIo
nac +45 olies in *hrat The numberc of cvcles from ,isuszl ZemscTicor of
Jarmace =27 the hcle ¢ final failurs were larce.

5. It can be oostulated fThat the initial cdamaze 2t the hcle i~mezizTtaiy
recuces the hich strain ccrncentraticn caussg by ~he hole Zecause ths
sTrain concentration exists anly 1f the surface cf *the ncle zng *re
surrcundincg material remains conTinuous. Once thz surfzce ¢©7 *the nci2
is damacec bv splits or delaminaticns, then +he "szuncness'" -f —he
strucTure is breached and *The centinuous strain fizids whicn 1232 T2

The

>

igh concentration cannot exist, Thus, unlixe metals and in
Zirsct centradisTinction To metals, the initiatizon of Zzmace 2t 2
hele leads 1o a reduction of the strain concentra*izn 2nc ™37 19
explain the damace *olerance cf these filamentary svstems.
the initiation of cracks 2t a hcle means 2 transition from 2 stre
corcantraticn factor acprcach to 2 fracture mecnanics appraach in

crier *o accourt for the theoretizally infini*e ceoncent-aticn av

oy

crack tio. 7

ul

aspect of the behavicr of compeosite materials, |

ax2lcived, would have great technolcgical impact.




c. These resu.Ts seem 70 indicate “he range of cycles at wnich damace
can ce defected 3T *he hole is acoraciably l2:3 Than the rance cf
cycles wnich encompassess tailure., This is differant than fTor metzls
because crack initiaticn in metals ~egquires a scatter factor of fou
but once a crack has initiated, ifs growth o fracture can be encom-
passed by a facter significantly !e=s than four. Cur 2xcerimenta
results suggest the copcsite for +.e filamentary zomgosiTes. This
may e due in cart 1o “he fact “hat the observed Zamace mechanisms
increases in complexity with the accumulation of lcaaing cycles.

The *heoretical and analvtical studies on the fracture and fatigue of bi-

materials has addressed the macrosccpic stress analvsis and the micro-

mechanics of cracks (Appendix ~A). These studies occurr-ed early in *he
aregram and provided the theoretical! foudations for cur fracture *theorvy.

nsight ang

CQur sxperimenta!l studies nave Ziven us a chincmenological |
data base uoon which these 2arlier znalvtical studies cz2n be aoclied.
The stress distribution and s*tress intensities of cracks in (!} horoce-
necus materials with complicatad jecmetry (2) bi-material intzrface

(3) anisorropic materials have been made zmenable for simolitied anc
economica! solution by the creation of crack-containing finite elements.
A familv of bi-material, homogeneous, and anisfrepic special crack

elemen*ts in plane and axisyrmetric cases have been developed. These

include




h

[19]

Hemogeneous mixed-mcce olane crack 2lement

3i-materizl debending olane crzck slement
Bi-material nerpendicular plane crack slemenT
Axisymmetric penny=-shaped crack element

Axisymmetric circumferential crack elemenT

1]
1)
3
Y]
3
-1

Axisymmetric bi-maTerial debending crack

Anisotrocic nlane crack a2lement




= SATEANS N SIT Iy Tt DCoCLooL Cooene
SUBLICATICNS L PE=:ZCN ~CIp ARy SRECE

Lin, K. Y., "Fracture of Filamentary Composite Materials,”" Ph.C. Digser-
tation, Dept. of Aero. & Astro., M.|.T., Cambridge, MA, Jan. [977.

Lin, K. Y. and Mar, J. W., "Finite clement Analysis cf Stress lIntensity
Factors for Cracks at a 8i-Material Interface,”" Internztional Journal
of fFracture, Vol. 12, Aug. 1976, po. 521-531.

Lin, K. Y., Tong, P. and Orringer, 0., "Effect of Shape and Size on
Hybrid Crack=Containing Finite Elements," Presented at *he Seccnc ASME
Pressure Vessels and Pining Conference, San Francisco, CA, June 23-27
1975,

’

Mar, J. W. and Lin, K. Y., "Fractuyre Mecnanics Correlation for Tensile
Failure of Filamentarv Ccmposites with Holes," Journz! of AircratT,
Vot. 14, No. 7, Juiv 1977, pp. 703-704.

Mar, J. W. and Lin, K. Y., "Fracture of Boreon/Aluminum Composites with
Discontinuities," Journal of Composite Materials, Cct. [977, po. 405~
421,

Maass, 2. P., "The Effect of Compression Fatigue on Failure Modes of
Granhite/Epoxy Laminates,” S.M. Dissertation, Dept. of Aerc. & Astro.,
M. [.7., Cambridce, MA, Sept. 1977,

Graves, M. J., "The Effects of Cempression-Compression Fatigue con
Balanced Graphite/Epoxv Laminates With Holes,'" S.M. Dissertation, Jsoft.
cf Aerc. & Astro., M.I.7., Cambridce, MA, Feb. 1979.

Orringer, 0., Lin, K. Y., Stzlk, G., Tong, P., and Mar, J. W., "X-
Solutions with Assumed=-Stress Hybrid Elements," Journal ot the Struc-
tural Division, ASCE, Veol. 3, No. ST2, Feb. 1977, pp. 321=334,

ar, J. d. a2 Lin, K, Y., "Charzctarization o i < Precess
Graphite/Zooxv Zompesives," lournail of Zompcosite Materials, ZcTizer
1979, 2p. 273-237.




[ortas],

370H VIQ 62" Q3dAV1D

370K vIQ &2

odxm O

Q XXX

NIQYIA

STATIC COMPRESSIVE STRENGTH RESULTS

370H Vvid S2° §3dWV1D o O om@m o
[
| e |
Q 370H VIQ 627 < Q9 Ja
<
<+
| -
o 00 @ 0o NISHIA b
] | 1 N |
o o] (o] o) o
o o ® ~ ©

ISM NI SS3HLS 3AISS3IHdWNOD DJILVLS




.250 INCH FREE HOLE UNFLAWED

.250 INCH CLAMPED HOLE

STATIC COMPRESSION COMPRESSION-COMPRESSION FATIGUE

70°-73°é§

i
i

—— SHARP LINE e JAGGED LINE
—= SPLITS PARALLEL TO SURFACE PLY FIBER DIRECTION
DEL AMINATION

F15. 2: SCHEMATIC REPREIENTATION SF FaiLiSE 'C
[+45/00  LAMINATE

cJ

m

(98]
I




UNFLAWED

.250 INCH FREE HOLE

.250 INCH CLAMPED HOLE

STATIC COMPRESSION COMPRESSION-COMPRESSION FATIGUE

—+
- y—
¥ I

3 1,3

2 ‘ \

3 L§

3 i 2

2

———— SHARP LINE e JAGGED LINE

- CRACKS IN SURFACE PLY &> DELAMINATION

NOTES: ). SEQUENTIAL BUCKLING BEGINNING AT 12 25 % OF LIFE
2. SHARP AND ROUGH LINES OBSERVED IN SAME
3. (O) SURFACE PLY DETACHED AND BUCKLED

FIG. 3: GSCHEMATIC REPRESENTATIONS OF FAILUTE "ODES -
[0/z45] LAMINATE




JIOH AV 10 "SA FT0H IR S TIYNIRY T <y "0t
$3104A0 N
gO! o] Ol 201 o]
r -1 T T ov

3710H 3dWVTD HONI 062" O

370H 3344 HONI 062" O

*[sv /0]




<Ol *3¥NIV4 0L S3TIJAD ‘N
(0}°] 00t 062 002 06l 001 1014

! ] L} I L] ¥

¢i=d p1=0 [0/0¢F] o

€=g v1=0 °[oeF/0] ©

(o]

osi=g¢ 91=0 *[0/svF]

os:=¢ 91=0 *[svF/0]

viva 11V - 1071d 1NgI3M  3NOILYd e ol

-1s$0

34NTIvd 40 ALITI8VE0dd




LIST CF APRENDITES

Appendix 4 - FracTture ‘lecn=2nics of CoroosiTes

Appencgix 2 = Cousling AcTrivities




21

APPENDIX A

FRACTURE MECHANICS OF COMPOSITES

Introduction

The concepts of fracture mechanics are now being applied 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 erercy for a solid is difficult to calculate and measure.
To overcome this difficulty, Irwin introduced thé 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
= U and hence to Griffith's

= 3A’
surface energy. The Irwin~Griffith fracture criterion states

of energy release per unit area, G

that catastrophic crack propagation occurs when G or K reaches a
critical value Gc or Kc and this is regarded as a material prop-
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 mcde", 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 K is a material constant, independent of crack

I
c

length and crack configuration.




Figure 1. Crack in a Homogeneous Anisotropic Sheet
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Figure 3. Crack-Tip Coordinates for Axisymmetric Mcdels
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Figure 2. Cracks At the Bi-material Interface
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_Table 2 Accuracy of Finite Element Solution

H*
a/B
F.E.M. Bowie Solution
(477)
.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
*1l. H = KI/c/E
2. Bl = 1, B, = .32, L/B = 2.0




Table 3.

E1 = 1 psi, vy =

Stress Intensity Factors k
the Bi~-Material Interface

0.30, o
Yy

4¢

= 1 psi, ¢ =

xx1

1 psi

and k, for a Crack along

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

*Solution for an infinite panel, from Rice and Sih

**Finite element solution,

MMy v,y °xx2 kl 2

‘ (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 L1171 .1176
23.1 .35 .38 .966 .972 .1208 .1213
100 .3 .31 .953 .955 .1391 .1395
144.2 .35 .36 .960 .965 .1303 .1306
1,000 .3 .30 .952 .957 .1415 .1418

{2s1.
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Table 4. ENERGY RELEASE RATE G FOR A CRACK ALONG THE
BI-MATERIAL INTERFACE

ul/u2 = 22.5, vl = 0.2, v, = 0.35, ny = 1 psi, Ouxl = 1 psi

Uxxz = 0.39 psi, 20 x 20~inch panel, plane stress

Half Half-panel _

Crack Seialn G = du/dc hj b’2
I(“‘;I’:g;‘h Energy EXACT* | F.E.M.**| ExacT* | F.E.M. | EXaCT* | F.E.M.
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 the table.

Table 5. ENERGY RELEASE RATE G FOR HOMOGENEOQUS MATERIAL

E =1 psi, cyy =0 . = l psi, v=0.30, 20 x 20-inch panel,

plane stress

| Ralf Half-panel
Crack Strain G = du/dc hl
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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APPENDIX A

Stress distribution near the bi-material crack tip

I. Crack lying along the interface
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ITI. Crack normal to the interface

Se= 2 Re 3177, ((2f-gorcosO - (24-80) sin Do
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APPENDIX A.2

Stresses and Displacements Used for the
Derivation of Axisymmetric Crack Elements
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APPENDIX A.3

Relation Between the Stress Intensity Factors

kl' k2 and the Constants bj
= 7/ . ’ .
bj bj * lbj+n, bjﬂ bj:n are real constants. n = No. of

stress (or displacement) terms assumed.

1. Homogeneous Isotropic Materials
/
'451"4q? bl
s
% -v3 b,

2. Homogeneous Anisotropic Materials

,&I: \/-:.-7: (5’2—'51)/57, b|/

%2 = ri (52.'51) b,;;,H

3. A Debond Crack Along the Bi-Material Interface

Ri=2 [z (50 K+ A B

l:] n+t

&Z;Z/(p—d)/u*ol) (=50 [anﬂ +7\:3 b: ).

4. A Crack Normal to the Bi-Material Interface

L= Jz (142 + G (A0) A

;ﬁl thkl)ls defined in Appendix 2.A.

S. Penny-Shaped or Circumferential Crack

=3 b’
£=2
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APPENDIX A4

Material Properties for the Finite

Element Analysis

I. Boron/Aluminum
(i) (0) Layup:

Ex = 20.1 msi, Ey = 33.1 msi, vyx = .25

ny = 7 msi, S1 = 1.51801, 52 = _51341
(i1i) (i45/02) Layup:

Ex = 20.3 ms1i, Ey = 26.5 msi, vyx = .33

ny = 8.7 msi, Sl 1.0848i, S, = .80681

I

- 33.1 nlsl’ E - 2001 I“Sl, Vv - -15

E_
x
ny = 7 msi, Sl = 1.94801, 82 = ,65881

II. Grarhite/Epoxy
(i) (0) Layup:

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

ny = 0.65 msi, Sl = 1.59181, 82 = .198661
(ii) (90) Layup:

Ex = 17 msi, Ey = 1.7 msi, vyx = ,021
G
X

y = .65 msi, Sl = 5.03381, S2 = ,62821
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Appendix

COUPLING ACTIVITIES

The Principal Investigator, Prof. James W, Mar, was very active during
the years of this contract in the USAF Scientific Advisory Board (SAB). As
Aémber of the SAB he was assigned at various times to the Division Adviscry
Groups of the AeronauTtical Systems Division, the Armament 2evelopment zanag
Test Center, tThe Foreign Technology Oivision, the Logistics Cross Panel, and
the Science and Technology Advisory Group. Some of the advisory zacTivities
which were impacted by the research activiTties of this centract are as

follcows:

I. Chairman of the USAF SAB Ad Hoc Committee on
Advanced Composites Technology, 1976.

~

Chairman of the USAF SAB Ad Hoc Committee cn
the B~t Strucutre, 1973-1G677.

N

Chzirman of the USAF AFSC STAG Ad Hoc Commifttee
on 3-D Carben/Carbon Nozzles, 1977,

The Princinal Investigator during this pericd was also a memcer cf ~he
following advisory Commi+tte=s:

I'. NASA Research and Technology Advisory Committee
on Materials and Structures,

2. NASA Space Systems Committee,
3, DOD Cefense Science Board Task Force on V/STCL.
4, AGARD Structures and Materials Panel,
Of special note, three students who participated in the research
activities of *his contract are now working in the field of advanced

composites. Their present assignments are due in large measure to their




involvement with their research. They are listed as follows:
<. Y. Lin, Boeing Commercial Airplane Co.

Mr, 2avid Maass, Sikorsky Aircraft

2nd Lt. Karyn Knoll, AFML




