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INTRODUCTION

In May, 1983, at the request of the U.S. Army Natick Research and Development
Center (NRDC), Organic Materials Laboratory (OML) personnel were requested to attend
technical review meetings to discuss materials-related problems arising from the use
of Kevlar/epoxy panels on the Hardened Army Tactical Shelter (KATS). Shelter A2 had
developed extensive delaminations and ply separations during a simulated solar load
test.

After examination of shelter AZ and chemical, mechanical, and physical testing
of materials removed from this and other shelters, a series of recommendations were
made to the HATS technical working group concerning fabrication of the Kevlar/epoxy
panels. These recomamendations included:

1. Thorough dryiny of the Kevlar fabric at a temperature above 100°C before
impregnation with the epoxy resin.

2. Careful quality control to avoid batch-to-batch variation in the resin.

-

3. Not diluting the resin with organic solvents such as acetone during impreg-
nation,

4. Curing the panels following the complete recommended cure cycle, with par-
ticular attention to the postcure at 200°C.

5. Determination of the design properties of the Kevlar/epoxy at a moisture
content and temperature appropriate to the expected enviromnmental exposure of the
HATS shelter.

Detailed results of the testing program and reasons for these recommendations
will be discussed in this report.

EPOXY RESIN CHEMISTRY

The first test performed on material from A2 was an infrared spectrum (IR)
analysis of ges withdrawn from the blisters in the delaminated regions of the shelter
roof. These tests were run by the Physical Test Branch of the Measurements and
Analysis Division of Aberdeen Proving Ground (APG), at the request of OML. The
results of the IR analysis indicated the presence of acetone in the blisters. It
was not known if the acetone was originally present in the epoxy resin, since the
compusition of the resin used by the panel manufacturer MIKI (Erba, Italy) was not

specified.

Two batches of the resin (Eposir SP.502) manufactured by S.I.R. Conzorzio
Industriale S.P.A. (S.I.R.) of Milan, Itaiy, were obtained from Harry Diamond Labo-~
ratories (HDL) for chemical characterization. A number of techniques were used for
chemical characterization of the resin. These included high performance liquid
chromatography (HPLC), gas chromatcgraphy/mass spectrometry (GC-MS), differential
scanning calorimetry (DSC), and fourier transform infrared spectroscopy (FTIR).
HPLC, GC-MS, and FTIR were used to determine chemical c¢cmposition, and DSC was used
primarily to measure the extent of reaction in the cured resin and imthe laminates.
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Two HPLC techniques were used in the idenrification of the resin: reverse
phase high performance liquid chromatcgraphy (RPHPLC) on a Perkin-Elmer chromatograph,
and size exclusion chromatography (SEC) on a Waters Associates instrument.

The hardener (Eposir IDO1801) was analyzed using RPHPLC, and found to be nadic
methyl anhydride (NMA), although the dark color of the samrle suggests that there
is another component present,

The RPHPLC results for the two Eposir resin bstches are shewm in Figure 1.
They indicate significant variations in the intenegities of one of the peaks. Compar-
ison of the HPLC fingerprint of the Eposir with that of DEN 431, a Dow epoxy resin
ccntaining pelyglycidyl ether of phenol-formaldehyde novolac (Figure 2) shows that
the Eposir 13 primarily a novolac resin, but additional compenents corresponding to
the two peaks marked with arrows in Figure 2a have been added. GC-Ms was u::d to
identify these two components.

Samples of the two unidentified Eposir fractions were run in a GC-MS apparatus
ccnsisting of a Perkin-Elmer model 3520 gas chromatograph coupled with a Fianigen
model 3300 mass spectrcmeter. The results are shown in Figures 3 and 4. The first
peak was tentatively identified as diglycidyl etner of reso.cinal, commonly used as
a reactive diluent in these materials to decrease the viscoeity of the resin during
processing. The second compounent was identified by both GC-MS and FTIR as diglycidyl
etaer of bisphenol-A (DGE3A). This is 2 widely used difunctional epuxy, and was
apparently added by the wvanufacturer in amounts which varied from 1% to 3% from
batch to batch. Avnparently, the Eposir reosin was still considered experimental by
the manufacturer during the time that those twy batches were obtained by HDL. The
resin system has since been fully commercialized, and presumadly no further variations
in resin chemistry will be made by the manufacturer unless purchasers are so in.ormed.
Since such variations do sometimes occur in practice, the use of some method cf in-
coming QC to monitor resin composition was recommended. HPLC "fingerprinting” is arn
excellent incoming QC method, and therefore a detailad description of both HPLC
techniques used in this study are included for reference in the Appendix.
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Figure 2. HPLC data for comparison between Epos:r resin (a) and
DEN 431, a novolac resin (b). Peaks corresponding to resorcinol
and DGEBA are marked on Eposir curve,
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Figure 4, GC-MS data which identify third unknown H} _C fraction as
diglycidy! ether of bisphenol-A (DGEBA).

None of the chemical techniques used to determine resin composition indicated
the presence of acetone, but during the HPLC analysis, the continual loss of low
molecular weight resin components by evaporation was noted. Since a gradual increase
in viscosity accompanies this selective evaporation, a fabricator might be tempted
to add a solvent such as acetone during a lengthy processing operation. It was
finally learned that MIKI had diluted the resin with acetone during the impregnation
process. OML recommended that this practice be stopped. Since the acetone i:c
still present in the cured laminate, it is clearly trapped in the material during
cure, and could contribute to environmental instability in the panels.

ANALYSIS OF SPECIMENS FROM SHELTER A2

On June 9, 1983, OML personnel visited APG and removed several specimens of
the roof and sides of shelter A2 for chemical and physical analysis. Figure 5
shows the number of delaminations which occurred in one specimen location on the
roof in the center of the bubble. The specimens were removed with a 3-inch-diameter
hole saw. Figures 6 through 12 are color photographs and photomicrographs of some
of these specimens. Two significant observations were made concerning these speci-
mens: 1) the generally pale color of the internal delaminated surfaces (see Figures
6 and 7) suggests that the resin inside the laminate is incompletely cured, and 2)
while some delaminated surfaces appear to be resin poor, examination of matching
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Figure 5. Saction of the bubble in the roof of sheiter A2,
in this region there were two separate ply separations plus
delamination from the honeycomb substrate. -
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fracture surfaces frequently shows them to be resin rich (see Figures & versus 7,

and 8 versus 9). It appears that the envirommentally induced fracture which caused
these delaminaticns occurred at the fiber-matrix interface along the edge of a

fabric ply. This 1is also shown in Figures 10, 11, and 12 which show a partially
delaminated specimen. The close view in Figure 12 shows a resin-rich fracture surface
on the bottom cf the crack and bare fibers expused on che top surface.

B

Both the extent of cure of the matrix and the nature of the emvirommentally
induced fracture were determined by analysis of the test specimens,

e

Extent of Cure

A DuPont 1090 DSC was employed to measure the extent of cure of the resin matrix
in the specimens from A2. Extent of cure is determined from DSC measurements by
measuring the residual exotherw which occurs in the cured material a4 the specimen
temperature is scanned through the cure temperature, and comparing this value to the
original exotherm which occurs during curing of the uncured resin. In order to make
this comparison, the volume fraction of resin which is preseat in the ccmposite must
be accurately determined. This is difficult with Kevlar/epoxy composites since most
i3 conventional methods for selective removal of the resin from the composite, such as
burnout, also remove the organic Kevlar fibers.
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Figure 6. Internal delaminated surface fron. the Figure 7. Other side of defaminatior snown in
section shown in Figure 5. Surface is pale in Figure 6. This is niuch more resin ri ;h than the
color anc resin starved. matching surface, indicating failure owcured at

a ply boundary. j

The technique which was used in this case was quantitative optical microscopy
(QOM). This technique requires considerable gkill both in the preparation of the
specimen and operation of the microscope, but it is by far the most 2ffective technique
for Kevlar/epoxy. QOM measurements showed that the volume fraction of Kevlar fiber
in the A2 specimens varied from 48% to 50%. Sample results of QOM measurements are
shown in Figure 13. Figure 14 shows the curing exotherm of the unreacted apoxy.
With a scanning rate of 5°C/min, the epoxy exhibits a curing exotherm of 263 joule/gram
with a center temperature of 137.7°C. The results of a similar measurement on a
cecmposite specimen from shelter A2 are shown in Figure 15. This specimen exhibits
a curing exctherm of 38.7 joule/gram and, since only roughly half of the material
in this specimen is resin, this would correspond to a residual curing exotherm of
almost 30 joule/gram in the A2 resin. These data indicate that the resin in the
A2 shelter is only 70% cured. This extent of undercure could significantly degrade
the environmental stability of the cured composite. The manufacturer's recommended
cure cycie for this resin includes curing the panels at 1809C for one hour, and
postcuring for 19 hours at 200°C. OML personnel obtained a recorded cure cycle
from MIKI which indicated that, while the original cure was performed at 180YC, the
19-hour postcure was carried out at a temperature significantly (5°C to 109C) below
2099C. OML recommended that, since the postcure contributes strongly to the final
extent of cure, the full 19-hour postcure should be carried out at 2009C. It was
also recommended that if more than one panel is postcured at a time, adequate
spac: be allowed between them for air circulation.
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Figure 8. Magnified view of the fracture surface Figure 9. Magrified view of the fracture surface
shown in Figure ©. shown in Figure 7.

These recommendations were followed during the fabrication of shelter A5, and
DSC measurements of test specimens from shelter A5 (Figure 16) indicar_ a residual
resin exotherm of about 30 joule/gram compared to a resin exotherm of 80 joule/gram
in A2. This represents a consideravie improvement in the ¢xicne of cure. Eiimina~
tion of acetone from the resin, and thorough dryiug ve the¢ Kevlar fabric, as dis-
cussed below, may also have contributed to a higher degree of cure in sheiter A5,

Optical Microscuopy

Optical microscope specimens were prepared from several of the delaminated
regions of shelter A2. Material removed from the shelter vas cut, mounted in
eroxy, and polished with a metallurgical polishing wheel. These specimens were
used for QOM fiber volume measurements reported in the last section. and alsv for
analysis of the internal fracture surfacer generated during the simulated solar
load cest. Microscope specimens were alco prepared from material from sheiter B3,
which had not been exposed to blast or simulated sclar load, tor comparison.

Figure 17 shows a micrograph of an A2 specimen along the environmentally de-~
laminated edge from the region shown in Figureg 1! and 12. Figure 18 shows micre-
graphs at two different magnifications of specimens from shelter A2 (labeled 'bad’)
and micrographs at the same magnifications of specimens from the B shelter (labzied
"good"). Figures 17 and 18 show that, in addition to the actual delamination, the




Figure 10. Specimen removed from another Figure 11, Polished specimen from the section
section of the roof of A2. The skin was shown in Figure 10,
partially delaminated in this region.

A2 material contains many small crachs which run along the fiber-matrix interface.
The delaminations themselves appear to be tha result of coalescence of these cracks
at ply surfaces.

As Figure 18 shows, these cracks are present not only in the A2 material
which has been expused to blast and simulated solar load, but also in the material
from shelter B3, which had not been exposed tc either. This suggests that some
difficulty arising during fabrication caused these cracks. The micrographs in
Figure 19 indicate that such cracks are not present in all similar Kevlar/epoxy
materials. These micrographs show magnified views (400X) of Kevlar/epoxy specimens;
two from different locatiuns in shelter A2 - one from the B shelter, and one from
a material preparcd as p.rt of round-robin testing for Mil Handbook 17, a composite
materials properties data base. This material was fabricated from the same resin
system used by MIK1, although the material was obtained in the form of prepreg,
and the same cure cycle was employed. It does not contain extensive fiber-matrix
cracking.

Care was tahen during the processing of the Mil Handbook 17 material to ensure
that the Kevlar prepree was dry before laminate fabrication. Manufacturers generally
dry the Kevlar fabric adequately before prepregging. The fabric should be dried
at temperatures above 100°C for several hcurs. This procedure was not followed by
MIKI during fabrication of the earlier shelters. 1f environmental moisture is not
removed from the Kevlar fabric prior to cure, the elevated temperature will drive




Figure 12. Magnified view of specimen in Figure 11.

it from the fibers into the fiber-matrix interface. This would be expecced to cause
the type of dsmage which was observed in the shelter materials. The correct drying
procedure was incorporated into the fabrication of sheltzr A5, and a microscopic
examination of the A5 materia! showed no such damage.

A likely scenario for the catastropkic delamination which occurred during simu~
lated sclar loading of shelter A2 is as follows. Environmentsl moisture was absorbed
lato the shelter during storage, pooling in the cracks vhich were present due to
improper drying of the Kevlar fabric. Some residual acetone may also have mixed
with the liquid water in the cracks. Since the thzrmal conductivity of the Kevlar/
epoxy composite is considerably lower than that of the metal in the standard shelter,
the procedure followed during simulated solar lsad resulted in measured temperatures
at the surface of the laminate directly under the heat source of 260°F to 280°F,
These temperatures would be sufficient to induce local boiling within the cracks,
causing coalescence and subsequent delaminations both between plies and from the
hcneycomb substrate. Although the test was much too severe to actually simulate
solar loading, it was fortuitous that the delaminations occurred because it brought
to light a number of indequacies in the fabrication protess which, if uncorrected,
were likely to have caused problems with the long-term stability of the shelter.




Dt Wl e e N

ek ¥ a2

2 e

¥ sk

IR M P

A e

e

AP RSy

STt e W

9 A

B U ey R e R AT Y L5 LA T T Ry BTN S T TR

ROUT 1€
(ARITTEN 22-8B-€F ) WPECINEN INENT o000 22-0U0-93

PAGE 1 OF ) UNITE? MICRONS

FIELD 180

INET 3

DIFFEMEMTIAL MIGTOURaNG LHAITS 1 MICRONE

NIN. VALUE » 24.4%C3 RaX, VALLE = 44,9404
NEAN & 48,6204 $7D. BV, =« $0.1732
NO OF §AMPLES » 100 MEDIAMN = 49.0749
X KEWLAR F196R
0
16
]
14
0
18
]
22
[+)

14

A G S e, e T A

o
74

0
78

o
82

]
86

o
20

9

Figure 13. Sample QOM data on fiber content of Keviar/epoxy
laminates from shelter A2,

10




WAL A ARl 5P

s

4 s e e # o

pe——

oot st 4

- —— e ——————v v -

Heat Flow D

!

88 68 18 129 143 108 88 M 228 2248 20
Tenparabura (°O Duford 1298
Figure 14. DSC measurement of the curing exothenn in the
uncured Eposir HATS epoxy resin.

v .} v v -

- — > -

48 188 1M 28 M8 2
Tempereture (0 DuPerd 1209

Figure 16. DSC measurement of the residual exotherm in
cured Keviar/epoxy material from sheiter A2,

11

| et e o s Rl et 4 e e




Hast Flow Wi

-5t +
' i
b 4
-71 +
4 i
s 3 S
-<L 14
- 4+
+ +
~334 168, 'R 4
T .14 \“i”.\\ 1
-§14 4
T Y A I I I @ e
Tenmpareture (0 ot 10D

Figure 16. DSC measurement of the residual exotherm in cured
Keviar/zpoxy matsrial from shalter AB.

i
Delaminated Edge

Figure 17. Photomicrograph at 80X of the edge of an environmen-
tally induced delamination from shelter A2, Delamination is also
shown in Figures 10 through 12. Figure shows fiber-matrix cracks
coalescing at next piy boundarv.,
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ENVIRONMENTAL STABILITY OF KEVLAR/EPOXY HATS LAMINATES

To ascertain the stability of the HATS laminates in the presence of environmental
moisture, material was obtained from shelter B3 and machined into tension, short
beam shear, and torsional pendulum test specimens. These specimens were all machined
at 0/90° to the direction of the Kevlar fiber reinforcement, After machining, the
specimens were dried in vactum at slightly above 100YC until their weights istabilized.
Half of these specimens were then tested to determine dry mechanical and dynamic
mechanical properties. The remairing specimens were immersed in distilled water at
80°C until their weight gains had leveled off at 6% to 7%, and then tested. Ilawrersion
time required to achieve saturation was about one and a haif months. Results of the
tensile and short beam shear tests are shown in Table 1, ard the dynamic sochanical
data are shown in Figure 20.

The dynamic mechanical data indicate that the HATS material is strongly plasti-
cized by absorbed moisture. Figure 20a i3 a plot of the square of the resonant
frequency of the wet and dry torsional pendulum specimens as a function of tempera-
ture. The shear modulus of the specimen is directly proportional to this quantity.
Figure 20b is & plot of the perceat damping in the wet and dry materials as a func~-
tion of temperature. The damping is a measurz of the energy which is dissipated bv
the material during each cycle of loading. The organic aatrix in these materials
undergoes a glass transition between 1009C and 200°C, during which the damping
reaches a maximum value, and the shear modulus drops by sn order of mag-ifude.

0r © Dry, Unwontinued
@ O Wet Specimen (6% H,0)
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Figure 20a. Torsional penduium data on high temperature
stability of Keviar/epoxy HATS matorials st 0% and 6%
absorbed moisturs. Natural fraquency squared is directly
proportional to shear moduus, G1.
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Figure 20b. Yorziona! pendulum data showing the effect of
absothed molsture on the % damping of Kevisr/epoxy HATS
matevis! as 2 function of temperature. Data indicate approxi-
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Figure 20 shows that the ouset of the glass transition ocecurs at a significantly
lower temperature (&bout 30°C) in the wet material. This lcwering of the glass
transition temperature could seriousiy degrade the performance of the mgterial at
the upper use temperature, and suggests that design properties for the laminates
should be determined at these temperatures after approvriate envirommental condition-
ing. Saturation by moisture is unlikely to occvur in use, but several percent mois-
ture uptake could take place in high humidity environments, and even a few percent
absorbed moisture could lead to significant depression of the glass transition tem-
perature in highly cross-linked materials such as this epoxy.

The results of the mechanical testing shown in Tgble 1 also indicate that design
properties should be measured after envirommental conditioning. The short beam

Table 1. EFFECT OF MOISTURE ABSORPTION ON THE MECHANICAL
PROPERTIES OF KEVLAR/EPOXY HATS LAMINATES

Properties Ket Dry
Tensile Strength 36.7 52.9
(ksi)
Tensile Modulus 3.44 3.9
(msi)
Shear Strength 1085 3360
(psi) :
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shear strength is a matrix~dominated property, but & decrease in mean interlaminar
shear strength of almoet 70X at saturation suggests that an unacceptable loss of
strength may sccur at lower moisture contents and elevated temperatures. A drop
of 30% in mean 9/90 tensile strength also suggests that the effect of abaorbed
moisture at elevated temperatures on tensile strength should be assessed.

Since the degradation of mechanical properties which may accompany environmental
moisture absorption occurs only gradually, problems may not appear lor several years.
A shelter which passed a blast test as fabricated might not sustain the same blast
loads when tested after several years of envirommental exposure. The potential
for environmental degradation due to moisture absorpiion is common to all orgranic
matrix ccmposites. To minimize deterioracion, every effort should be made to assure
that composite materials are properly cured to slow down moisture sbsorption. A
properly applied protective surface coating can also inhibit moisture absorption.

In addition, structures utilizing composites should be designed using allowables
which take enviromental deterioration into account.
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APPENDIX. HPLC EXPERIMENTAL CONCITIONS

Perkin-Flimer - Series 4, 1SS 100 Auto Injector, 3600 Data Station
Perkin Elmer LC75 variable UV set at UV 214 mm
Waters Associates uBondapak cl8

Grddient 1CZ THF/35%CH3CN/55%H20
*45/30/25 15 min curve 3

2.0 ml/min

katers Associates model 244, data module, with auto inject
Waters 440 UV set at 254 rm

IBM SEC "A,C" 5u packing material

THF

1.8 ml/min

18




.

g

T

¥

-
*

e et i ¥ s ol R ER

0I5

-

R N W e B NP T o 3

L Za

Bl KL b, P i3 o P i

e

SRR IR A TR A

TECXT AL 2 LY LTS

DISTRIBUTION LIST

e e -

No. of
Copies T9
1 Office of the lUnder Secretary of Defense for Resesarch and Engineering,

(2%

Pt ot s et

The Pentagon, Washington, DC 20301

Commander, Defense Technical Information Center, Cameron Station, Building 5,
5010 Duke Street, Alexandria, VA 22314

Commander, U.S. Army Laboratory Command, 2800 Powder Mill Road, Adelphi,
MD, 20783-1197
ATTN: Technical Library

Metals and Ceramics Information Center, Battelle Columbus Laboratories,
505 King Avenue, Columbus, OH 43201

Commnander, Army Research Office, P.0. Box 12211, Research Triangle Park,
NC 27709
ATTN: Information Processing Office

Commander, U.S. Army Materiel Command (AMC), 500) Eigenhower Avenue,
Alexandria, VA 22333
ATTN: AMCLD~SSN, D. Bassett

Commander, U.S. Army Electronics Research and Development Command,
Harry Diamond Laboratories, 2800 Powder Mill Road, Adelphi, MD 20783-1197
ATIN: DELHD-NW-EA

Commander, U.S. Army Communications-Electronics Command, Fort Monmou%h,
NJ 07703
ATTN: AMSEL-ED-SS, Doug Antisell

Commander, U.S. Army Armament, Munitions and Chemical Command, Dover, NJ (7801

ATIN: Technical Library
AMDAR-SCM, J. D. Corrie

Commander, U.S. Army Natick Research and Development Center, Natick, MA 01760
ATTN: STRNC-UE, Calligeros

STRNC~UE, Galezewski

STRNC-US, Siegel

STRNC-US, Dollaway

Director, U.S. Army Ballistic Research Laboratory, Aberdeen Proving Ground,
MD 21005
ATTN: AMDAR-TSB-S, (STINFO)

Coomander, U.S. Army Missile Command, Redstone Arsenal, AL 35898
ATTN: AMSMI--TB, Redstone Scientific Information Center
AMSMI-RLD, Mr. D. Loveless
AMSMI-FAM, Mr. H. Dedman

Commander, U.S. Army Foreign Science and Technology Center,
220 7th Street, N. E., Charlottesville, VA 22901
ATTN: Military Tech, Mr. Marley




No. of
Copies To

Commander, U.8. Army Science and Technology Center, Far Fust Office, APO
San Franciszo, CA 945328
I ATTN: Terry L. lcAfee

Commander, U.S. Army Test and Evaluation Ccmsand, Aberdeen Proving Ground,

v 21C03
1 ATTN: AMSTE-CT-T, Dick Huang
1 AMSTE~AD=A, M. Orlowicz
1 TEAP-MP~U, W. Brown

Director, Lustis Directorate, U.S. Army Air Mobility Research and Development
Laboratory, Fort Eustis, VA 23604

1 ATTN: SAVDL-E-MOS (AVSCOM), Mr. J. Retinson

1 SAVDL, ®Mr. H. Reddick

Naval Research Laboratory, Washingtom, DC 20375
1 ATTN: Dr. C. I. Chang - Code 5830
1 Dr. Chet Poranski - Code 6110
1 Mr. I. Wollock - Code 8433

Naval Air Development Center, Warminster, PA 18974
1 ATTN: R. Trabhccen
1 L. Buckley

Naval Air Systems ..ommand, Washington, DC 20361
1 AITN: Mr. Maxwell Stander

Chief ol Naval Research, Arlington, VA 22217
1 ATTN: Code 471

)

Fdward J. Morrissey, AFWAL/MLTE, Wright-Patterson ‘ir Force Base, OH 45433

Commander, U.S. Air Fovce Wrisht Aeronautical Laboratories,
Wright-Patterscn Air Force Base, CH 45433
ATTN: AFUAL/MLC

AFWAL/MLLP, D. M. Forney, Jr.

ATWAL/EIBC, Stanley Schulman

AFWAL/MLBC, Dr. T. Helminisk

AFWAL/MLBP, Dr. R. Van Deusen

AFWAL/MLSE, Frank Fechek

N b+t ot ok pues e

National Aerunautics and Space Administration, Washington, DC 20546
I ATTN: Mr. G. C. Deutsch - Code RW

National Aeronautics and Space Administration, Marshall Space Flight Center,
Huntsville, AL 35812

1 ATIN: R. J. Schwinghammer, EHOl, Director, M&P Lab

1 Mr. W. A. Wilson, EH4l, Building 4612

1 Committce on Marine Structures, Marins Boar?, National Researct Council,
2101 Constitution Ave., N. W., Washington, DC 20418




No. of
Copies To

1 Librarian, Materiala Sciences Corporation, Guynedd Plaga 11, Bethlehea Pike,
Spring House, PA 19477

Lockheed Missiles and Space Company, Inc., Dept. 47-01, Building 150, P.O. 3Bex
504, Sunnyvale, CA 94088
I ATTN: Dr. Clayton May

Lockheed California Company, B/229, PH2, Dept. 74-71, P.0. Box 551,
Burbank, CA 91520
1 ATIN: Don Crozier

Hercules, Inc., Box 98, Magna, UT 84044
1 ATTN: R. E. Hoffman

L
{
L
L
9
o
i

Boeing Commercial Airplane Company, Seattle, WA 98003
1 ATTN: Judy S. Chen, M.S5. 73-43

Grumman Aerospace Corporation, Bethpage, NY 11714
1 ATITN: Robert Holden

Rockwell Science Center, 1049 Camino Dos Rics, P.O. Box 1085,
Thousand Oaks, CA 91360
1 ATTN: Paul Dynes

Kaman AviDyne, 83 Second Avenue, NW Industrial Park, Burlingtomn, MA 01803
1 ATTIN: Mr. Garabed Zartarian

Northrop Corporation, Hawthorne, CA 90250
1 ATIN: David Crabtree

McDonnell Douglas Corporation, McDonnell Aircraft Company, P.0. Box 516,
St. Louis, MO 63166
1 ATIN: J. F. Carpenter

McDonnell Douglas Corporation, Huntington Beach, CA 92646
1 ATTN: Paul Scherer

Lawrence Livermore Laboratory, University of California, Livermore, Ca 94550
1 ATTN: Dr. Roger Morgan

Ministry of Nefense, Non-Metallic Materials Branch, Waltham Abbey, Essex, England
1 ATTN: Dr. Anthony Davis, Procurement Executive

Bell Helicopter Textron, Department 80, P.0O. Box 482, Fort Worth, TX 76101
1 ATIN: Dr. J. Cernosek

General Electric Company, Space Systems Division, Valley Forge Space
Center/M4018, P.0O. Box 8555, Philadelphia, PA 17 01
1 ATTN: Dr. Carl Zweben




w0, of
Conies To

E. I. Dupant de Nemours and Company, Incorporated, Polymer Products Department,
E.pcrimental Ststion Laboratory, Wilmington, DE 19898
1 ATTH: ©Dr. Donald Huang

E. I. Dupont de Nemours and Company, lIncorporated, Special Products Division,
Wilmington, DE 19898

1 ATIN: Paul Langston

i Paul Riewaid

Hughes Helicopters, Culver City, CA 90230
1 ATTN: John Schibler, Nen-Metallics

Americax Cyanamid Company, 1937 West Main Street, Stanford, CT 06904
1 ATTN: Dr. Jeaune Courter, Rocm 319

General Dynamics Corporation, P.0. Box 748, Fort Worth, TX 76101
1 ATTN: Dr. R. Wilkins

Director, U.S. Army Materials Technology Laboratory, Watertown, MA 02172
2 ATTM: SLOMT-IML
2 Authors




_ TA3tpuenu pue 3aniriadidy PIITA3LE v _ “AI1pIumy pue IUNIRAA0NIY PIJRABLI @ _
PIUNIITIN 29 PINOYS (V14IWH BYT 3O SB1luacosd ubiysap jeyy paisabbng jeuiwry ay3 — P3ujuialap 3q prnoys 1e1233ew Y3 4O S3pI4adoad ubysap jey; pajsabbns Nruer] A
~ 40 S311U3704T {EO1UPY I YT UD JANISIOW O 133553 AT 4O SIUAIAUNSERW Aavuywiyaig 30 531323d04d (POJUPYOIW 3Y3 VO RUNISION JO 13333 A 30 SIUdIunsodw Advupei|aay
(EIPULWEL 3UY wE AN 30 daabap duy AsTILOUY A(Iuediylubls pue Buyyoeidouo — TSIIRULWEL AY] Uy Iund o weaou Ucw 35831301 A1uesgjiubys pue Bulndesd0ldpw —
~ L _Th) uumiw‘:u o3 mmma Sem ..ouMMT.mmu 34y Lpnis siyy moy HuyIENsad n"cwuuvcusco..”“ 214} “umcwﬂuu oacw—mﬁwwﬂm_“wwmmwgw“uuwuwu..%“wncmw“uuw..:uom:R”Nwtﬂw”“o”wnvﬂn‘otwwwu
uo Bulydy  © np A1ateeix0udde Aq pauntiEpun uasg 3aey 03 punoy osy {1433 uo 6u . o
BUL TSAIMIPIATNIT PRIPAID 3P VO IPULLP|GD JuanhasQns pue FaNysiom {eIudu0a AU * MY CSRANITUGWAT PIIRAS|A e uojjrulwefap Juanbasgng PUR UNISIOE [ RIVIUDIALD —
~ £q vorsrayl vy 3pqiidadens Apaeinayaed (viaayew 3yl apew ydiym AON4A3u4 Yiaee _ AQ vojseAu} 0] 3{qg3ydadsns Klae nsiyaed (e)aazew ayy SpWE YILUA BI03093u) Xju3me —
43043 A4T 10 BulnIPad0Idye PASNED SIurps 302D uolIed}aqey sadoadwy IR PITEI|puy 49013 2y 1% buiydvsI0404w pasned Saunpadosd vo|iedtaqe; Jadoddatt eyl P3N puy
~ $1333 ITAYY JO SI[NSAL YL ISR PED| 4PI0S LAIPYTNYS © Lulanp UOEIPUERISD IAISU) $IS3) 35T 4G £IINSAL By) 353 proj JRIOS pajeinuys ¢ Bupanp VOFINULWRIDID IAJ5UIY
%3 dunbaopun pry IiM AINIINAYS @ Ul Buniiey JO ISNED Y} AU OF s2ivuiwey _ -%3 avobadpun pey YIIUYM 2JNIDNLIS # Uy FaN[19} 30 Isned Y3 WP 03 SIIRULEN —
_ Axdda/seiaax uo paaciaad aiam $3C33 {€345Aud pue CLeo1URYIBW (1 PIYd O $31.43S ¥ _ Ax0odd /4919y w0 paasngiad auamM 53333y 1#3454yd pue *pedjurydaw * (€I EBYd JO Sdjads § —
2100628 L1LYY9 2P0) SWMY 2L00520° L1LYYY 3POD SV
S§SA|RUP Binjiey TE2ECLLYIVIL 1737044 W/0 *d[arI-snyfy _ siskieus dungiey .QNSN_Svu_.auwﬁﬂta ¥/Q *atqes-engqy _
— BR13320 834 ,00w0) - 8d 12 "SA6{ 43GwaI3Q *9£-68 WL YW 12043y 1Y uydey RepIIE 23 504w0) = dd (2 *§861 420w3330 "9f-58 Y1 1M IJ0day [LEL 50N
_ el urifoy "3 Jaavbury pur vOIYEPON ‘M wRELLIN _ JrLan durihoy '3 Jdsebumy PUe UOIYENOY "R WELL]IN _
Spaom £ay © O SYILIHS WILIIVL ANWY Spaop Aoy - SY3LTIHS 3.3«» Ay
v ‘e QINITYH KT 03N SIIYNINYY AXOJI/BY AN QINITuWH N1 03ISN STIYNIWYY AXOJI/UYIAIN
| wounsrcia 03w wn 10 STV KOTLVNIMYYI0 40 SISV | vonmstuisio eiiuimin 30 S3UNIIV4 NOILYNIKY1IQ 30 SISV _
LR AR 1000-32120  S3I1ISNUIRTSOY *um0Jaden o naesyaEn 1000-2£120 $313sSnydesSSiy “um0idd3en
_ - ov SAioqpa0qeY ALOoouydd] S|ejualIMy Kwsy “5°n ~ av *h407240097 ABO{OUYIA] S{RF4IIN Amiy *g°n —
! . 4
_ TAPIINY puv unIvaaded) paIRALld e _ “ALIpiuny pur 2uNJPII0EIY PRIEAS|R P _
PAU{HIATIp 2Q DINOYS (PISOIME B4R JO SA1343004d ubiSIP TRy PITSIBOAS FYPuruvy Yy — PIUIWAIINP 3Q pINOYS (efs3lew Ayl ;O $3JI4adosd ubysap yjey; pIIsabons Neuiwe] w3
~ 30 wu.fuuai 1POLUPYOIM Y U0 JANISI0W JO 312543 YT JO STUIQINTEIM Kaeuysy|aag 30 $3j3avdoad {edjueydaw y3 uo ANISHIOW 30 139439 W 3O SIudIANseIw as!.:!:u..u
TSATPULERY Ayl Ul Asmd jo sasbap Ayl asvauzuy \anu...:cm.u pue bupadesd04I 1w _ TSBIRULINRY Y UL JAND JO 35 !_w»uzo..u& A 3uedysiubis pue Bupxydead0ad)e _
| rmenits o) wige sem coveaigns s o 330 aneu’0  purny oste em 101aeiee I unbuiay, 0t A1steusrosade 40 sesmsomn uees aned ot puses acre ver voraeaes
s buildy - nr A(a1ewivaudde £q pauniaapun y aney 3 s . ¢
[ T RE T I P TPADLS I0 GOJIPUINELAD JuANhITANS B O BUNISION {RIUNMIOI|AUS Yl S3unyeuddwal paIePAd|d 3P U0 IRULWPLAP Juanbasqns puw Mo (NINDW0I AL _
_ !MA co_ﬁ,ﬁ._ou uwamaouﬂ—.u :..2._3:..3 tP14330w 3y) Ipew NOIYM DI} Xjaim _ £q votseauy 03 31q11dadsns Ateinoiyaed |eraajew Iy pee YWoLYm #d0549u) xjajem
n 43333 84) 1P BULYILIDIIIE DIENED mu‘:ém::m uctiedjuqe; Jadosday) 3oyd voucu_.v_.; ..vaC 3yl e m:t.uasuo‘.uwl Pasnry saunpIdoad :o”u-ufme 433040y IRy} PAIRI|pUy _
$I33] 21397 jO SYINSII YL ISP PEO| JPTS PATEINGES B BULIND UOLIPUIBIF|ID IAYSUI} $133] 3Tau) 40 SIINSAL Y] "ISI1 PO} JP|OS PATP{MElS @ Bujunp UOLIRULWC L3P BA}SUI]Y
_ -¥3 Auchaapun PRU YIIUR IIMDNIYS @ UL 2uN{1PS 30 2579 Iy} AUjuidlap 03 $IIPu ey _ -X3 uof4apun DRY Yd4Ym 2uNIDNIIS @ WY FIN{ 19} 40 3Asned YY) JUINIRIP 0 SAIrUaRg
£x0d3/seiaay e pms0sIad Juam $3823 1815 4uyd pue *{PojuPyIaW eI IWAYI 0 334435 vy - Ax0d3/4v A3y U0 PILI0jaad JuIM SIS 1®3154Ayd pue *jedfueydaw *LeIjwayd 40 SOjuBS ¥ -
2100620 LLLYv9 300) Sy 2100620 " LL{Lr9 900D SHMY
_ Sishieut aungyey “62t0L199931 123044 Y/Q *ILQeI-SNYY} s'shjeur aungjey *62¢0/1¥9931 Id3fcad /0 *dqeI-sng|} ”
“ SLPAIPY I SCCuO) - 084 {7 'Syl 49quad3Q ‘9t-SB ¥l LW 140dPy {¥3juyday _ ${P1a0w 3]} S03W0) - dd {2 *SBEL <2quadag *9¢-¢3 M1 VW 14003y (ediwgos)
4RLAR duefry 3 Jaaebany pue UOIYENOU M T eyjLIN _ L ourthon °3 334eb.my pur uoluGnoy n LN ‘
— spaon Kay - SHILTIHS iu:o«» AWvy Spaim A3 3 - wuu»._u.zim._gﬂw«h »tw_“
VRIS . Q3NITUYH NI GISN STIYNINYY AXO43/BYIAIN g3IN30¥YH N1 Q35N SILVNI AX HY A
| MCLITBIAITC QL INI NN 50 334071v4 NOTIYNIWY130 40 SISV) ] N e 10 JaL Wt wn 40 STINTIYS NOLIVNIMYI30 40 SISNYD _
C3l4iTsy i 1010-27120  $3)3SPydessoy *umroliazen _ . Gilhsyomn 1000-2/120 SIIISNYIPSSMY Wm0} m
“ h oy ‘Ain10a07P7 £OO{OUUIA)L S{RLIIn Auay o0 _ av *A107e10q07 ABOLOUYIP]| S0} I3I0 Awry ¢ —
e |

USRS e T

XTI

-t




