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FOREWORD

The ACS Sympostum SeriEs was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvANCES
N CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

This book is divided into four sections since the subject matter encom-

passes a variety of technical expertise. Part I is devoted to Resin
Chemistry; Part I, Adhesives, Coatings, and Sealants; Part 111, Reinforced
Plastics; and Part IV to Instrumental Characterization Technology. The
aerospace industry has been, and is, contributing much to instrumental
characterization methods as evidenced by Part IV and substantial por-
tions of Part III. This activity is based on a need to know as much as
possible about the materials being used to assure high quality hardware.

Aerospace materials and technology have had a pronounced impact
on our everyday lives. Perhaps the classic example is the early work of
N. A. DeBruyne and co-workers, who developed the Redux bonding sys-
tem that played a heavy role in aircraft construction during World War I1.
Today we find adhesives everywhere—in the homes where we live, in
the offices and factories where we work, in the automobiles, buses, trucks,
and trains of our surface transportation systems, and in the planes in
which we fly. It is thus fitting that the American Chemical Society and
the Chemical Society of Japan have asked the workers in this industry
to discuss a variety of aspects of their technology.

The editor is deeply grateful to Dr. Dave Kaelble of the Rockwell
Science Center, Mr. George Schmitt of the Air Force Material Laboratory,
and Mr. John Hoggatt of the Boeing Aerospace Company. They not
only served as session chairpersons during the Symposium, but also
helped procure the contributors who made the Symposium a success.
Finally, a special note of thanks is due to Professor Kozo Kawata from
the Institute of Space and Aeronautical Science at the University of
Tokyo. Professor Kawata served as a co-chairperson representing CSJ,

and his vigorous activity during the meeting is appreciated most grate-
fully.

Lockheed Missiles and CrayToN A. May
Space Company, Incorporated

Sunnyvale, CA 94086

February 26, 1980

ix
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Status of High-Temperature Laminating Resins and
Adhesives

P. M. HERGENROTHER and N. J. JOHNSTON

National Aeronautics and Space Administration, Langley Research Center,
Hampton, VA 23665

The quest tor high temperature polymers for use as functional
resins (e.g., coatings and sealants) and structural resins (e.g.,
adhesives, composite matrices and foams) began in the mid-1950's.
Early work on high temperature polymers concentrated primarily on
thermal stability and paid little or no attention to cost, pro-
cessability, performance or actual use temperature. As work pro-
gressed, it was quickly recognized that a successful polymer must
exhibit a favorable combination of price, processability and per-
formance and also that thermal stability differed from dimensional
stability or heat resistance.

Work on most of the more exotic and costly polymers was soon
discontinued as a result of this realism and the more current
emphasis has generally been restricted to the development of mate-
rials for specific applications. In fact, this review will be
confined to those high temperature polymers currently being de-
veloped as adhesives and composite matrices. The term "high
temperature" in this context refers to the ability of a structural
material to perform properly in air for thousands of hours at
232°C, hundreds of hours at 316°C and/or minutes at 538°C.

The ideal high temperature polymeric system for use as a
production-line adhesive or laminating resin would exhibit a vari-
ety of desirable features such as the following: easy tape and
prepreg preparation, good shelf-life, acceptable tack and drape,
acceptable quality control procedures, low processing temperature
and pressure, no volatile evolution, dense glueline or matrix (no
voids), good mechanical performance over the desired temperature
range, time, and environmental conditions, acceptable repaira-
bility and cost-effectiveness. Ironicalty, no commercially avail-
able system exists which actually offers any reasonable combina~
tion of these features. Instead, the few commercially available
materials represent a compromise of these properties.

0-8412-0567-1/80/47-132-003%$05.00/0
© 1980 American Chemical Society
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4 RESINS FOR AEROSPACE

Historical Development of High Temperature Structural Resins

To place the current status of high temperature polymers in
proper perspective, a brief chronological review on each of the
more popular high temperature polymers is appropriate. In 1955,
E. I. DuPont de Nemours and Company, Inc., was awarded the first
of several patents (2) on aromatic polyimides (PI) considered to
be the first family of high temperature polymers. Several
companies such as Westinghouse, Monsanto, General Electric,
Amoco and DuPont devoted a significant effort to PI development.
In fact, more effort has gone into PI development than all of the
other high temperature polymers combined and, now that the DuPont
PI patents are expiring, it will be interesting to see if com-
panies who are basic in certain PI monomers (e.g., Gulf 0il
Chemicals Company who sells 3,3',4,4'-benzophenone tetracarboxylic
acid dianhydride) will enter the PI marketplace. The major por-
tion of the earlier PI work involved the preparation of soluble
precursor polyamic acids from the reaction of aromatic tetra-
carboxylic acid dianhydrides and aromatic diamines and their
subsequent cyclodehydration to PI {Eq. 1).

I
C H N@ NH N_c -NH
n O 2—>
~c HO C C02H

- 2nH20

ve @@

Precursor polyamic acids exhibit severe problems in shelf life
and processing due to hydrolytic instability, water released
during the cyclodehydration and general lack of melt flow. In
spite of these problems, several PI made by this general syn-
thetic route became commercially available about 1960, such as
Pyre ML lacquers, Vespel molding materials and FM-3L
adhesive.

Concurrent with the development of PI, the polybenzimida-
zoles (PBI) as initially reported by Marvel (3) were being
evaluated. Polybenzimidazoles are generally prepared by the
polycondensation of aromatic bis (_g—diamines) with diphenyl esters
of aromatic dicarboxylic acids (Eq. 2).

co,¢ -2n H,0

AL Qe KOO G .,

-2n$ OH
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1. HERGENROTHER AND JOHNSTON High-Temperature Laminating 5

Considerable amounts of phenol and water are evolved which
caused pronounced fabrication problems during the processing of
composites and adhesives. PBI was commercially available in the
mid 1960's (e.g., Imidite 850 from Narmco Materials) and is
currently being evaluated for use as hollow fibers in water
purification, flame resistant fibers and low density foams.
During the 1960's a variety of new polymers were reported
as high temperature materials primarily on the basis of their
weight loss performance as measured by thermogravimetric analysis
(4,5). TFew of these new materials were investigated as structural
resins. One of several systems which did receive considersgble
attention, however, was the polyphenylquinoxalines (PPQ). These
materials, as first reported in 1967 (6), are readily prepared
from the polycyclocondensation of aromatic bis(o-diamines) and
aromatic dibenzils {Eq. 3) as soluble, high molecular weight
thermoplastics. Although they display excellent potential as
high temperature structural resins, particularly as adhesives,

COCO¢  -4nHy0
SO SO IOWEC))
HZNNH2+n cocoe N7 ¢

the PPQ are relatively expensive, require high temperature pro—
cessing and at present are not commercially available.

As more potential applications developed for high temperature
structural resins, alternate synthetic routes to PI were investi-
gated to improve processability. These routes concentrated on
alleviating the evolution of the volatiles responsible for fabri-
cation problems. In the late 1960's TRW (7) developed a route to
nadic end-capped imide oligomers which could be thermally polymer-
ized through the unsaturation (Eq. 4). This technology became
known as P13N with the P standing for polyimide, the 13 repre-~
senting an average oligomeric molecular weight of 1300, and the N

(o]

2 @cb + 2.67 HN NH, + 1.67 ’°1@_ @
¢’ CH, e

[}

(@]

AMIC ACID

A~200°C -5.34H,0

000" ’°©'-@°\ voNon

THE RMOSET “@

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



6 RESINS FOR AEROSPACE

referring to nadic end-caps. The thermal chain extension, often
referred to as pyrolytic polymerization, apparently occurs
through a combination of addition reactions involving the vinyl
groups of the nadimide moiety and maleimide/cyclopentadiene
products formed from a reverse Diels-Alder reaction of the
nadimide. This process is accomplished with the evolution of a
small amount of cyclopentadiene. A significant improvement in
processing over the polyamic acids was realized but the resultant
resin was brittle. The P13N patents were purchased by the Ciba-
Geigy Corporation who was unsuccessful in developing a P13N
product line.

Work at Rhone-Poulenc on polyimides resulted in the develop-
ment of maleimide end-capped oligomers which could be chain ex-
tended thermally and/or by reaction with an aromatic diamine
(Eq. 5)(8). The Kerimid and Kinel products as marketed by
Rhodia in the U. 8. evolved from this technology. They exhibit
excellent melt flow properties and easily form void-free parts.
Although these materials are used in certain applications such

> g o

A /" HyN—Ar-NH,

(5}

RESIN FROM ADDITION THROUGH DOUBLE BOND AND THROUGH
MICHAEL REACTION OF AMINE WITH DOUBLE BOND

as circuit boards, they have not received acceptance as high
temperature structural resins because of their limited thermal
stability.

Current High Temperature Structural Resins

The P13N chemistry was extended at NASA-Lewis Research
Center to the development of PMR-15, PMR standing for Polymeri-
zation of Monomeric Reactants (9). The chemistry is the same as
in P13N except the average oligomeric molecular weight was in-
creased to 1500 and the material initially used for prepreg
formation is a mixture of monomers. The dianhydride of 3,3'L,h'-
benzophenone tetracarboxylic acid and nadic anhydride are
separately reacted with an excess of methanol to form the half-
methyl esters. b, 4'-Metliylenedianiline is added to a methanolic
solution of the two half-esters. The resultant varnish is used
to impregnate the reinforcement. Tack and drape are obtained in

In Resins for Aerospace; May, C.;
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1. HERGENROTHER AND JOHNSTON High-Temperature Laminating

the prepreg through residual methanol which frequently evaporates
and leaves the prepreg boardy. Esterification beyond the half-
ester stage has been observed and has been the source of process-
ing problems. Residual volatiles are removed during a B-stage
cycle with additional cure occurring through the nadimide end-
caps. PMR-15 has shown considerable potential for use in high
temperature structural composites and is currently under evalua~-
tion in many laboratories. PMR-15 prepreg is commercially avail-
able.

In an attempt to improve processability and introduce tack
and drape character into a PI prepreg without using solvent,
work was initiated at NASA-Langley Research Center in the mid-
1970's which climaxed in the development of LARC-160 (Eq. 6)(10).
A mixture of nadic anhydride and 3,3'l4,4'-benzophenone tetra-
carboxylic acid dianhydride is converted to the half-ethyl

S ORI T
coza CO,Et 2 CH,) CH,

NHZ n=0,1,2

-H,0, -EtOH
(6)

THERMOSET _ A _ B-STAGED IMIDE FORM

esters using essentially a stoichiometric quantity of ethanol.

A liquid oligomeric amine, Jeffamine AP-22 or Ancamine-DL, is
then blended with the two half-ethyl esters with the stoichio-
metry adjusted to provide an oligomer with an average molecular
weight of 1600. The resultant mixture of monomers is a viscous
liquid at room temperature and contains no residual solvent. The
monomeric mixture is amenable to melt impregnation to provide
prepreg with tack and drape without the use of residual solvent.
In composite fabrication, the condensation volatiles are removed
during a B-stage cycle to form imide oligomers which exhibit
excellent flow. These are then thermally chain-extended and
cross—-linked through the nadimide end-groups. Composites of
LARC-160 exhibit good performance at high temperatures. Both
neat resin and prepreg can be obtained commercially. Because of
its enhanced processability, LARC-160 is currently being evalua-
ted as a matrix material in many laboratories. Fabrication
development activities on both PMR-15 and LARC-160 are being
sponsored by NASA-Langley at Boeing Aerospace Company and
Rockwell International, respectively.

In Resins for Aerospace; May, C.;
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8 RESINS FOR AEROSPACE

In 1969, Hughes Aircraft Company began work under Air Force
funding on acetylene-terminated imide oligomers (Eq. T7) which
could be thermally polymerized through acetylene end-groups

0 NH
2HC=C NHy + o \ + ”2NT::I 1:::[ (::T 2
c
0
AMIC ACID -

-4H,0

o @u@‘* o (? @&"@f@ O

THERMOSET

{11). This work culminated in the development of a material
called HR-600. It was initially proposed that chain extension
of HR-600 occurred through arcmatization or acetylenic trimeri-
zation (12). Recent work has shown, however, that the thermal
reaction of an ethynyl group provides a very complex mixture of
products (;i). This technology was licensed by Gulf 0il Chemi-
cals Company and the HR-600 resin is now marketed as Thermid 600.
Graphite reinforced composites from Thermid 600 have shown good
performance at 316°C after aging. Further development of Thermid
600 as a laminating resin under AFML/NASA sponsorship was cur-
tailed due to problems associated with inadequate flow and short
gel time.

DuPont continued their work in the PI field and in 1972
announced the NR-150 series of PI (14). One of these materials,
NR-150B2, is prepared by mixing 2,2-bis(3',4'-dicarboxyphenyl)
hexafluoropropane with 95 mole % para~ and 5 mole % meta~
phenylenediamine in a suitable solvent such as N-methyl-
pyrrolidone (Eq. 8). The monomeric varnish is used for the prep-
aration of prepreg which retains tack and drape due to residual
solvent. The fabrication of laminates [e.g., 30.5cm x 30.5cm
x 0.32cm (12" x 12" x 0.125")] is difficult because of the
removal of high boiling solvent and condensation volatiles;
consequently, long cure and postcure cycles must be used. As
with most composite materials, small amounts (<1%) of residual
solvent in the laminate cause severe delamination during post-
cure and, if not removed, plasticize the resin and induce

In Resins for Aerospace; May, C.;
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1. HERGENROTHER AND JOHNSTON High-Temperature Laminating 9
H,N

CFg CO,H
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| COzH
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' CF
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1 "
CF3 o n

(o]
thermoplastic failure at elevated temperatures. Since small
composites of NR-150B2 have shown good high temperature perform-
ance, NASA-Langley is sponsoring further work on fabrication
development with Convair Division of General Dynamics Corporation.
Prepreg is commercially available.

Composite Properties

Several laboratories have evaluated high temperature poly-
mers as laminating resins and adhesives and have reported widely
divergent results on the same material. This is to be expected
since conditions which influence the performance of a structural
resin vary from one laboratory to another. For example, com-
posite properties are governed by factors such as prepreg
quality, processing (e.g., time, temperature and pressure),
aging environment (e_._g. , oven design, atmosphere and specimen
configuration), reinforcement (e_._g. , type, batch number and
sizing), composite quality (e.g., fiber volume and void content),
and testing (e.g., span-to-depth ratio in short beam shear test).
Therefore, it is difficult to obtain and would be improper to
expect a valid comparison on the performance of structural resins
evaluated in different laboratories, 2 comparison is more
reliable when the various resins are evaluated in the same
laboratory under carefully controlled conditions.

In an attempt to obtain a meaningful comparison of the most
promising high temperature matrix resins, laminates of the same
dimensions and layup were fabricated from different resins and
the same reinforcement by various companies with expertise in a
particular system. These laminates were submitted to NASA-Langley
then aged and tested under comparable conditions in order to pro-
vide the mechanical properties reported in Tables I and II (15).
The quality of the laminates varied but the processing informa-
tion supplied by each company and the test results indicate
trends. Of the four resins evaluated, the order of decreasing
thermal performance as indicated by short beam shear strengths is
NR-150B2=Thermid 600>PMR-15=LARC-160. Ease of processing and

In Resins for Aerospace; May, C.;
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TABLE I-Effect of Elevated Temperature Exposure on

Flexural Strength,GPa[Kpsi],

(% retention

Flexural Strength of Unidirectional HT-S Laminates

of RT properties)

Matrix RT 260°C after 500 hrg | 288°C after 500 hr. | 316°C after 500 hr
260°C 1n air 2288°C 1n air €316°C in atr
NR-150B2 1.43{207] | 1.30[1893 (91) 1.21[175] (85) 1.14[165] (80)
PMR-15 1.43[208] | 1.84[2677 (128) 1.24[180] (87) 0.97(1407 (67)
Thermid~600 | 1.28[185] | 1.17[169] (91) 0.99[1441 (78) 1.04[151] (82)
LARC-160 2.1303091 | 1.52[220] (71) 14.4[2097 (68) Not available
TABLE II- Effect of Elevated Temperature Exposure
on Interlaminar Shear Strength of Unidirectional HT-S Laminates
Interlaminar Shear Strength,MPa[Kpsi](% retention of RT properties)
Matrlx RT 260°C after 500 hr. 288°C after 500 hr. 316°C after 500 hr
©260°C in air 2288°C in air 8316°C in air
NR-150B2 70.3[10.2] 40.7(5.91 (58) 39.3[5.7] (56) 34.5[5.0] (49)
PMR-15 111.0716.1] | 53.8[7.8] (48) 47.6[6.91 (43) 17.9[2.67 (16)
Thermid-600 | 83.4[12.1] 60.0[8.7] (72) 51.007.4] (61) 41.406.0] (50)
LARC-160 95.8[13.91 53.8[7.8] (56) 46.9[6.87 (49) Not available
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1. HFERGENROTHER AND JOHNSTON High-Temperature Laminating 11

quality of prepreg followed the trend: LARC-160>PMR-15> Thermid-
600>NR-150B2. With respect to cost the following trend exists:
LARC-160<PMR-15<NR-15082<Thermid 600. Since this initial screen-
ing, additional composite fabrication studies have been conducted
which will be the subject of future reports.

Adhesive Properties

As with high temperature composites, the performance of high
temperature adhesives has varied widely from one laboratory to
another. This is due to the many factors which influence the
performance of a thermally stable adhesive such as the adherend
(e.g., type, surface treatment and thickness), adhesive tape
quality, filler (e.g., type and amount), carrier, processing,
aging environment, bond quality and testing. Four of the most
promising high temperature adhesives were evaluated in an attempt
to obtain a comparison of their initial performance and potential.
These consisted of FM-34, a filled polyimide system from Bloom-
ingdale Division of American Cyanamid Company; NR-056X, a modifi-
cation of NR-150B2 from DuPont (16); LARC-13, a nadic endcapped
imide oligomer similar to P13N except m,m'-methylenedianiline is
used instead of p,p'-methylenedianiline (;1); and & polyphenyl-
quinoxaline (18). The latter two are under development at
NASA-Langley. Titanium~-to-titanium (Ti/Ti) and composite-to-
composite {C/C) lap shear specimens and composite-to-PI glass
core sandwich panels were fabricated without opitmization of
resin or processing and tested. Preliminary results are presented
in Table III. Many factors varied in this study such as filler
content in the tape, surface treatment of the adherend, type and
thickness of the composite adherends, failure mode, number of
specimens tested, and scatter of test values. These variations
prohibit a meaningful comparison of adhesive performance although
the values in Table III are representative of what can be expected
for each adhesive. FM-34 and NR-056X have comparasble and accept-
able strengths for all test specimen configurations. LARC-13 has
lower Ti/Ti RT strength due to its brittle nature but strength at
316°C comparable to FM-34 and NR-056X. In addition, LARC-13 is
more amenable to bonding unvented large areas than FM-3L4 or NR-
056X. PPQ has outstanding performance in all areas except when
Ti/Ti specimens were tested at 316°C. Thermoplastic failure
occurred. However, excellent 316°C strengths were obtained on
C/C specimens using the same adhesive. This information is pre-
liminary and further work is in progress to develop high tempera-
ture adhesives.

The use of trade names or names of manufacturers in this paper
does not constitute an official endorsement of such products or
manufacturers, either expressed or implied, by the National
Aeronautics and Space Administration.
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TABLE ITI- PRELIMINARY HIGH TEMPERATURE ADHESIVE PROPERTIES

RESINS FOR AEROSPACE

ADHESIVE FM-34* NR-056X * LARC-13* PPQ
Commercially
Available Tape |Yes No No No
Tape Proper-
ties
Filler Yes Yes Yes No
Tack Yes No No No
Drape Yes No No No
Flow Good Good Good Fair
Shelflife Poor Poor Good Good
Volatiles,% ~ig ~11 <1 <1
Final Process-
ing Temp.OC |343 343 343 399
Pressure for 1.4(200) 2,1(300) 0.34(50) 1.4(200)
Fabrication
of LSS,MPa(psi)
Tg of Cured
Adhesive,OC  |322 328 306 318
Ti/Ti Tensile
Shear Strength,
MPo(psi)
RT 22.7(3300) 24,8(3600) 13.8(2000) 30,3 (4400}
288 NA NA NA 17.2(2500)
316 O 11.7(1700) | 11.9(1720) 11.5(1670) 2.1¢300f 1)
316 °c(125hr) 10,3(1500) 9,0(1300) 11.3(1640) 3.4(500)(1)

C/C Tensile
Shear Strength,
MPa(psi)

RT

316 O¢

316 °C(125hr)

17.5(2540) (2415, 9(2300) (2
11.4(1660)  |14.3(2080)
10.1(1460) | 9.2(1340)

17.002470) (2
13.7(1980)
10.4(1510)

41, 4¢6000) 3
19.3(2800)
17.2(2500)

C/P1 Glass Core
FWT,MPa(psi)

RT (unaged)

RT(after
125 hra
3169¢C)

3,6(518)2) | 3,30471 (2

2.5(357) 2.5(363)

3,6(515) (2

2.3(338)

3.4(500) 3

NA

Capability
for bonding
unvented
large areas

Poor

Poor

Fair

Good

(1) Thermoplastic Failure
(2) Predominontly Sheor Failure in the Celionb000/PMR-15 Adherend

(3) Predominantly Shear Failure in the HTS/NR150-B2 adherend

*Reference 19
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Status Review of PMR Polyimides

TITO T. SERAFINI

National Aeronautics and Space Administration, Lewis Research Center,
Cleveland, OH 44135

Until recently the application of polymer matrix composite
materials has been limited to structural components having use-
temperature requirements which could be met by epoxy resins. Al-
though high temperature resistant polymer matrix composites pro-
vided an opportunity to design structures having nearly a two-fold
increase in use-temperature, the chemistry and severe processing
requirements of early technology (condensation-type) high tempera-
ture polymers made it impractical and difficult to fabricate high
quality structural components. In contrast, fiber reinforced
epoxy resins can easily be processed using a variety of techniques
at relatively low temperatures and pressures.

Studies conducted at the NASA Lewis Research Center led to
the development of a class of polyimides known as PMR (for in situ
polymerization of monomer reactants) polyimides (1,2,3,4). In the
PMR approach, the reinforcing fibers are impregnated with a solu-
tion containing a mixture of monomers dissolved in a low boiling
point alkyl alcohol solvent. The monomers are essentially un-
reactive at room temperature, but react in situ at elevated tem-
peratures to form a thermo-oxidatively stable polyimide matrix.
These highly processable addition—~type polyimides can be pro-
cessed by either compression (5) or autoclave (6) molding tech-
niques and are now making it possible to realize much of the
potential of high temperature polymer matrix composites.

Our research has identified monomer reactant combinations for
two PMR polyimides differing in chemical composition. The earli-
est or "first generation" PMR material is designated PMR-15 and a
more recently developed "second generation' material is designated
PMR II (7). Prepreg materials employing PMR-15 are commercially
available from the major suppliers of prepreg materials. The
development of a modified PMR-15 has been reported (Q).

The purpose of this paper is to review the current status of
first and second generation PMR polyimides. The following topics
are reviewed: (1) synthesis and properties, (2} processing, and
(3) applications.

This chapter not subject to U.S. copyright.
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Discussion

Synthesis and Properties. Condensation type aryl polyimides
are generally synthesized by reacting aryl diamines with aromatic
dianhydrides, aromatic tetracarboxylic acids or dialkyl esters of
aromatic tetracarboxylic acids. The diamine/dianhydride reaction
is preferred for preparing polyimide films whereas the latter two
reactions are generally preferred for preparing polyimide matrix
resins. The solution used to impregnate fiber reinforcement mate-
rials is prepared by dissolving the reactants in aprotic high boil-
ing point solvents such as N,N-dimethylformamide (DMF) or N-methyl-
2-pyrrolidone (NMP). During composites fabrication, volatiliza-
tion of the solvent and condensation reaction by-products results
in high void content composites having inferior mechanical pro-
perties and thermo-oxidative stability.

Investigators at the Systems Group of TRW, Inc., working
under NASA sponsorship, developed an approach to prepare poly-
imides by means of an addition reaction (9). Their approach con-
sisted of synthesizing low molecular weight amide-acid prepolymers
whose chain ends were terminated, or end-capped, with norbornenyl
groups. Addition polymerization of the norbornenyl groups oc-
curred at elevated temperatures (2750-3500 C)(5270-662° F) without
the evolution of volatile materials making it possible to synthe-
size low void composites. The prepolymer approach, however, did
have several shortcomings. These included: (1) the use of DMF,
(2) variable solution stability, and (3) less than desirable
thermo-oxidative stability at 316° C (600° F).

Another approach was developed in our laboratories for pre-
paring fiber reinforced addition-type polyimides. Our approach
eliminated the need for prepolymer synthesis and circumvented most
of the shortcomings associated with the use of prepolymers. In
our approach a dialkyl ester of an aromatic tetracarboxylic acid,
an aromatic diamine and a monoalkyl ester of 5-norbornene-2,3-
dicarboxylic acid (NE), are dissolved in a low boiling point alkyl
alcohol, such as methanol or ethanol, and the solution is used to
impregnate the reinforcing fibers. The number of moles of each
monomer reactant is governed by the following ratio:

n: (n+ 1): 2

Where n, (n + 1) and 2 are the number of moles of the dialkyl
ester of the aromatic tetracarboxylic acid, the aromatic diamine
and NE, respectively. 1In situ polymerization of the monomer re-
actants (PMR) occurs upon heating the impregnated fibers.

In the initial study (1) which established the feasbility of
the PMR approach, it was noted that composites made from monomer
solutions containing the dimethyl ester of 3,3',L,4'-
benzophenonetetracarboxylic acid (BTDE), 4,4'-methylenedianiline
(MDA) and NE exhibited a higher level of thermo-oxidative stabil-
ity than did composites prepared from a monomer solution consist-
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ing of the dimethyl ester of pyromellitic acid, MDA and NE. The
unexpected obhservation was confirmed in a subsequent study (;Q)
and the optimum number of moles of BTDE (n) which provided the
best overall balance of processing characteristics and thermo-
oxidative stability was found to be 2.087, corresponding to a PMR
polyimide having a formulated molecular weight (FMW) of 1500. The
FMW is considered to be the average molecular weight of imidized
prepolymer that could have been formed if amide-acid prepolymer
had been synthesized. The equation for the FMW of a PMR polyimide

prepared from n moles of BIDE (n + 1) moles of MDA and 2 moles
of NE is:

FMW = n Migre + (n+ 1M, + 2 Wi, - 2(n + 1) M0 * Menson

Where Mipppm, MWypp, etc., are the molecular weights of the mono-
er reactants and by-products. It is now common practice to denote
the stoichiometry of a PMR resin by dividing the FMW by 100. PMR
matrices employing BTDE are referred to as "first generation"
materials. The first generation PMR matrix prepared from BTDE,
MDA and NE having an FMW of 1500 is widely known as PMR-15. Pre-
preg materials based on PMR-15 are commercially available from the
major prepreg suppliers. The structures of the monomers used in
PMR-~15 are shown in Table I.

These early studies (1,10) also clearly demonstrated the
efficacy and versatility of the PMR approach. By varying the
chemical nature of either the dialkyl ester acid or aromatic di-
amine, or both, and the monomer reactant stoichiometry, PMR matri-
ces having a broad range of processing characteristies and proper-
ties could easily be synthesized. A modified PMR-15, called LARC-
160, has been developed by substituting an aromatic polyamine for
MDA (8). Other studies (11,12) have shown that the PMR approach
has excellent potential for "tailor making" matrix resins with
specific properties. Figure 1 shows the effect of FMW on resin
flow for PMR/HTS graphite fiber composites. It can be seen that
significantly higher resin flow can be achieved by reducing the
FMW. However, as shown in Figure 2, the PMR compositions which
exhibit increased resin flow are less thermo-oxidatively stable
at 2880 ¢ (550° F). The lower resin flow and increased thermo-
oxidative stability in going from PMR-10 to PMR-15 clearly show
the sensitivity of these properties to imide ring or alicyclic
contents. The reduction in resin flow with increased FMW also
serves to quantitatively account for the intractable nature of
linear high molecular weight condensation polyimides.

Replacement of BTDE with the dimethyl ester of L,k'-
(hexafluoroisopropylidene)~bis (phthalic ac1d) (HFDE) 31gn1f1cant—
1y improved the thermo-oxidative stability of "first generatlon
PMR resins (12). However, the initial 316° C (600° F) mechanical
properties of HFDE/MDA/NE PMR polyimide composites were consider-
ably lower than the corresponding properties of BTDE/MDA/NE PMR
polyimides. Graphite fiber reinforced PMR polyimide composites
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MONOMERS USED FOR PMR 15 POLYIMIDE

STRUCTURE NAME ABBREVIATION
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Figure 2. Percent resin weight loss for PMR PI/HTS graphite fiber composites
after 600-hr exposure in air at () 232°C (450°F) and (O) 288°C (550°F)

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



2. SeraFINI  PMR Polyimides 19

prepared from a monomer solution consisting of HFDE, p-
phenylenediamine and NE at an FMW of 1267 (n = 1.67) were found to
exhibit significantly improved thermo-oxidative stability and re-
tention of mechanical properties at 316° C (600° F) compared to
PMR-15 composites (7). The HFDE-PMR compositions are referred to
as "second generation" materials to differentiate them from the
"first generation" BTDE-PMR materials. The "second generation"
resin consisting of HFDE, PPDA and NE with n = 1.67, is known as
PMR II. The structure of the monomers used in PMR II are shown in
Table II. The interlaminar shear strength of PMR II (n = 1.67)
and PMR-13 (a first generation composition with n = 1.67) HTS
graphite fiber composites are compared in Figure 3. It can be
seen that the PMR II composites have at least twice the useful
316° ¢ (600° F) life of the earlier PMR composites. PMR II was
compared to PMR-13 because they each contain an identical number
of imide rings.

Further improvement in the performance of PMR polyimides at
elevated temperatures has been made possible by the recent devel-
opment of graphite fibers with improved thermo-oxidative stability.
Figure L compares the weight loss characteristics of PMR~15 com-
posites made with HTS-1, HTS~2, and Celion 6000 graphite fibers
after isothermal exposure in air at 316° C (600° F). The HTS-1
composite data are from Reference 10 and the HTS-2 and Celion 6000
composite are from Reference 13. The data presented in the figure
clearly show the significantly improved elevated temperature sta-
bility of the HTS-2 and Celion 6000 composites compared to the
HTS-1 composites.

Figure 5 compares the interlaminar shear strength retention
after exposure in air at 316° C (600° F) of PMR-15/HTS-1, PMR-15/
HTS-2 and PMR-15/Celion 6000 composites. It can be seen that both
the HTS-2 and Celion 6000 composites exhibited 100 percent reten-
tion of their initial 316° C (600° ¥) interlaminar shear strength
during the first 1000 hours of exposure. The shear strength then
slowly decreased with further exposure. These mechanical property
data and the composite weight loss data shown in the previous fig-
ure clearly show that the useful life of PMR-15 composites at
316° ¢ (600° F) made with high strength, intermediate modulus
graphite fibers such as HTS-2 and Celion 6000 is at least 1000
hours.

Composites Processing. High pressure (compression) and low
pressure (autoclave) molding cycles have been developed for fab-
rication of PMR composites. Although the thermally induced cross-
linking addition cure reaction of the norbornenyl group occurs at
temperatures in the range of 275° to 350° C (527° to 662° F),
nearly all of the processes developed use a maximum cure tempera-—
ture of 316° C (600° F). Cure times of 1 to 2 hours followed by
a free standing post-cure in air at 316° C (600° F) for 4 to 16
hours, are also normally employed. Compression molding cycles
generally employ high rates of heating (5° to 10° C/min) and pres-
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TABLEII

MONOMERS USED FOR SECOND GENERATION PMR POLYIMIDES

STRUCTURE NAME ABBREVIATION
9
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Figure 8. Interlaminar shear strength of PMR PI(n = 1.67)/HTS graphite fiber
composites exposed and tested at 316°C (600°F): (A) BTME/MDA/NE, (O)
HFDE/PPDA/NE, solid symbols denote room-temperature tests
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Figure 4. Weight loss of PMR 15/graphite fiber composites exposed in air at
316°C (600°F); fiber: (®) HTS-1, (O) HTS-2, () Celion 6000
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sures in the range of 3.45x106 to 6.9x100 N/m2 (500 to 1000 psi).
Vacuum bag autoclave processes at low heating rates (2° to 4° ¢/
min) and pressures of 1.38x106 N/m2 (200 psi) or less have been
successfully used to fabricate void-free composites. The success-
ful application of autoclave processing methodology to PMR poly-
imides results from the presence of a thermal transition, termed
"melt-flow," which occurs over a fairly broad temperature range
(6). The lower limit of the melt-flow temperature range depends
on a number of factors including the chemical nature and stoichi-
ometry of the monomer reactant mixture, and the prior thermal his-
tory of the PMR prepreg. Differential scanning calorimetry stud-
ies have shown the presence of four thermal transitions which oc-
cur during the overall cure of a PMR polyimide (1lt). The first,
second and third transitions are endothermic and are related to
the following: (1) melting of the monomer reactant mixture below
100° ¢ (2129 F), (2) in situ reaction of the monomers at 1L4L0° C
(284° F), and (3) melting of the norbornenyl terminated prepoly-
mers in the range of 175° to 250° C (347° to 4B2° F) referred to
as the melt-flow temperature range. The fourth transition, cen-
tered near 340° C (64L° F) is exothermic and is related to the
addition crosslinking reaction. To a large extent the excellent
processing characteristics of PMR polyimides can be attributed to
the presence of these widely separated and chemically distinct
thermal transitions.

Applications. Because of their excellent processing charac-
teristics and commercial availability, PMR-15 polyimide materials
have been or are being used in a number of diverse structural com-
ponents. Some of these components are listed in Table III and a
brief description of several is presented. The QCSEE (for Quiet
Clean Short Haul Experimental Engine) inner cowl (Fig. 6) is for
an experimental turbofan engine developed for NASA-Lewis by Gen-
eral FElectric (;2). The cowl has a maximum diameter of about 90
em and has successfully undergone more than 100 hours of ground-
engine tests. The compressor blade skins are for sparshell blades
having a 30 cm chord and a 150 em span. The oil tank bracket was
fabricated by TRW, Inc., using a chopped graphite fiber molding
compound. The shuttle orbiter aft body flap currently being
developed by Boeing is approximately 2 m wide by 6.5 m long.

Concluding Remarks

The in situ polymerization of monomer reactants (PMR) ap-
proach is a powerful method for fabricating high performance poly-
mer matrix composites. The PMR approach offers a number of sig-
nificant advantages to fabricators and users of polyimide/fiber
composites. TForemost among these are superior high temperature
properties and processing versatility. Because of their excellent
processability, high performance and commercial availability, PMR
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TABLE I
APPLICATIONS OF PMR-15 POLYIMIDES
COMPONENT AGENCY CONTRACTOR
QCSEE [NNER COWL NASA-LEWIS GENERAL ELECTRIC
SUPERSONIC WIND TUNNEL AIR-FORCE HAMILTON-STANDARD
COMPRESSOR BLADE SKINS
OIL TANK BRACKET FOR F100 NAVY PRATT & WHITNEY/TRW
ENGINE
SHUTTLE ORIBTER AFT BODY FLAP  NASA-LANGLEY  BOEING
AUGMENTOR DUCT OF F100 ENGINE AIR FORCE COMPOSITES HORIZONS
FAN BLADES FOR AN ULTRA-HIGH NASA-LEWIS PRATT & WHITNEY/TRW

SPEED AXIAL FLOW FAN STAGE

Figure 6. PMR 15 QCSEE inner cowl
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polyimides are becoming accepted as engineering materials for fab-
rication of high temperature resin/fiber structural components.
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The Synthesis of a New Class of Polyphthalocyanine Resins

T. M. KELLER and J. R. GRIFFITH

Polymeric Materials Branch, Chemistry Division, Naval Research Laboratory,
Washington, DC 20375

The principal driving force behind composite development is
the requirement for lighter weight structural materials. New
design concepts using easily fabricated, fiber-reinforced compos-
ites that combine superior stiffness with a high strength-to-
weight ratio are needed to replace metal structure. Presently,
epoxies and polyimides are being used but each has disadvantages.
Conventional epoxy-based composites and adhesives are limited to
120°C maximum service. Other problems associated with these
polymers include their brittleness, water absorptivity and engi-
neering reliability.

In recent years considerable advances have been achieved in
the synthesis of thermally stable polymers. Frequently thermal
and oxidative stability in such materials has been realized by
the combination of aromatic and heteroaromatic units; for example,
the polybenzimidazoles (1), polybenzoxazoles (2), polybenzthia-
zoles (3), polyquinazolinediones (4), polyquinazolones (5), poly-
imides (6,7), etc. However, polar and rigid structures of high
symmetry, which is inherent to the aromatic and heteroaromatic
rings, are responsible for the general lack of processability of
these polymers. In general more tractable polymeric precursors
such as polyamide acids (in the case of polyimides) are formed
into a desired shape and then converted in situ to the final
thermally stable polymers. Because the final conversion generally
involves a chemical reaction which releases a volatile product
such as water, the use of these polymers is often limited to
applications such as coatings, films and adhesives.

In our continuing investigation of phthalocyanines (8-13), a
new class of phthalonitrile monomers in which either an alkoxy or
a phenoxy linkage connects the terminal phthalonitrile units has
been synthesized. These monomers are prepared by the simple
nucleophilic displacement of a nitro substituent, which is acti-
vated by cyano groups, from an aromatic ring by either an alkoxide
or a phenoxide unit. The reaction has made it possible to syn-
thesize a large number of structurally different polyphthalocya-
nines containing ether linkages and alkylene and aromatic spacing
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units. The products from the reaction have also been hydrolyzed
to the corresponding tetraacids which are readily converted to the
corresponding bis (anhydrides) (14).

Nucleophilic aromatic displacement of activated nitro groups
has been the subject of many investigatioms (15,16,17). In
general a nitro group can be readily displaced when it is posi-
tioned ortho or para to another substituent capable of stabilizing
a negative charge. Numerous examples of nitro displacement in-
volving activation by sulfone, carboxamide, ketone, phenyl, ester,
aldehyde and cyano substituents have appeared in the literature
(18-23).

Results and Discussion

The fundamental approach to generation of new polymeric
materials involves a determination of the complex of properties
desired in the product and selecting those molecular constituents
for these structures which can reasonably be expected to yield
the desired results. In the case of thermally stable polymers,
it is necessary to avoid the inclusion of chemical structures
which are known to decompose or oxidize at temperatures below the
projected levels. Water-resistant polymers should be composed of
a maximum of hydrophobic structure and a minimum of hydrophilic
groups consistant with other desired properties.

Our interest in polymers with high thermal and oxidative
stabilities, low flammability with high char formation, chemical
resistance and low water absorptivity prompted our study of ether-
containing polyphthalocyanines. The linking structure between
the two terminal phthalonitrile units must play a crucial role in

CN
N%ci@ Linking Structure @—CN

determining properties for they control the flexibility of the
polymer chain and determine the overall polarity of the macro-
molecule. Thus, to obtain the properties required, these links
should be selected such that good stability is retained and the
polymer backbone is sufficiently flexible with aliphatic moieties
being more flexible than aromatic units. The real problem has
been to devise synthetic methods for linking aromatic nuclei with
sufficient versatility and freedom from side reactions to effect
the synthesis of a wide range of high molecular weight polymers
in the hope that some of these would show the properties required.
The flexible ether linkage was a natural choice for consideration
due to the thermal stability particularly of diaryl ethers and to
the chemical resistance of the ether bond in general.

Highly aromatized monomers in which a phenoxy linkage con-~
nects the terminal phthalonitrile moieties are easily synthesized
in high yield. A variety of monomers depending on the properties
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desired can be prepared by this method. The reaction involves

CN Base NC CN
0@ 1 Bon s 2 By srvadio~D)-0{S-1B)-o<Gor
2 21 3
a; R = CH3CCH3 Heat, neat or
b; = CF3CCF3 metallic
[ = SOZ additive
Polyphthalocyanine

4
the nucleophilic displacement of the labile nitro substituent
from 4-nitrophthalonitrile 1 by a bisphenol 2 in the presence of
a base and in a dry dipolar aprotic solvent under an inert atmos-
phere. Higher yields of 3 are obtained when the reaction is
carried out at room temperature.

Phthalonitrile monomers with alkoxy linking units can be
prepared by the same method, but the reaction is more sluggish
and the yields are lower. If a weak base such as anhydrous
potassium carbonate is used, an amount in excess of stoichiometry
is preferred and it must be added in increments to ensure a com-
plete reaction. It is theorized that the cessation is due to the

Base NC CN

HO(CH,) OH + 1 NC o(cu,) o CN
2’n = 2’n

Solvent
5 6

Heat, neat or
metallic additive

Polyphthalocyanine
7
surface of the carbonate becoming coated during the course of the
reaction. When a strong base such as sodium hydroxide is used,
the disodium salt of 5 is prepared and the by-product (water) is
removed before 1 is added. To ensure a high conversion to 6, the
reaction must be carried out at elevated temperatures.

From our observation it appears that the nitro displacement
reactions described above occur by means of the classical addi-
tion-elimination mechanism of nucleophilic aromatic substitution
(24). The high yields and absence of side reactions, other than
those leading to nitro group displacement, support this mechanism,
although an alternate route involving radical anion intermediates
cannot be ruled out,
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Polymerization of 3 and 6 occurs by a cyclic addition reac-
tion without formation of volatile by-products to produce solid,
void-free products, 4 and 7, respectively. Phthalocyanine forma-
tion is believed to be the principal reaction due mainly to the
terminal phthalonitrile units of the monomers and to the develop-
ment of the green color during the polymeric progression, but
other cyano-addition reactions may also occur. When heated neat,
gelation occurs more readily for the aliphatic monomer 6 than for
the more aromatized monomer 4. The cure time of both types of
monomers can be greatly reduced by the addition of metallic
additives.

The ease of polymerization of the alkoxy-linked phthaloni-
triles 6 depends on the length of the linkage between the terminal
phthalonltrlle moieties. At a given temperature, the more flex-
ible or longer spacing units require less time to cure. Regard-
less of the temperature, the heating is continued until the melt
solidifies to an extremely hard material. The polymerization can
be carried out in an oxygen-containing, inert or vacuum atmos-
phere. A postcure at a temperature from 210°C to 240°C is used to
improve the strength of the resin.

In the case of the highly aromatized linking units, poly-
merization is more difficult and requires much higher temperatures
for gelation. The monomers 3 are cured at 260-290°C and require
several days of continuous heating before a viscosity increase is
detected. The slow rate of polymerization could be attributable
to the rigidity of the linking structure which reduces the mobil-
ty of the reaction sites.

The phthalonitrile monomers can be polymerized stepwise to
distinct stages. The method comprises heating the monomers at a
specified temperature until the viscosity starts to increase due
to the onset of phthalocyanine formation (B-stage). The prepoly-
mer can then be cooled to a frangible solid and can be stored
indefinitely without further reaction. The prepolymer can either
be remelted and heated until solidification occurs (C-stage) or
can be pulverized and then processed in any desired form. The
optimum cure for any resin at a particular temperature is deter-
mined empirically by testing the structural strength over a range
of cure times.

The polyphthalocyanines 4 and 7 show high thermal and oxida-
tive stabilities (see Figure 1). Polymer 7 withstood temperatures
greater than 200°C without degradation, and 230°C with slight
degradation, but decomposed when heated above 250°C for an extend-
ed period. Polymer 4 was stable for an extended period at 280°C
before any weight loss occurred. Surprisingly, 4 initially showed
a small weight increase at 250°C, which is probably due to oxygen
absorption, and then slowly lost weight (17 after approximately
4 months) when held at this temperature for prolonged periods.

The greater thermal stability of 4 relative to 7 must be attri-
buted to the nature of the 11nkage with diaryl ‘ethers being more
stable than aryl-alkyl ethers.
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The water absorptivity of a polyphthalocyanine will also
depend on the linking structure between the phthalocyanine nuclei.
Polar groups located on the linking structure would be expected to
show a stronger attraction for water than nonpolar groups. Poly-
mers 4a, 4b and 7, which contain no polar units, show a similar
and low affinity for water (see Figure 2). On the other hand, 4c
has a much stronger attraction for water which must be related to
the polar sulfone group being present in the molecule.

Conclusions

We have shown the synthetic utility of nucleophilic dis-~
placements of a nitro group activated by cyano functions. 1In our
studies, highly aromatized low-cost bisphenol systems are being
emphasized in an effort to maximize the char density of the
resins. Exposure and removal of samples of these polymers from a
high temperature flame has demonstrated that these resins are
self-extinguishing. The synthesis of these resins is short and
simple and takes advantage of relatively inexpensive starting
materials. In addition to the structural variations, the cost to
produce these resins should be competitive with that of other high
temperature polymeric systems. The diether-linked polyphthalo-
cyanines provide a new matrix resin system with long-term opera-
tional capability in excess of 250°C with insensitivity to high
humidity and with the ability to retain reinforcing fibers during
or following exposure to a fire environment.

Experimental

Synthesis of Bis (3,4-Dicyanophenyl) Ether of Bisphenol A 3a.

A mixture of 125 g (0.55 mol) of bisphenol A, 275 g (2.0 mol) of
anhydrous potassium carbonate, 190 g (1.1 mol) of 4-nitrophthalo-
nitrile and 900 ml of dry dimethyl sulfoxide was stirred and
heated at 55-60°C for 4 hours under a nitrogen atmosphere. After
cooling the product mixture was slowly poured into 2000 ml of cold
dilute hydrochloric acid. The precipitate was isolated by suction
filtration and washed with water until neutral. The crude, dried
product was pulverized and washed thoroughly with hot absolute
ethanol which removed the impurities. The pure product (230 g,
87%), m.p. 196-199°C, being insoluble in ethanol was collected and
analyzed; ir (KBr) 3080-3020 (=CH), 2238 (CN), 1580 (C=C), 1500-
1470 (aromatic), 1310-1170 em ~ (CO); mmr (CDCl,) & 1.73 (singlet,

6H), 7.63 (multiplet, 14H); Anal. Calcd for C31H20N402: c,

77.48; W, 4,203 N, 11.66; O, 6.66. TFound: C, 77.21; H, 4.26; N,
11.54; 0, 6.93.

A second mixture of 10 g (0.04 mol) of bisphenol A, 3.6 g
(0.09 mol) of 50% sodium hydroxide, 70 ml of dimethyl sulfoxide
and 30 ml of benzene was stirred at reflux for 3 hours under a
nitrogen atmosphere and the water was azeotroped from the mixture
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Figure 1. Weight loss at elevated temperature of diether-linked polyphthalo-

cyanines: (X ) 1,12-dodecanediol-linked polymer at 250°C; (® ) bisphenol A-linked

polymer at 280°C; (A) bisphenol S-linked polymer at 280°C; (O) bisphenol
AGF-linked polymer at 280°C
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Figure 2. Water absorption of diether-linked polyphthalocyanines on immersion

in water at room temperature: (<) bisphenol S-linked polymer; (®) 1,12-dode-

canediol-linked polymer; (A) bisphenol A-linked polymer; (O) bisphenol AGF-
linked polymer
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with a Dean-Stark trap. The benzene was removed by distillation
and 15.7 g (0.09 mol) of 4-nitrophthalonitrile was added to the
reaction mixture at room temperature. The resulting dark mixture
was stirred at room temperature overnight. The mixture was poured
into 300 ml of cold water and the white solid which separated was
collected by suction filtration, washed with water, dried and
washed with hot absolute ethanol to yield 20.7 g (98%) of the de-
sired product, m.p. 196-199°C.

Synthesis of Bis (3,4-Dicyanophenyl) Ester of Hexafluoro-

acetone Bisphenol A 3b, A mixture of 10.1 g (0.03 mol) of hexa-
fluoroacetone bisphenol A, 10.4 g (0.06 mol) of 4-nitrophthaloni-
trile, 12.4 g (0.09 mol) of anhydrous potassium carbonate and

60 ml of dry dimethyl sulfoxide was stirred under a nitrogen at-
mosphere at 70-80°C for 6 hours. The cooled product mixture was
poured into 300 ml of cold dilute hydrochloric acid. The pale
brown product which separated was collected by suction filtration
and washed with water until neutral. The crude material was re-
crystallized from acetonitrile to give 13.8 g (78%), m.p. 230-
233°C, of the desired product; ir (KBr) 3105-3020 (=CH); 2238
(CN), 1590 (C=C), 1520~1485 (aromatic), 1330-1140 em ™t (CF,CO);
mmr (acetone-d, )8 7.73 (multiplet, 14H); ¢ mmr (CFCl3 external

ref.) - 63.42 ppm (singlet, 6F); Anal. Calcd for C31H14F6N402:
C, 63.29; H, 2.38; F, 19.37; N, 9.52; O, 5.44. Found: C, 63.38;
H, 2.62; F, 19.37; N, 9.61; 0, 5.02.

A second mixture containing 67.2 g (0.21 mol) of hexafluoro-
acetone bisphenol A, 16.5 g (0.4 mol) of 50% aqueous sodium hy-
droxide, 300 ml of dimethyl sulfoxide and 75 ml of benzene was
stirred at reflux for 15 hours under a nitrogen atmosphere and the
water was removed with a Dean-Stark trap. The benzene was re-
moved by distillation and 69.4 g (0.4 mol) of 4-nitrophthaloni-
trile was added to the reaction mixture at room temperature. The
resulting dark mixture was stirred at room temperature for 12
hours under a nitrogen atmosphere. The cooled mixture was then
poured into 800 ml of cold water and the pale brown product was
collected by suction filtration. Recrystallization from aceto-
nitrile yielded 107 g (91%) of product.

Synthesis of Bis (3,4~Dicyanophenyl) Fther of Bisphenol S 3c.

A mixture of 51 g (0.2 mol) of bisphenol S, 16.4 g (0.4 mol) of
50% aqueous sodium hydroxide, 450 ml of dimethyl sulfoxide and
100 ml of benzene was stirred at reflux for 6 hours. The water
and benzene was removed with a Dean-Stark trap. The reaction
content was cooled to room temperature and 69.4 g (0.4 mol) of 4-
nitrophthalonitrile was added in one sum. The resulting mixture
was stirred for 12 hours at room temperature under a nitrogen
atmosphere and then poured into 1500 ml of cold water. The
slightly colored solid which separated was collected by suction
filtration, washed with water and dried. The product was then
washed with 400 ml of hot ethanol to afford 99.2 g (98%) of
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product, m.p. 231-233°C; ir (KBr) 3100-3080 (=C§), 2238 (CN),
1600-1560 (c=C), 1470 (aromatic), 1310-1100 cm™ (SO,, CO); mmr
(DMSO-d,) § 7.81 (multiplet, 14H); Anal. Calcd for 28114540,5¢
c, 66.92; H, 2.81; N, 11.15; 0, 12.74; S, 6.38. Found: C,
66.65; H, 2.85; N, 11.29; 0, 12.67; S, 6.29.

Synthesis of 1,12-Bis (3,4-Dicyanophenoxy) Dodecane §, A mix-
ture of 1,12-dodecanediol (2.2 g, 0.0l mol), anhydrous potassium
carbonate (4.1 g, 0.03 mol), 35 ml of dimethylformamide and 25 ml
of benzene was heated at reflux under a nitrogen atmosphere for
12 hours. A small quantity of water was collected in a Dean-Stark
trap. The benzene was then removed by distillation and the reac-
tion mixture cooled to room temperature. 4-Nitrophthalonitrile
(4.0 g, 0.02 mol) was added in one sum which resulted in an imme-
diate color change to a deep blue. After 10 minutes at room
temperature, the reaction medium had turned to a yellowish-orange
and remained this color throughout the entire reaction. The mix-
ture was stirred and heated at 100°C for 16 hours under a nitrogen
atmosphere. The cooled reaction mixture was poured into 200 ml
of cold dilute hydrochloric acid and extracted with three, 75 ml
portions of chloroform. The combined extract was washed with
water, dried over anhydrous sodium sulfate, charcoaled and con-
centrated at reduced pressure. Recrystallization of the crude
product from ethanol-water yielded 3.1 g (70%) of 6, m.p. 104-
107°C; ir (KBr) 3110-3040 (=CH), 2930-2850 (CH), 2238 (CN), 1600
(Cc=C), 1490-1470 (aromatic), 1350-1250 (aromatic CO), 1100-1010
em ~ (aliphatic €O); nmr (CDC1.) & 1.52 (multiplet, 20H), 4.01
(triplet, 4H), 7.55 (multiplet] 6H); Anal. Calcd for C,gag,0,¢
C, 74.00; H, 6.65; N, 12.33; 0, 7.04. Found: C, 73.71; H, 6.69;
N, 12.39; 0, 7.21.

Polymerization of 3, samples (1-2 g) of 3 were placed in
planchets and heated at 280°C for 7 days. A viscosity increase,
which indicated that polymerization was progressing, occurred very
slowly. After gelation (3-4 days) the samples were postcured for
3 additional days to ensure complete polymerization and to toughen

the polymers.
Samples of 3 and stoichiometric amounts of stannous chloride

dihydrate were heated at 220-250°C for 24 hours. After the mono-
mers melted, the samples quickly turned green along with an imme-
diate dissolution of the salt. The viscosity increased rapidly
with gelation occurring in 5-15 minutes.

Polymerization of 6. A sample (1-2 g) of 6 was melted and
heated at 220°C for 48 hours. Gelation was extremely slow (30
hours) at this temperature. The polymeric material was postcured
at 240°C for 24 hours which enhanced the toughness of the
material.

Another sample of 6 was heated at 240°C for 24 hours. Gela-
tion had occurred after 6 hours at this temperature.
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A mixture of 6 (1.5 g, 3.3 mmol) and a stoichiometric amount
of stannous chloride dihydrate (0.36 g, 1.6 mmol) was placed in
a test tube. The monomer 6 melted at 105-110°C. At 170-175°C the
salt dissolved and the reaction medium became green immediately.
The temperature was increased to 215°C and the sample was heated
at this temperature for 24 hours. Gelation had occurred after 15
minutes at 215°C.
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Silicone Amine Cured Fluoroepoxy Resins
J. R. GRIFFITH and J. G. OREAR

Polymeric Materials Branch, Chemistry Division, Naval Research Laboratory,
Washington, DC 20375

Compounds which contain large quantities of fluorine are
frequently incompatible with those of a hydrocarbon nature, and
liquid materials of the two types form separate phases when mixed.
This incompatibility presents a problem regarding the cure of the
heavily fluorinated liquid epoxies previously synthesized at NRL
(1) because heavily fluorinated aliphatic amines are not generally
either stable nor reactive. For higher temperature cures, some
fluoroanhydrides have been synthesized and work well (2), but for
cures near room temperature, compatible curing agents are not so
plentiful.

In many respects, silicone compounds are similar in their
properties to fluorocarbons and advantage can be taken of this
since polyamino silicones can be induced to become compatible
with fluorocepoxy resins quite readily, and the polymers produced
when these two types of materials react are exceptional in several
important respects.

Discussion
The series of fluorinated diglycidyl ethers represented by

the following general formula are all clear, colorless liquids at
ambient temperatures:

Re
cr, GF,
CH2 CHCHZOC OCH2 CH~ CH2 (D)
\7 | | °\/
0 cr, CcF, 0

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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Amine-bearing siloxanes of the following type are also
liquids:

Py g
HZNCHZCHZCHz?l—O—ISiCHZCHZCHzNHZ (1D
CHy CH,y

In the conventional reaction between glycidyl ethers and
amines, these compounds are difunctional and tetrafunctional
respectively, which requires two moles of the fluoroepoxy for each
of the silicone amine in a stoichiometric blend. This composition
produces a tightly crosslinked network, but the following modifi-
cation of the silicone amine produces an elastomeric composition
because of the reduced functionality of the amine.

CH CH
3 / 3
CH CH,CH gl—o SiCH,CH, CH.N (I11)
2772772 P22
CH3 CH, H

Blends of these two types of amines give curing agents capable of
producing plastics upon reaction with the fluoroepoxy which are
intermediate in properties between the extremes. The material
produced from (I) and (III) alone is a nearly linear polymer in
which fluorocarbon and silicone alternate along the polymer
chains.

Experimental

A 25 X 150 mm test tube was charged with 14.0 g of (I)

(Rf = C6F13) and 2.0 g of (II). Care was taken to expose the

amine to the atmosphere for a minimum time in order to avoid
carbon dioxide absorption. A small Teflon-coated magnetic stir-
ring bar was dropped into the test tube and it was sealed tightly
with a rubber stopper. The test tube was then clamped in a ver-
tical position with the lower one-half immersed in a silicone oil
bath at 50°C, and rapid stirring was begun. At first, the compo-
sition was incompatible and appeared "milky". After stirring for
20 minutes, the incompatibility cleared to produce a colorless
transparent syrup. At this time the syrup would cloud if cooled
to room temperature, but after an additional 20 minutes stirring
at 50°C, it would remain clear at 25°C.

This prepolymer syrup was divided into two parts. One por-
tion was dissolved in trifluorotrichloroethane as a solvent and
used to produce protective coatings of high hydrophobicity. The
other portion was allowed to cure for 24 hours at 25°C during
which gelation occurred to produce a clear, nearly colorless
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Figure 1. Water absorption of a silicone amine-cured fluoroepoxy during 1 yr of
constant immersion
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plastic. The strength of this plastic was substantially enhanced
by a postcure at 60°C for 5 hours.

Conclusions

The materials presented here are easily processed resins of
the epoxy class which are composed of two of the most water-
resistant polymer types known. Consequently, it is not surprising
that the water absorption of such resins in the cured form would
be minimal, and, indeed, Figure 1 illustrates the very low water
absorption of such a resin during a year's constant immersiom.

In the precured state the resin components are liquids of very

low surface tension and, as such, are excellent wetting fluids.

It is suggested, therefore, that composite structures which entail
difficult soak-in problems or which encounter a serious problem

of water degradation in service could profitably use these
Systems.
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Phenylated Polyimidazopyrrolones

Polymerization of a Phenylated Bis(phthalic anhydride)
with Aromatic Tetraamines

FRANK W. HARRIS, RODNEY M. HARRIS, MICHAEL KELLER,
and WILLIAM A. FELD

Department of Chemistry, Wright State University, Dayton, OH 45435

Polyimidazopyrrolones have been shown to retain useful
mechanical properties at elevated temperatures, after severe
chemical treatment, and after unusually high exposure to ionizing
radiation (1,2). Although this combination of properties sug-
gests numerous potential aerospace applications, no practical
uses for these polymers have emerged. This is primarily due
to difficulties associated with their fabrication that result
from their extremely high Tg's and their very limited solubili-
ties.

One approach to obtaining solubility in linear aromatic
polymers has been to incorporate pendent phenyl groups along
the polymer backbone. For example, phenylated polyphenylenes (3)
and phenylated polyquinoxalines (4,5) are soluble in common orga-
nic solvents, which is in marked contrast to the insolubility
displayed by their parent polymers. Soluble phenylated poly-
imides have been prepared in this laboratory by the polymeriza-
tion of phenylated dianhydrides with aromatic diamines (6,7).

The objective of this research was the synthesis of phenylated
polyimidazopyrrolones. The approach involved the polymerization
of a phenylated dianhydride with aromatic tetraamines.

RESULTS AND DISCUSSION

Monomers. U,4'-(0xydi-1,4-phenylene)bis(3,5,6-triphenyl-
phthalic anhydride) (I) was prepared from 3,3'-(oxydi-1,4-pheny-
lene)bis (2,4,5-triphenyleyclopentadienone) and maleic anhydride
by the known procedure (6,7). 3,3',4,4'-Tetraaminobiphenyl
(IIa) and 3,3',4,4'-tetraaminodiphenyl ether (IIb) were obtained
from Burdick and Jackson Laboratories. These monomers. were
recrystallized from water and then sublimed immediately prior
to use (8).

0-8412-0567-1/80/47-132-039$05.00/0
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Model Compounds. In order to determine suitable experimen-
tal conditions for the polymerization of I and II, a series
of model reactions was carried out. The model compounds obtained
were thoroughly characterized so that their structures could
be correlated with those of the desired polymers. The initial
conditions used were those previously employed in the preparation
of phenylated polyimides (6,7). Thus, the reaction of 3,4,5,6~
tetraphenylphthalic anhydride (III) with 1,2-diaminobenzene
(IV) in refluxing m-cresol containing isoquinoline afforded
a 91% yield of the bright-yellow model compound (V). Similarly,
the reaction of IIbwith III under these conditions provided
a 95% yield of a bright-yellow product. High pressure liquid

GHs O H

GH ,,‘(o + Hz:h::::] . G CeHs ﬁ:l:::]
GHs 3 Ha

GHs CGHg ©

1 1V \

chromatography (HPLC), however, showed that the product was

a complex mixture consisting of at least six components. Since
such a mixture could arise from incomplete ring closures, the
product was heated under high vacuum at 275-300°C for 4 hr.

The infrared spectrum of the heat-treated sample was nearly
identical to that of V indicating that complete cyclization

had occurred. HPLC, however, still showed the presence of three
components. Since different orientations of the reactants in
the condensation reaction are possible, it is likely that the
product consists of a mixture of the isomers VIa-c.
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Polymerizations. Since the model reactions gave high yields
in m-cresol containing isoquinoline, the polymerization of I
and IIa was carried out in this solution. After a short heating
period, a dark-yellow polymer precipitated from the reaction
medium. This product was completely insoluble in organic sol-
vents. Several subsequent attempts to polymerize I and Ila
also resulted in insoluble products. Polymerizations of I and
ITb in the m-cresol/isoquinoline mixture, however, did afford
soluble products as long as the combined monomer concentration
was no higher than approximately 3% (Table I). In these cases
the polymerization mixtures were stlrred at ambient temperature
for 1 hr and then heated at 202-203 °C for 4 hr. The water that
evolved from the ring closures was continuously removed by distil-
lation. The reaction mixtures were added to absolute ethanol
to precipitate the dark-yellow polymer VII in nearly quantitative
yields. Since the polymer's infrared spectra indicated that
approximately 5% of the imidazopyrrolone rings were got closed,
the samples were heated under high vacuum at 275-300C for U
hr to affect complete cyclization. The material with the highest
inherent viscosity (VIIc) was obtained from the polymerization
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TABLE I

Preparation of Phenylated Polyimidazopyrrolones

Run No. 4 Solids (w/v) Polymer ? inh®
VIiIa 1.79 0.27
VIIb 1.91 0.31
Viie 3.00 0.73
VIId 6.25 gel
Viie 12.50 gel

a. Determined in sym-tetrachloroethane at 30°C with a concen-
tration of 0.250 g/dl.

mixture containing 3% solids.

The phenylated-polyimidazopyrrolone samples are soluble
in chlorinated-hydrocarbon solvents. Thin films of sample VIIc
cast from chloroform are yellow, tough, and flexible. These
films also adhere tenaciously to glass. Films prepared with
lower molecular weight material, however, are brittle and exhibit
poor adhesive properties. The infrared spectra of the films
show carbonyl absorptions at 1735 cm_', which is characteristic
of polyimidazopyrrolones (1), and can be compared directly to
the spectra of the model compounds. Thermogravimetric analysis
(TGA) thermograms of VII obtained in nitrogen and air show 10%
weight losses at 590 and 520°C, respectively (Figure 1). Hence,
the polymer appears to be slightly more thermally stable than
the previously prepared polyimidazopyrrolones (1).
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Figure 1. Thermogravimetric analysis of Polymer VII (AT == 5°C/min)
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CONCLUSIONS

Polyimidazopyrrolones that are soluble in chlorinated-hydro-
carbon solvents can be prepared by the polymerization of a phe-
nylated bis(phthalic anhydride) with aromatic diamines. The
introduction of pendent phenyl groups along the polyimidazopyrro-
lone backbone, however, does not in itself result in solubility.
In order to attain solubility, several flexible linkages, such
as aryl-ether linkages, must also be simultaneously incorporated
in the backbone. The polymerization of the dianhydride and
the diamines must also be carried out in very dilute solutions
in order to avoid crosslinking.

EXPERIMENTAL

Melting points were determined on a DuPont 900 Thermal
Analyzer equipped with a DSC cell. Infrared spectra were record-
ed on a Perkin-Elmer 457 spectrophotometer. Elemental analyses
were performed by Midwest Microlab, Inc., Indianapolis, Indiana.
Thermogravimetric analyses were carried out on a DuPont 950
Thermogravimetric Analyzer. Inherent viscosities were measured
in a Cannon-Ubbeholde microdilution viscometer No. 75. HPLC
analyses were carried out on an Altex Model 332 Liquid Chromato-
graph using an ODS reverse-phase column.

Model Compound V: A solution of 1.500 g (3.315 mmol) of
III, 0.3581 g (3.318 mmol) of IV, and 3.0 g of isogquinoline
in 60 ml of deoxygenated m-cresol was heated at reflux under
nitrogen for 18 hr. During this time the solution turned bright
yellow. Approximately 50 ml of the m-cresol was removed under
reduced pressure, and the precipitate that formed was collected
by filtration. The solid was washed with ethanol and dried
to give 1.5757 g (90.4%) of crude product. Recrystallization
frog benzene-ethanol afforded a bright-yellow powder: mp 347-
349°C; ir (KBr) 1735 em™' (s,C=0).

Anal. Caled for C C, 86.99; H, 4.62

38H24N20:
Found: C, 86.72; H, 4.73.

Model Compound VI: A solution of 1.000 g (2.210 mmol) of
III, 0.2687 g (0.1167 mmol) of II, and 1.0 g of isoquinoline in
21 ml of deoxygenated m-cresol was heated at reflux under nitrogen
for 17 hr. After approximately 18 ml of the m-cresol was removed
under reduced pressure, the residue was dissolved in 5 ml of chlo-
roform and then added to ethanol to precipitate 1.1707 g (95%)
of a dark-yellow solid. The solid was placed in a 250-ml, round-
bottom flask that was immersed in a Woods-metal bath. The flask
was evacuated and then heated at 275-300°C for 4 hr. The product
was recrystallized 4 times from benezene-ethanol to afford a
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bright-yellow powder: mp 265-27000; ir (KBr) 1735 em™! (s,c=0).

Anal. Caled for C C, 85.85; H, 4.36

76HN6NNO3:
Found: C, 86.02; H, 4,14,

General Polymerization Procedure: The tetraamine and deoxy-
genated m-cresol containing 0.05 g/ml of isoquinoline were placed
in a 100-ml, 3-necked flask equipped with a magnetic stirring
bar, a nitrogen inlet, a short-path distillation apparatus and
a stopper. After the tetraamine had dissolved, the dianhydride
was added in several portions over 1 hr. The final portion
of the dianhydride was dissolved in 1 ml of m-cresol, and the
solution added to the reaction mixture. The stopper was replaced
with an addition funnel, and the temperature of the flask was
slowly increased until distillation commenced. The volume of
the mixture was kept essentially constant by continually replac-
ing the distillate with m-cresol containing 0.05 g/ml of isoqui-
noline. The distillation-addition cycle was carried out for
4 hr., After the yellow, viscous solution was allowed to cool,
it was slowly added to vigorously-stirred absolute ethanol,
collected, and air dried to afford a nearly quantitative yield
of product. The dark-yellow polymer was then heat treated to
insure complete cyclization. Thus, a film of the polymer was
cast from a 5% chloroform solution on the inside of a 250-ml,
round-bottom flask by slowly removing the solvent under reduced
pressure. The flask was immersed in a Woods-metal bath, evacuat-
ed, and heated at 275—30000 for 4 hr. The heat-treated polymer
was precipitated from chloroform with absolute ethanol, collect-
ed, and dried under vacuum at 153°C for 48 hr.
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Synthesis and Properties of Fluoroalkylarylene-
siloxanylene (Fasil) High-Temperature Polymer

HAROLD ROSENBERG and EUI-WON CHOE!

Nonmetallic Materials Division, Air Force Materials Laboratory,
Wright—Patterson Air Force Base, OH 45433

The discovery of new polymeric materials for sealant and
seal applications with inherently wider use temperature range,
greater chemical stability and longer operational life than
state-of-the-art elastomers has proven to be an unyielding chal-
lenge to the Air Force for over a decade. Of particular concern
has been the need for new viscoelastic polymers with the requi-
site chemical/fuel resistance, high-temperature stability, low-
temperature flexibility, adhesion to metal substrates and ready
processability for improved aircraft integral fuel tank sealants
with broad temperature capability. The background, requirements
and status of research programs aimed at this specific materials
objective, with an emphasis on filleting sealants, was reviewed
recently;

This quest has now led to the synthesis and evaluation of a
new fluorine-containing organosilicon polymer, FASIL, which
offers considerable promise as a candidate base material for a
broad use-temperature, long-~life integral fuel sealant of both
the channel and filleting types. Of particular interest is the
potential shown by this elastomeric polymer for the formulation
of a non-curing, reversion-resistant -54 C (-65 F) to 232°C
(450°F) fuel tank channel sealant with long-term utility. This
development was the planned outgrowth of an extensive investiga-
tion into the svnthesis and characterization of new thermally-and
chemical resistant viscoelastic alkarylene- and arylenepolysilox-
anylene polymers. Two classes of candidate polymers, methyl- and
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3,3,3-trifluoropropyl-substituted poly(m-xylylenesiloxanylenes)
and the corresponding poly(m-phenylenesiloxanylenes), were
selected for study as the most promising representatives of such
macromolecular systems. Emphasis was placed in both types on
di-, tri- and tetrasiloxanylene subclasses since these would be
expected to yield polymers with the balance of physical, chemical
and mechanical properties required for fuel tank sealant appli-
cations. In order to achieve the latter, it was necessary to
develop appropriate structure/property correlations as a prere-
quisite to the specific tailoring of molecular structures. Re-
presentative members, appropriately substituted, of both polymer
classes were synthesized and characterized with respect to their
glass-transition temperature, thermal stability and solubility or
fuel resistance. From the data obtained, required structure/pro-
perty relationships were established to permit the prediction of
structures with the optimum combination of properties.

The synthesis and characterization?, thermal behaviori, and
solubility or fuel resistance* of the first class of polymers,
i.e., the poly(m-xylylenesiloxanylenes), has been reported pre-
viously. 1In this paper some results of the investigation of the
second class, i.e., the poly(m-phenylenesiloxanylenes), I, with

4
(’1H3 ?H3 ('ZH3 \ R1 =R, = CH, or CF3CH2CH2
?i ?i—O ?i-C} Ry = CF3CHZCH2 or CH,
x=0, 1or 2
Rl R2 R3 xJdn
I

emphasis on the synthesis and characterization of the fluoro-
alkyl-substituted members of the subclasses which led to the se-
lection of FASIL as the candidate polymer of choice, are
summarized.

Result and Discussion

Synthesis. As in the case of the poly(m-xylylenesiloxany-
lenes)=, in order to obtain appropriately-structured representa-
tive members for characterization and evaluation, three sub-
classes or families of m-phenylenesiloxanylene polymers were
considered for synthesis. These were the poly(m-phenylenedi-
siloxanylenes, II; -trisiloxanylenes, IIT; and -tetrasiloxany-
lenes, IV. The specific polymers in these subclasses selected
for preparation were those considered likely to provide the most
useful information in conmection with structure/property correla-
tions and the tailoring of the macromolecules. In order to syn-
thesize these polymers, various methyl- and 3,3,3-trifluoropro-
pyl-substituted 1,3-bis(silyl)benzene intermediates and monomers,
including bis-chlorosilanes, bis-ethoxysilanes and bis-silanols,
together with bis-amino-silanes and -disiloxanes, were initially
prepared and characterized®. The bis-silanols were homopoly-
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merized in refluxing benzene, using a 1,1,3,3-tetramethyl-
guanidine salt as catalyst, to yield the poly(m-phenylenedisilox-
anylenes), II. When the two bis-silanols, 1,3-bis(hydroxydi-
methylsilyl)~ and 1,3-bis[hydroxymethyl(3,3,3-trifluoropropyl)-
silyl] benzene were copolymerized with appropriately substituted
bis(dimethylamino)silanes (Figure 1) or -disiloxanes (Figure 2),
two families of methyl- and 3,3,3-trifluoropropyl substituted
poly(m-phenylenetrisiloxanylenes), III, and -tetrasiloxanylenes,
IV, were obtained. Recently, in an extension of the newly deve-
loped silanolacetoxysilane polycondensation reaction for the syn-
thesis of dimethyl-substituted poly(arylenesiloxanylenes)g it was
found possible to synthesize the corresponding methyl (3,3,3-tri-
fluoropropyl) analogs. For example, by the reaction of 1,3-bis—
[hydroxymethyl(3,3,3-trifluoropropyl)silyl] benzene with the
appropriately-substituted diacetoxysilanes or diacetoxydisilox-
anes, III(Rl =Ry = Rq = Ry =CF3CHyCHp) and IV(Ry = Rp = Rg =

Ry = CF3CHZCH2) were obtained. Since a number of the newly syn-
thesized polymers [e.g.,III(Rl = R, = CF4CHyCHy, Ry = CH3)] could
not be cured by conventional methoas to provide vulcanizates for
fuel swell evaluation, vinylsilyl groups were introduced into
such polymers in order to provide sites for crosslinking. This
was accomplished by the addition of methylvinylbis(dimethylamino)
silane as 3 mole percent of the total silylamine monomer compo-
sition in the reactions shown in Figure 1 and 2. The vinyl
groups incorporated in the resulting polymers would be expected
to be distributed randomly along the chains.

Physical Properties. The synthesized polymers, as with
their m-xylylene analogs, were fully characterized and evaluated
with respect to glass-transition temperature, thermal stability
and fuel resistance or polymer insolubility. Viscosities, to-
gether with number average molecular weights obtained by either
vapor phase or .membrane osmometry, were recorded for the rela-
tively low molecular weight polymers sought. Glass—transition
temperatures were determined by means of differential scanning
calorimetry (DSC), with AT = ZOOC/min, and have been reported in
part? Thermal characterization of the polymers involved thermo-
gravimetric analysis (TGA) under vacuum at AT = SOC/min. Data
obtained from the TGA curves, including values for Tp5 (tempera-
ture at which 25% weight loss is recorded), were discussed for
certain of the polymers, together with that for their m-xylylene
analogs, in an earlier reporti. In order to determine fuel
resistance, golymers were first cured with di-t- butylcumyl per-
oxide at 170 C and 2000 psi. 1In the case of those polymers with
a high content of fluoroalkyl groups, samples of polymers con-
taining the aforementioned 3 mole percent of vinyl groups were
used for preparation of the vulcanizates. Volume swell ratios of
the volcanizates were determined after immersion of the samples
for 72 hours at room temperatures in hydrocarbons, such as iso-
octane and JP-4 jet fuel. The results obtained with regard to
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Figure 1. Copolymerization of bissilanols with bis(dimethylamino)silanes
CH CH CH_CH
] 1 3 t 31 3
i i NSi0SiN(CH
HO?l 5'10}1 + (CH3)2 2 ’1 ( 3)2 ——
R. R
Ry R 3%
CH CH CH CH
3 13 13 13
Si Si=0=Si=0=Si=0
» e
Ry R "3 %% Ja
Iv
R. = = . = = . .
1 R2 CF3CHZCH2 or CH3, R3 R4 Same as or different R

1

Figure 2. Copolymerization of bissilanols with bis(dimethylamino)disiloxanes
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the solvent resistance of the polymers through the use of vulcan-
izates has been corroborated, in part; in studies on solvent inter-
actions with both the m-xylylene-and, to a lesser extent, the
m-phenylenesiloxanylene polymers. Using gas-liquid chromato-
graphy (GLC) to determine infinite dilution activity coefficients,
structure/solubility relationships were derived which correlated
well with volume swell data on volcanizates+.

From the results obtained and structure/property correla-
tions?*3:t previously established in our investigation of their
m-xylylene analogs, it was possible to reduce the total number of
poly (m—phenylenesiloxanylenes) required for synthesis and pro-
perty evaluation. More specifically, from the earlier fuel
resistance/polymer solubility studies, a fluorine content of 30%
or greater by weight appeared necessary to provide required fuel
resistance to the polymer systems under investigation. Therefore,
in the poly(m-phenylenesiloxanylenes) only those polymers with a
high ratio of 3,3,3-trifluoro-propyl to methyl substituents could
be expected to possess desired fuel resistance. Thus, the only
members of this class with potential for fuel tank sealants were
further restricted to five in number, consisting only of those
with two or more fluoroalkyl groups per mer unit. TFurther de-
tailed evaluation of this smaller group of polymers in both
uncured and cured states and with emphasis on isothermal aging
and solvent resistance at elevated temperatures was then carried
out. This resulted in the final selection of poly[m-phenylene-
1,3,5,7-tetramethyl-1,3,5,7-tetrakis(3,3,3~-trifluoropropyl) tetra-
siloxanylene] as the most promising member not only of the group
but of both classes of polymers investigated.

FASIL Evaluation. The aforementioned fluoroalkylarylene-
siloxanylene polymer, IV(R; = Ry = Rg = R, = CF3CH,CHy) has been
given the name FASIL, an acronym derived from the general
polymer class name. In addition to being readily synthesized
from commercially-available starting materials (cf. Experimental),
the polymer was found to exhibit a better overall combination of
requisite physical, chemical and mechanical properties for fuel-~
resistant sealant applications than any of the newly synthesized
siloxanylene or other candidate sealant polymers. Additional
quantities of FASIL were synthesized for use in formulation and
evaluation studies as a fuel tank channel sealant. Preliminary
results of FASIL evaluation as a formulated sealant, including
acce%erated broadatempergture range cycling tests from -547C
(-65"F) up to 232 °C (450 F) and titanium stress corrosion testing,
indicate that FASIL possesses superior properties (Figure 3) and
life expectancy to other elastomeric polymers evaluated as a
candidate for a wide-temperature range fuel tank channel sealant
material. In addition to holding promise as a channel sealant
polymer, structural modification of FASIL as a two-part system is
expected to permit its use for the formulation of filleting seal-
ants, Under a contract with Midwest Research Institute, FASTL-
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MAJOR MINOR
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Nonhydrolyzable Available Starting Materials

Figure 3. Properties of FASIL required for broad-temperature fuel tank sealants
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type vinyl-terminated oligomers, chain extenders and crosslinking
agents have been synthesized to enable the early development of a
FASIL-based filleting sealant. Lastly, from the properties ob-
tained in the evaluation of its vulcanizates, FASIL offers fur-
ther potential as a base polymer for chemical-resistant seal
applications.

Experimental

The following examples of FASIL monomer and polymer syn-
thesis are given to illustrate the general procedures used in the
preparation of the m-phenylenesiloxanylene polymers.

1,3-Bis[hydroxymethyl (3,3,3-trifluoropropyl)silyl Jbenzene.
To a stirred mixture of 2.6 g of sodium hydroxide, 11 ml of
methanol and 1.2 ml of water was added 7 g(0.016 mole) of 1,3-
bis[ethoxymethyl(3,3,3-trifluoroprophyl)silylJbenzene [obtained
from the reaction of the corresponding bis-chlorosilane with
sodium ethoxide or from the in-situ Grignard reaction of m-dibro-
mobenzene, magnesium and diethoxymethyl-(3,3,3- tr1fluoropropyl)—
silane], followed by the addition of a solution of 2.69 g of
sodium hydroxide and 12 ml of water. The resulting mixture was
stirred for 30 minutes and then poured into a solution of 17 g of
potassium dihydrogen phosphate in 30 g of water and ice. After
the oily product was extracted with diethyl ether, the ether
extract was washed with water, dried over anhydrous magnesium
sulfate and evaporated on a rotary evaporator., Fractional dis-
tillation of the clearly oily residue through a short-path dis-
tillation column gave 5.6 g (91.5%) of 1,3-bis[hydroxymethyl-
(3,3,3~trifluoropropyl)silyllbenzene: bp 140-142 /0.1 Torr.
Found for C14H20F6023i2: c, 43.06; H, 5.16.

1,3-Bis(dimethylamino)-1,3-dimethyl-1,3-bis(3,3,3-trifluoro-
propyl)disiloxane. To a 2-1. four-necked flask, cooled to -270,
equipped with a mechanical stirrer, Dry Ice-acetone condenser,
thermometer and addltlon funnel, and containing 500 ml of petro-
leum ether (b.p. 30- 60° )}, was added 18 g (0.4 mole) of anhydrous
dimethylamine under a nitrogen atmosphere. A solution of 36.7 g
{0.1 mole) of 1,3-dichloro-1,3-dimethyl-1,3-bis(3,3,3-trifluoro-
propyl)disiloxane was added to the dimethylamine solution over a
1-hr period while the reaction temperature was maintained at -27.
The mixture was stirred for an additional 30 minutes and then was
allowed to warm to room temperature. Excess dimethylamine was
passed through a hydrochloric acid solution and the amine salt
removed by filtration. Fractional distillation of the filtrate
gave 26 g (68%) of 1,3-bis(dimethylamino)-1,3~ d1methyl-l 3-bis~
(3,3,3-trifluoropropyl)disiloxane: bp 237- 240 Found for

C12H26F6N2081 : C, 37.49; H, 6.82.
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Poly [m-phenylene-1,3,5,7-tetramethyl-1,3,5,7-tetrakis
(3,3,3-trifluoropropyl) tetrasiloxanylenel with vinyl groups.
Into a 100-ml. three-necked flask, equipped with thermometer,
stirrer, nitrogen inlet, and condenser which was connected to a
solution of hydrochloric acid, was placed 5.0 grams (12.8 mmoles)
of 1,3-bis[hydroxymethyl(3,3,3-trifluoropropyl)silyl]benezene,
4.275 grams (11.16 mmmoles) of 1,3-dimethyl-1,3-bis(3,3,3-tri-
fluoropropyl)-1,3-bis(dimethylamino)disiloxane, 54.9 mg (0.36
mmoles) of methylvinylbis(dimethylaminogsilane, and 5 ml. of
toluene. The mixture was warmed to 110  during which period di-
methylamine began to evolve. After 15 minutes of warming, the
remainder of the diaminosilanes, 0.475 grams (0.12 mmoles) of
1,3-dimethyl-1,3~bis~(3,3,3-trifluoropropyl)-1,3-bis(dimethyl~
amino)disiloxane and 6.1 mg (0.04 mmoles) of methylvinylbis(di-
methylamino)silane, was added dropwise over a period of 5 minutes.
The mixture was heated for 1.5 hours (or for a total of two-hours
reaction time) and then hydrolyzed with 1 ml. of water. Water
was removed as an azeotrope. The polymer was dissolved in 3 ml
of toluene, filtered, precipitated with 15 ml. of methgnol,
washed twice with 30 ml. of methanol, and dried at 260 and 0.1
Torr for 16 hours to yield 4.2 grams of poly[m-phenylene-1,3,5,7-
tetramethyl-1,3,5,7-tetrakis(3,3,3-trifluoropropyl)-tetrasilox-
anylenel(with 3 mole percent of vinylmethylsiloxy groups incor-
porated randomly onto the polymer backbone) as a very vigcous
0il, molecular weight (VPO in THF) 3,700; T (DSC, AT=20 /min.) =
-49°C; transparent; ninh = 0.02 dl/g. &

Acknowledgment

The support of one of us (E.W.C) by the Air Force Systems
Command through an NRC Postdoctoral Research Associateship is
gratefully acknowledged. The authors thank Lt Col Russell M.
Luck for assistance in the polymer synthesis and are indebted to
Warren Griffin, Elastomers and Coatings Branch, AFML, for the
sealant formulation and evaluation studies.

Literature Cited

1. Anspach, W. F. Chemtech, 1975, 752,

2. Rosenberg, H. and Choe, E. W. Coatings and Plastics Pre-
prints, 1977, 37(1), 166; ibid., Carraher, C. E., Sheats,

J. E., and Pittman, C. U., Jr., Eds. 'Organometallic Poly-
mers'", Academic Press: New York, N. Y., 1978.

3. Goldfarb, I. J., Choe, E. W. and Rosenberg, H., Coatings and
Plastics Preprints, 37(1), 172 (1977); ibid., Carraher, C. E,,
Sheats, J. E., and Pittman, C. U., Eds. '"Organometallic
Polymers", Academic Press: New York, N. Y., 1978.

4. Bonner, D. C., Chen, K. C. and Rosenberg, H., Polymer Pre-
prints, 1976, 17(2), 372; ibid., Harris, F. W., and Seymour,
R. B., Eds. "Structure-Solubility Relationships in Polymers",

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



6. ROSENBERG AND CHOE  Fasil Polymers 55

Academic Press: New York, N. Y., 1977,

5. Rosenberg, H. and Choe, E. W., Abstracts of Papers, 172nd
Nat. Meeting, Amer. Chem. Soc., San Francisco, CA, August
1976, FLUO 41.

6. Rosenberg, H. and Nahlovsky, B. D. Polymer Preprints, 1978,
19(2), 625.

7. Ehlers, G. F. and Fisch, K. R. '"Correlations Between Poly-
mer Structure and Glass~Transition Temperature,' AFML-TR-75-
202, Part 1, October 1975,

ReCEIVED January 8, 1980.

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Analysis of Adhesive Fracture Testing Methods for
Aerospace Use

K. KAWATA, H. FUKUDA, N. TAKEDA, and A. HONDO

Institute of Space and Aeronautical Science, University of Tokyo,
4-6-1 Komaba, Meguro-ku, Tokyo 153, Japan

The determination of adhesive bond strength and testing meth-
ods associated with the bond strength are the important subjects
in composite materials and structures, especially their applica-
tion in aerospace use. In aerospace materials, peeling tests are
important as well as usual bond shearing test. The apparent
strength obtained from the bond shearing test is T,, = P/S where
P is the breaking load (kg) and S is the bonded area (mm?) while
the peeling strength obtained from the peeling test is P/b where
P is the breaking load (g) and b is the width (mm). These two so
called "strengths" are different in dimensions and have not been
related to each other. As a result, for practical problems these
two tests had to be conducted individually to qualify these two
strengths.

In the present paper, these two "strengths' are related by
the analyses from the unified standpoint. That is, the critical
strength based upon the energy balance concept (1) is used to es—
tablish a relation between these two strengths of adhesive bonded
joint and to demonstrate the interchangeability of these data
(2, 3). There are many types of adhesive joints or bond strength
testing methods as shown in Fig. 1. T-test is treated similarly
with 0 degree peeling test (2). Single-lap (3), tapered-lap and
scarf-joint (4) are treated similarly. Analysis of this type may
be extended to pull-out test (4).

When we survey historically briefly, we cite the pioneering
works on energy in adhesive peeling by T. Hata (5). Adhesive
fracture energy was used by H. Dannenberg (6), B. M. Malyshev and
R. L. Salganik (7), and J. D. Burton, W. B. Jones and M. L.
Williams (8) to study blister test.

In the followings, analytical results and comparisons with
experimental results are mentioned for the tests shown in Fig. 1.
Next, a new method to determine dynamic fracture toughness, that
is, adhesive fractured surface energy (1l) is proposed.

0-8412-0567-1/80/47-132-059$05.00/0
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Figure 1. Adhesive bond strength testing methods.
(1) ® degree peeling test: P, load; A, bonding strip; B, metal plate; S, supporting plate
Young’s modulus; suffix m indicates

for restricting bending of B; t, t,, thickness; E, E_,
Eng. @: peeling angle. (2) Single-lap

metal; width is b. dc: length of incremental pee
adhesive joint shearing test. (3a) Tapered-lap adhesive joint shearing test. (3b) Scarf-

joint shearing test. (4) T-test. (5) Pull-out test: F, fiber; A, adherend; B, adhesive.

(4)

10

P/b (kg/mm)
/
o

0.1 \o\o

0.0l Loy
0 45 90 135 180

Figure 2. Numerical examples of 9 de-
gree peeling strength 8 (deg)
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0 Degree Peeling Test

Analysis of 6 degree peeling of a soft material bonded to a
plate with bending restrain is stated. The following assumptions
are made: 1) A is soft and its flexural rigidity is negligible.
2) Stress is concentrated locally in the neighbourhood of dec and
regions far from dc have no influence. The critical condition
for peeling fracture is

dW + dU + dL = 0 1)

where, the variations of surface energy, elastic strain energy,
and potential energy of load due to peeling of length dc are de-
noted dW, dU, and dL, respectively. From (1), introducing ad-
hesive fractured surface energy Y,

2
Pz(_£”+cos 0

2 _
it Emtm ) + 2bt(1 - cosB)P - 4yb° = 0 2)

is obtained. Solving (2), O degree peeling strength is determined

as follows:
Et
/4yEt/(1-+E—E—) (6 = 0 degree)

Pcr/b = mm (except in the (3)
_ neighbourhood
2y/(1 - cosb) of 0 degree)

The peeling strength for 6 = 0, that is, the shearing strength
varies with the rigidity of the bonded material, in contrast to
the case except in the neighbourhood of O degree. This suggests
an essential difference between peeling with a force component
perpendicular to the plane of the adhesive and peeling with only
a force component parallel to the plane of the adhesive. Non-zero
degree peeling strengths are smaller than zero degree peeling
strength that is pure shear strength by the order of 10 or 100,

as seen in the numerical examples (Fig. 2).

T-test

Under the assumptions and the critical condition, same with
8 degree peeling test, the following solution is obtained.

Per/b =y (4)

Single-lap Adhesive Joint Shearing Test

A tensile load N produces axial forces N; and N2 of the ad-
herents (1) and (2) respectively, and a shearing stress T in the
adhesive layer. Assuming Hooke's law and disregarding bending
effects due to the eccentric load path, shear fracture load is

In Resins for Aerospace; May, C.;
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Figure 3. Stresses in a single-lap adhesive joint (unit width perpendicular to the
paper): E, Young's modulus; t, thickness of an adherend; G,, shear modulus of
adhesive; t,, thickness of adhesive; 1, overlap length; N, axial force, =, shearing

Nondimensional shearing fracture load

Figure 4.
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stress.
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Nondimensional shearing fracture load vs. overlap length for single-lap

joint

In Resins for Aerospace; May, C.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



7. KAWATA ET AL. Adhesive Fracture Testing 63

derived from the same critical condition.
= J4vyE t, f( 2«, p) E))

where, K = Ga/ta » P =Eit1/Eaty <1 (6)

l+p sh(Vl+p l 2,)
(/ (n

p + ch(VI+p ,E t )

(7) is designated as specimen characteristic factor. Case A, B,
and C are shown in Table 1. Case A is an improved analysis of the
0 degree peeling test. The distinctive feature of single-lap ad-
hesive Jon.nt is that as % increases f converges to the limit of
(1+p)V2 . The present solution coincides fairly well with de

Bruyne's experimental tendencies (9)(Fig. 5).

Table 1 Specimen Characteristic Factor

Case f(p, /;—EQ)

A. Eit; < Eats tanh (/E—FEIJL)
B. Ejt; = Eats \/_2— tanh (’E——f—(t—:ll/v/_z—)

[T+ sinh (ITF5 [ 2)
Eity
K

p + cosh J1+p E—-——lt12,>

C. General

Tapered-lap Adhesive Joint Shearing Test

This case (Fig. 6) is solved by the same way.

Nop = MyEt/—EKEQ (for E; =E; =E, ty =ty =t) (8)

N., is proportional to %, differing from single-lap joint (Fig. 7).
The experimental data by de Bruyne (9) support this solution

(Fig. 8).
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Ner
[37ET

TAPERED LAP JOINT

=~y

CONVERGE TO /Z

——1—

SINGLE LAP JOINT

el
Figure 7. Nondimensional shearing fracture load vs. overlap length for single-lap

and tapered-lap joints

10000,

8000

=

TAPERED LAP JOINT
60001

4000

BREAKING LOAD IN LB.}

SINGLE LAP JOINT

2000]

0 . | . | | . I

OVERLAP IN INCHES

Figure 8. Experimental shearing fracture load of adhesive joints by de Bruyne

In Resins for Aerospace; May, C.;

ACS Symposium Series; American Chemical Society: Washington, DC, 1980.

65



66 RESINS FOR AEROSPACE

Pull-out Test

This axisymmetric case is also solved similarly (Fig. 9):

Ocr = Pop/mr? = J4yEx/r £(AL) (9)

where, A = J2G/(E;br)-V1+p

(10)
£(AL) = (V1 +p sha®) /(p + chAl)
P = Eor/{2E1a(l+ (a/21r))} > 0 (11)

So, the relation of Ocr//4yE2/r vs. {2G/(E;br) £ is the same with
Fig. 4.

The Effect of Elastic-plastic Strip in Peeling Strength

When elastic~plastic strip is used in peeling test, the
following correction factor is introduced (10):

The same with (3) *
Pcr/b = 2y (12)
{2y/(1-cos8) }(1 +7+T>7) *k
* (6 = 0 degree)
*%* (except in the neighbourhood of O degree)

where, Y : yield stress of strip,
p : radius of curvature of strip at peeling point.

A New Method to Determine Dynamic Adhesive Fractured Surface
Energy

As seen in the above mentioned, the wvalue of y is important.
Using the specimens such as Fig. 1 (2) or Fig. 10, dynamic ad-
hesive fractured surface energy Yqg for shear or vy, for tear is
measured by the method of comparing the energies o% the impacting
mass before and after the impact loading. By the energy method
newly proposed, dynamic adhesive fractured surface energy is de-
termined from the equation (13)(1l),

Eo/S = 2Yd (13)
where, Eo : absorbed energy,
S : narrowest cross sectional area.
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Figure 9. Stresses in a pull-out test: a,b,
thickness of adherend tube A and adhe-
sive B, respectively; E,, Eo, Young’s mod-
ulus of A and fiber F, respectively; G,
. shear modulus of adhesive; b/rg 1, 1, =
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Figure 10. Dynamic tear test specimens
for a new method to determine dynamic
P adhesive fractured surface energy
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Conclusion

The above mentioned analyses based upon the unified stand-

point give the relations among various testing methods. The
relations of Yg vs. Y¢ and Ygg vs. Ydr, effect of viscoelasticity
etc. would be next problems to be clarified more thoroughly.
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On the Mechanics of Pecling

HIROSHI FUKUDA and KOZO KAWATA

Institute of Space Aeronautical Science, University of Tokyo,
4-6-1 Komaba, Meguro-ku, Tokyo 153, Japan

In recent years adhesive bonding has become one of the
primary joining methods(1). One reason is that high performance
adhesives have been developed. Another reason is that composite
materials have become to be used widely. The composite materi-
als, especially FRP, themselves are the bonded structures.
Therefore, it is important to make clear the mechanics of adhe-
sion.

Tensile strength, shear strength, peel strength and so on
are the primary factors which evaluate the characteristics of
adhesive bonded structures from the mechanical point of view.
Among them, we have been treating the mechanics of peeling for
these several years. In the present paper, we will discuss two
subjects of peeling, that is, i) the effect of peel speed on peel
strength and ii) the effect of peel angle on peel strength.

Effect of Peel Speed on Peel Strength

Experimental Procedure. Concerning testing methods of
peeling, the following three types are currently in use: the 180°
peel test, the climbing drum test and the T-peel test(2). These
methods may be sufficient to evaluate the quality of adhesive
bonded structures in practical engineering situations. However,
these testing methods are not sufficient for our experimental
purpose because of the restriction of peel angle. Then all
angle peel tester was made on an experimental basis.

Figure 1 shows the peel tester by the present authors by
which arbitrary angle peel test is possible. A test plate for
lengths up to 500mm and widths up to 120mm can be attached to the
tester. Although this tester is fundamentally similar to that
of Hata et al.(3), some refinements have been carried out.
Kaelble et al.(4) made a device for peeling as an accessory to an
Instron type testing machine. This device seems to be very
convenient because experimental data under a constant peel speed

0-8412-0567-1/80/47-132-069$05.00/0
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Figure 1. Peel tester and test speczmen
A, flat plate to which a plate (E) is
bolted; B, knob by which tie flat plate
is rotated and fixed to an arbitrary angle;
C, stopper; D, weight; E, base plate; F,
aluminum fozl G, hook; H bolts to at-
tach the specimen to ‘the flat plate.

Figure 2. Construction and dimension
of test plate
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8. FUKUDA AND KAWATA  Mechanics of Peeling 71

can be obtained easily. When a peel tester becomes large,
however, it becomes difficult to attach it to an Instron testing
machine and to control the peel angle constant. Then the dead
load type tester was adopted as a first step. This type tester
keeps the peel angle constant although the peel speed cannot be
controlled.

The construction and the dimension of a test plate is shown
in Fig.2. From a wide adhesive bonded plate, test specimens
with the width of 10mm were made by cutting the parts of the foil
and the adhesive with a knife. The peel angle was fixed to 90°

in order to make the problem simple. The room temperature was
23%3°C.

After attaching the test plate to the peel tester, a certain
amount of load was applied to one end of the adhesive foil. We

have measured the time (t) during which a certain length (1) of
foil is peeled. The peel speed (v) becomes 1/t.

Results of Experiment. Figure 3 shows some raw data con-
cerning the peel speed. As is shown in this figure, the peel
speed shows fairly large variations. Since these large varia-
thons are often observed(5), careful treatment is necessary to
evaluate the strength of adhesive bonded structures.

Figure 4 shows the relationship between applied load and
peel speed. The average value and the standard deviation were
calculated in logarithm scale of peel speed. According to this
figure, the peel speed doesn't increase gradually with increasing
the applied load but has a gap at the load of about 4 Kg. This
gap is shown by a fine dashed line in Fig.4.

An example of peeled surface at a small load (P=2500g) and a
large load (P=4000g) are shown in Fig.5. In the case of small
load, the peeled surface is very smooth. In the case of large
load, on the contrary, the shell shape stripes with the interval
of approximately 0.5mm can be observed. This phenomenon occured
in almost all cases at the load greater than 4Kg. The peeling
at the large load seems to occur unsteadily with the interval of
stripes. Let the small load peeling and the large load one be
named as steady peeling and unsteady peeling, respectively. The
unsteady peeling occured even when we tested as carefully as
possible.  The results from Figs. 4 and 5 seems to show that the
unsteady peeling becomes easier to occur than the steady one when
the applied load exceeds an critical value. Figure 4 also indi-
cates that the upper limit of the peel load and the lower one
exists. This phenomenon has also been reported previously(3).

Viscoelastic Discussion of Steady Peeling. As is described
in the former section, the peel strength depends greatly on the
peel speed. This is based on the viscoelastic character of the
adhesive. The rate dependency of peeling is discussed below
taking into consideration the viscoelasticity of the adhesive.

The deformation in the neighborhood of peeled point is

In Resins for Aerospace; May, C.;
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P=4Kg P=5Kg
L S s i T O
001 01 1 10
Figure 3. Example of data Peel Speed v(mmisec)
Prnax
5 _ma
@
(23)

Load P(Kg/10mm)
w ~

LN

Peel Speed log v(mmi/sec)

Figure 4. Applied load (P) vs. peel speed (v): (——) experimental; (——-) 3-ele-
ment model; (- - — +) generalized Voigt model; dots, average peel speed; hori-
zontal range, standard deviation; number in parenthesis, number of data tested.

Figure 5. Example of peeled surface
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schematically shown in Fig.6, although the actual deformation is
somewhat complicated. First of all, let the hatched part of the
adhesive shown in Fig.6 be replaced by the three element model
shown in Fig.7(a). If the hatched part sustains a constant load,
the creep curve at that point becomes

Eoe(t)/o = 1 + K[l-exp(-t/T1)] (1

where, K=Eo/E1, Ti1=n1/E1. The curve named "3 element model" in
Fig.8 shows eq.(1). Let the peeling be assumed to occur when
the strain of the adhesive becomes some constant value, €y.
Figure 8 can be interpreted that the ordinate indicates the
applied stress instead of strain and the abscissa, the time when
the strain becomes €4, The applied load and the stress of the
adhesive is proportional as a first approximation. Therefore,
the upper limit (Pmax) and the lower one (Pmin) in Fig.4 corre-

spond to 1 and 1+K of the ordinate of Fig.8, respectively. The
value of the ordinate corresponding to the intermediate load and
the value of the abscissa corresponding to it can be obtained
easily. Thus the relative peel speed at each load can be obtain-
ed by taking the inverse of the value of abscissa. In order to
get the absolute peel speed, sufficient knowledge about the visco-
elastic character of the adhesive is necessary. The dashed line
in Fig.4 is calculated by taking Pmax=5'1 Kg, Pmin=1'9 Kg and

using the experimental data at P=2 Kg. As shown in Fig.4, three
element model is not appropriate to explain the experimental
results.

Next, let's apply the generalized Voigt model shown in Fig.
7(b) as the viscoelastic character of the adhesive. In this
case, the creep curve at the limit of n»>~ becomes(6)

e(t)/o = Yo + f:Y(T)[l—exp(—t/T)]dT (2)

where, Yo= initial creep compliance, T= reatrdation time, Y(T)=
function which indicates retardation spectrum, After some calcu-
lation introducing the box idealization shown in Fig.8, eq.(2)
becomes

e(t)/o = Yo + Yy [In(T /T4) - E;(-t/15) + E; (-t/1 )] (3)

where E. is exponential integral function. The curve named as
box distribution in Fig.8 is obtained by substituting T /T3=10%
in eq. (3). The dot-dashed curve in Fig.4 1s obtained by a
similar calculation to the case of three element model. The
steady peeling can be explained by introducing the generalized
Voigt model for the viscoelasticity of adhesive.

Transition From Steady Peeling to Unsteady Peeling., In the
previous section we have considered the viscoelasticity only at
the peeling point. In the actual peeling process, however, the
deformation of the adhesive spreads to somewhat wide region.
Therefore, it is necessary to analyze the problem shown in Fig.9.

Applying the generalized Voigt model, a fundamental equation
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Figure 6. Schematic view of 90-degree
peeling

Figure 7. Viscoelastic model of adhe-
sive: (a), 3-element model; (b), gener-
alized Voigt model

Figure 8. Time—strain curve of two vis-
coelastic models
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becomeshas follows although the detail of derivation is not shown:
ORI
* t 3£ (x,t)
—AEof: Y(Dexp(-t/T) [ exp(t/T)™—22=>dt]d (4)
9x
and ¢
e(x,t) = £(x,t)/Eq + f:’ Y(t)exp(-t/1) [foexp(t/‘r)f(x,t)dt]d‘r (5)

where, A=EIh/b, EI= flexural rigidity of adherend, h= thickness
of adhesive, b= width of specimen, f= force per unit length, €=
strain of adhesive. The right side of eq.(4) indicates the
viscoelastic effect.

If Y(1) is equal to zero, eq.(4) becomes

N
P 16,959 BN S (6)
ox"

Therefore, eq.(4) is the fundamental equation of the bar supported
by visco-elastic springs. If the time (t) is equal to zero,
eq.(4) again reduces to eq.(6). Therefore, eq.(6) can be inter-
preted to show the initial state of the bar supported by visco-
elastic springs. Considering the boundary conditions, eq.(6)
becomes

f(x,0) = 2sP exp(-sx) cos(sx) (7)
where, s = “/I/4A. This result coincides with another research-

er's one(7).

Equation (5) is not only the function of x and t, but also
the function of applied load, P. Steady peeling occurs when the
reduction of potential energy of the dead weight coincides with
the energy consumed to make the fracture surface, to bend the foil
and so on. When the applied load is high, the peeling becomes
unsteady. But it is possible to consider that the peeling is
arrested by some reason, perhaps by the viscoelastic character of
the adhesive. Therefore, it may be possible to explain the tran-
sition phenomena by discussing eqs. (4) and (5) in detail and by
introducing an appropriate failure criterion. But it is the
subject in future.

Effect of Peel Angle on Peel Strength

Experimental. In this section we will describe the effect of
peel angle on peel strength under a constant peel speed. A test
plate used here is composed of an aluminum base plate with a 3mm
thickness, an aluminum foil with a 0.1mm thickness and an adhesive
(Araldite standard) which attaches the foil to the base plate.

The experimental procedure is similar to that described in the
previous section although the peel angle is changed variously in
the present section. The room temperature was about 25°C.

Some raw data are shown in Fig.10, where, the abscissa indi-
cates the time required to peel the foil by 10mm. Dots and
circles are the experimental values. Two symbols are used only
to distinguish the values of the different peeling angle.
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As shown in Fig.10, the peel strength shows a large time dependen-
cy. Therefore, it is necessary to assign a peel time to a con-
stant value because we don't discuss the effect of peel speed

but the effect of peel angle. According to our experience, the
time of 30 sec for 10mm peeling was the most preferable value for
the experiment. Therefore, the average load at t=30sec is adopt-
ed for the '"peel strength" hereafter. It corresponds to a peel
speed of v=0.33 mm/sec. In the case of Kendall's experiment(5),
the peel speed was in the region of 10" 5mm/sec to 10 mm/sec; and
the ASTM Standard for 180° peel tests describes a peel rate of
2.54 mm/sec.

Figure 11 shows the relationship between the peel strength
and the peel angle. Experiments were carried out for three
specimens,  Although some discrepancy was noted among the data
of the three test specimens, all specimens showed the characteris-
tic of the peel strength becoming minimum at a peel angle of about
120° and of the peel strength increasing again when the peel angle
becomes larger. This phenomenon differs from the experimental
results by Hata et al.(3),(7)and theoretical calculations by the
present authors(8). The increasing of the peel strength near
180° seems to be based on the fact that some amount of applied
energy (reduction of potential energy of dead load) is consumed
as the plastic deformation energy of the alumunum foil.

Effect of Plastic Deformation. In the previous paper(8),
the adherend was assumed to be elastic and therefore, it was
assumed that the work done by the applied load was consumed as
the elastic strain energy and the surface energy for peeling.

In that case, the critical condition for peeling fracture becomes

dW+dU+dL=0 (8)
where, dW, dU and dL indicate the increments of the surface
energy, the elastic strain energy and the potential energy of load
due to a peeling of length d7 (ef. Fig.12), respectively. These
values can be expressed as follows:

dW = 2vybdl (9)
au = (p%/2b)Kdl (10)
di = ~[P(1-cos8) + (P*/b)Ky]d2 (11)
_ 2
Ky = 1/Et + cos e/Emtm (12)
where, Y and b are the surface energy of the fractured surface
and the width of the foil, respectively. Other notations are

shown in Fig.12.

In the actual peeling process, however, the radius of curva-
ture of the adherend is very small at the root of the peeling.
It indicates that the plastic deformation occurs. Therefore,
the plastic deformation energy of the adherend (alumunum foil)
must be taken into consideration. The critical condition of
eq. (8) is thus modified to:
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dW+dU+dL+dS=0 (13)
where, dS is the increment of plastic strain energy. When a flat
plate is bent beyond the elastic limit, it needs some amount of
plastic strain energy. When the bent plate is rebent to its flat
plate shape, it also needs some amount of plastic strain energy.
dS is the total value of the above amount of energy. In order

to make a rough estimation of dS, the following assumptions are
adopted here: (i) the shape of the curved part of the adherend is
assumed to be a circular arc of radius of p(cf. Fig.12), (ii) the
plastic strain energy absorbed during bending is assumed to be
equal to that absorbed during rebending, (iii) aluminum foil is
taken to be elastic-perfect plastic body.

Under these assumptions, the process of peeling from (i) to
(ii1) of Fig.12 is described now. The part AB, which has been
originally straight, is bent to AB'. The part BC suffers only
rotation and becomes B'C'. The part of CD is straighten to C'D'.
Let the plastic strain energy absorbed during the bending process
from AB to AB' be denoted as dS.. According to the theory of
plasticity(9), the bending momeiit of the elasto-perfect plastic
bar is:

M/My = (3/2)[1—(1/3)(0/OE)2] a4

where, the values with suffix E indicate the values at the elastic
limit. They are(10):

M. = bt2Y/6, pp = Et/2Y (15)
where, Y is the yield stress. The radius of curvature at the
peeling is very small comparing to Pgs that is, p/pE<<1. Therefore,

M = bt?Y/4 (16)

holds from eqgs.(14) and (15). The plastic strain energy is the
product of the bending moment and the bending angle, o:

dS; = Ma = (M/p)dl (17)
According to assumption (ii),
ds = 2ds, = (2M/p)dl = (bt2Y/2p)dl (18)

Introducing eqgs.(9), (10), (11) and (18) into eq.(13), we can get
the following equation:

(Ke/2b)P2 + (1-cos8)P - (2yb + bt2Y/2p) = O (19)
Solving eq.(19) with respect to P,

y4
p __b(1-cosb) .y [b(l—COSG)]z N gy{sz N bty ] (20)
K K K 2p
S 6 )
is obtained. At the limit of © > 0, p becomes infinity and
eq. (20) becomes to
P/b = ¥ 4Y/Ke (21)

Equation (21) is identical to the result of the previous paper(8)
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for 6=0. The above result is natural because no plastic bending
occurs in the case of 6=0. In the case of 6#0, the following
expression is obtained by rearranging eq. (20):
_ b(1-cos8) 2K6 t°Y
P = a [-1+/ 1+ TT?EagéT?'(zY t 55 ) 1] (22)

In the case of 2Ke/(1-cose)(1+t2Y/4p)<<1, the following result is

obtained by applying Taylor expansion to eq.(15) and by taking
the first order term:

P/b = 2y/(1-cos®) (1+t2Y/4pY) (23)
The value of p is the function of the peel angle,8. According
to the author's experiments, p decreases with increasing 0, al-
though the precise values are not measured. As a first approx-
imation, we assumed p as:

0= s(m/0)"t (24)

Thus eq. (23) becomes the function of y, s n and Y. If we take
the combination of y=0.05Kg/mm, s=1, n=3 and Y=10Kg/mm’?, the
theoretical value agrees fairly well with the experimental data,
although the validity of these values are not confirmed. Com-
parison of this theory with experimental data is shown in Fig.13
together with the previous theory(8).

Conclusions

Using the peel tester developed on an experimental basis,
some experiments were conducted to make clear the relationship
(1) between the peel speed and the peel strength and (ii) between
the peel angle and peel strength. It was made clear that the
peel strength has the great dependency on the peel speed. There
were two peeling patterns, that is, steady peeling and unsteady
one. As for the steady peeling, the qualitative explanation is
possible using the generalized Voigt model. As for the transi-
tion from steady peeling to unsteady one, however, we have not
succeeded to explain yet. But it may be possible to explain the
transition phenomenon by considering further the fundamental
equations derived in the present paper. Concerning the second
subject, it was made clear that the peel strength increases again
at a peel angle near 180°. To explain the above phenomenon, the
previous theory was modified by introducing the plastic strain
energy of adherend. Although some unexplained points remain in
the modified theory, it will be useful in predicting the effect
of peel angle on the peel strength.

Acknowledgements. The authors want to express their sincere
thanks to Dr. K.Nakao, Osaka Prefectural Industrial Research
Institute and to Mr. M.Ono, Industrial Products Research Institute
for their valuable discussions on adhesive strength testing.

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



8.

FUKUDA AND KAWATA

relative strength  Pg /Ry,

T T T T
previous theory
present theory

Mechanics of Peeling

90 180

peel angle © (deg)

In Resins for Aerospace; May, C.;

Figure 13. Relative strength of peeling

ACS Symposium Series; American Chemical Society: Washington, DC, 1980.

81



82 RESINS FOR. AEROSPACE

The authors also express their thanks to Mr. Y.Miyazaki, Mitsui
Petrochemical Co., who offered us the test plates and to the
members of the Work Shop of Institute of Space and Aeronautical
Science, University of Tokyo, for their all-out cooperating in
making the peel tester.

Literature Cited

1. Thrall,Jr.,E.W., J.Aircraft,1977,14,588.

2. ASTM Standard: D903(180° peel), DI781(Climbing drum peel test),
D1876(T-peel test).

3, Hata,T; Gamo,M; Doi,Y., Kobunshi-Kagaku,1965,22,152(in Japanese)

4. Kaelble,D.H.; Lo,C.H. Trans. Soc. Rheol.,1974jT8,219.

5. Kendall,K., J. Adhasion,1973,5,1709. _

6. Tobolsky,A.V.,"Properties and Structures of Polymers",John
Wiley & Sons,1960.

7

. Hata,T.,Kagaku,1947,17,16. (in Japanese)

8. Kawata,K.; Fukuda,H., Trans. Japan Soc. Compo. Mater.,1975,
1,36.

9. Kato,K.,"Plastic Processing of Metal'',Maruzen,Tokyo,1971,292.
(in Japanese)

10. Kudo,H.,"Plasticity',Morikita-Shuppan,Tokyo,1968,17(in Japanese)

RECEIVED January 8, 1980.

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Waterborne Polymers for Aircraft Coatings
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Exterior aircraft coatings in current use contribute to air
pollution by emission of volatile organic compounds that are
present as solvents. The Air Force has begun a three phase
program for reduction of emissions. The program consists of
replacing air spray application by airless electrostatic spray,
use of high solids coatings, and development of waterborne
polymers for eventual use in aircraft coatings. The first phase
is operational. Airless electrostatic spray is being used to
apply solventborne topcoats and primers with substantial reduc-
tions in emissions resulting from elimination of most of the
overspray. The high solids and waterborne coatings approaches
are being pursued through contractural programs and an inhouse
research program at the Air Force Materials Laboratory
(AFML).

The purpose of the work reported here was to obtain a better
understanding of the basic mechanical properties and curing
behavior of current aircraft coatings so that evaluation of
potential waterborne replacements could be performed on a
more rigorous basis than using paint test methods alone.
Methods chosen included characterization of unpigmented free-
films by dynamic mechanical analysis (DMA) and use of Fourier
transform infrared spectroscopy (FT-IR) for following the dis-
appearance of isocyanate groups during polyurethane cure. Al-
though characterization of the current topcoat is emphasized,
preliminary results for several potential waterborne replace-
ment systems are also presented.

Background

Current Solventborne Coatings. The topcoat is a two-
package polyurethane consisting of an aliphatic isocyanate com-
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ponent and a polyester polyol component. The impetus for
finding a waterborne or high solids replacement is, of course,
reduction of the solvent content. Unpigmented formulations con-
tain approximately 65% solvent by weight. The gloss white
pigmented formulation contains approximately 48% solvent by
weight. The polyurethane system is normally applied in two
coats, to a total dry film thickness of 51 & 8 um (2.0 = 0.3 mils).

The current primer is a two-package epoxy/polyamide con-
sisting of a bisphenol A type epoxy and an amine terminated
dimer acid polyamide component. The solvent content of the
mixed components is approximately 61% by weight in formula-
tions containing corrosion inhibiting pigments. Normally one
coat is used at a dry film thickness of 15 to 23 ym (0.6 to 0.9
mils).

Potential replacements will have to cure at ambient temper-
atures and be suitable for spray application, preferably airless
electrostatic spray. The size and irregular shape of aircraft
make other application methods impractical. The size also
eliminates oven cure, and the irregular shape eliminates
radiation cure, at least with currently available technology.

Aircraft Performance Requirements. The main function of
aircraft coatings is to minimize corrosion. High level per-
formance is required to insure that the coating system remains
intact so that it can maintajn its protective function in all air-
craft environments. Flexibility at low temperatures and impact
resistance are required. Resistance to softening in fluids used
in aircraft, such as hydraulic fluids, lubricating oils, and
hydrocarbons (fuel) is also required. The flexibility and fluid
resistance requirements are often in conflict because the form-
er is favored by a relatively low level of crosslinking and the
latter by a high level of crosslinking. Thus, the combination of
flexibility and fluid resistance, obtained with the current poly-
urethane topcoat, is a difficult challenge for potential replace-
ments.

Paint test methods involving procedures well described in
ASTM or federal test method publications are used to determine
flexibility, fluid resistance and other coatings performance
characteristics. These tests are used to establish aircraft
coatings specifications. However, as is often true, the specifi-
cations tend to reflect the performance characteristics of the
current system rather than actual in-use performance require-
ments. Therefore, evaluation of potential replacements using
paint test methods and current specifications could be mis-
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leading. Use of DMA may permit more valid evaluation. DMA
results may also suggest how modification of polymer structure
might contribute to improved performance.

Polyurethane Cure. Paint test results carried out over
many years for qualification purposes indicate that cure con-
tinues at least for several days after application of the current
topcoat. Qualification tests are run after a minimum of seven
days ambient cure. In this study, FT-IR has been used to
follow the reaction of isocyanate groups in unpigmented films
during this extended cure period. An attempt is made to relate
isocyanate reaction with the development of film properties.
The feasibility of using this FT-IR technique for studying cure
of potential replacements is being investigated.

Experimental

Following Isocyanate Reaction by FFT-IR. Clear coating
films of the two-package polyurethane (Super Desothane, DeSoto,
Inc.) were prepared for FT-IR analysis by air spray application
onto either a polymeric substrate (clear polyethylene, i.e.
commercial Glad Wrap, Union Carbide) or a tinfoil substrate.
The polymeric substrate permitted recording of spectra imme-
diately after spray application. Substrate absorption in the
region of the isocyanate band at 4.4 um was slight. The tinfoil
substrate was used to obtain free films. After 17 hr. ambient
cure, the films were sufficiently cured so that free films could
be removed by mercury amalgamation:— The first spectrum for
samples removed from tinfoil were recorded about 17 to 18 hr.
after application. Both free films and films on polyethylene
were cut (2.0 x 2.0 cm) and mounted on cardboard masks sized
for insertion into the IR spectrophotometer sample holder.
Mounted samples were stored under ambient conditions or in a
dessicator, and IR spectra were recorded after various cure
times. The extinction coefficient of the isocyanate band at 4.4
um was 144 liter g=! cm™! as determined by n-butylacetate
dilutions of the isocyanate component.

The FT-IR spectra were recorded using a Willey Model 318S
Fourier Transform Spectrophotometer (Willey, Inc., see ref.2).
The main advantage of FT -IR over conventional IR to this study
was greater accuracy in absorbance data associated with
averaging multiple scans. The computer system alsofacilitated
obtaining difference spectra.
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Dynamic Mechanical Analysis (DMA). Samples for DMA
were cut (3.0 x 0.4 cm) from tinfoil substrates approximately
one hour before testing. After separation by amalgamation, the
free films were mounted in the jaws (1.5 ¢m between jaws) of
the DMA instrument. Film thickness ranged from 43 to 56 um
(1.7 to 2.2 mils). For cure studies the first property/temper-
ature curves were determined after 17 hr. ambient cure, and
subsequent determinations were made at approximately 24 hr.
intervals with a different sample each time. The effect of
ambient versus dessicator storage between determinations was
investigated.

The effect of moisture on DMA plots was also studied using
samples which had cured for 35 days or more. Moisture ab-
sorption was varied by storing samples at ambient relative
humidity (RH), in a dessicator (RH = 0%), or in a dessicator
containing liquid water and no dessicant (RH = 100%).

The tinfoil substrate sample preparation method was used
for the current polyurethane topcoat, the current epoxy poly-
amide primer, and one petential waterborne topcoat replace-
ment, which was a polyurethane aqueous dispersion (Polyvinyl
Chemical's NeoRez R-960) cross-linked with 0.5 to 2.0 wt % of
polyfunctional aziridine cross-linker (Cordova Chemical's
XAMA 7). These samples were prepared at the AFMIL. Clear
films of several potential waterborne replacement systems were
supplied by DeSoto, Inc. Of the group of films supplied, DMA
curves were obtained for the following: a second type of aqueous
polyurethane dispersion ( W. R. Grace's Hypol WB 4000), two
coatings based on water soluble acrylic copolymers (B. F.
Goodrich's Carboset 514 and Union Chemical's AMSCO Res 200)
and another sample prepared with Polyvinyl Chemical's NeoRez
R-960.

A Rheovibron Direct Reading Dynamic Viscoelastometer
(Toyo-Baldwin, 1td.) was used for DMA. This instrument and
its operation have been described.® Briefly, the test consists
of applying an oscillating strain to a rectangular sample under
tension. The resulting stress and the lag of peak stress behind
peak strain (phase difference) are obtained. In this study the
data are presented in terms of storage modulus, E', and the
tangent of the angle corresponding to the phase difference, tan 8
E' is a measure of stored energy or elastic response while
tan © is a measure of energy losses through viscous response
of a viscoelastic sample that is subjected to an oscillating
strain. The oscillating frequency was 11 Hz for all data
reported here.
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Results and Discussion

Polyurethane Cure, FT-IR. Comparison of pencil hardness
results before and after exposure of the polyurethane topcoat to
fluids indicates that cure continues for several days after appli-
cation. The possibility that this change is related to continued
curing involving isocyanate groups was investigated by FT-IR.
As indicated in Figure 1A, the isocyanate band at 4.4 ym is still
prominent after 18 hrs. ambient cure. Using the extinction co-
efficient and film thickness, the concentration of isocyanate
groups remaining after 18 hrs. is calculated to be 1.56 equi-
valents/liter. After 41 hrs. and 65 hrs. the concentration had
decreased to 0.35 eq./l and 0.09 eq./1, respectively. The
ambient relative humidity (RH) during this period was high,
ranging from 65% to 75%. Figure 1B shows that when the free
film is stored in a dessicator following ambient cure for 18 hrs.,
the decrease in isocyanate absorbance is greatly reduced. After
185 hrs. in the dessicator, the 18 hr. concentration of 1.56
eq./1 has only decreased to 0.87 eq. /1.

The ambient exposure experiment was repeated under less
humid conditions as shown in Figure 2. In this case absorbance
is plotted on a linear scale so the relationship to concentration
is more direct. The relative humidity was close to 50% through-
out. After 17 hr. ambient cure the concentration of isocyanate
remaining was 1.88 eq./l. After 45 hrs. and 65 hrs. the con-
centration had decreased to 1.38 and 1.03 eq. /1, respectively.
At all comparable cure times, the concentrations were con-
siderably higher when the RH was lower (Figure 2).

The dominant curing reaction for the topcoat was pre-
viously assumed to be urethane formation as shown in simplified
form in reaction (1). The dependence of rate of isocyanate

H O
P+NCO + P'-OH -~ P-ﬂl-a-OP' urethane (1)

disappearance on RH and the slow loss of isocyanate in dessi-
cated samples indicate that a moisture cure reaction is of much
greater importance than previously realized. Itis well known™
that isocyanate containing systems can undergo moisture cure
as shown in reaction (2). Bergerf" also noted a strong de-
pendence of the rate of isocyanate loss on RH in polyester
polyol/isocyanate systems. Reaction of isocyanate with water
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Figure 1. FTIR spectra of a two-package solventborne polyurethane unpi}gl-
mented film: (A) ambient cure for the indicated times, (B) comparison of 18-hr
ambient cure and a film cured for 18 hr under ambient conditions and then stored
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approximately 50% ; film thickness = 48 pm (1.9 mils)
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H O
P-NCO + H,0 — [P-I{I-‘C‘I-O% ~ P-NH, + CO,
(2)
HOH
P-NH, + P-NCO -~ P-N-C-N-P
urea

produces a carbamic acid intermediate which decomposes to
form an amine and carbon dioxide. In a second step the amine
group reacts with another isocyanate group to form a sub-
stituted urea crosslink. Of course, the actual cure is more
complex than indicated here because both P and P' are multi-
functional and because either the urea or the urethane can under-
go secondary reactions at the remaining -NH- sites.® Re-
commended mixing volumes are repor’ced—s— to result in an excess
of -NCO groups which could contribute to moisture cure as
shown in reaction (2).

An estimate of the fraction of isocyanate that reacts by
moisture cure (reaction 2) can be obtained from absorbance
determinations for dessicated samples. For example, the
dessicated sample considered in Figure 1 had a concentration
of 0.87 eq./l after 185 hrs. Since it is likely that a very high
percentage of the hydroxyl groups originally present have re-
acted after 185 hrs. (7.7 days), the isocyanate remaining in the
dessicated sample must represent that which normally is lost
through reaction with ambient moisture. By using the resin
characteristics provided by the supplier, one can calculate that
the initial concentration of isocyanate in the mixed components,
corrected for solvent loss, is approximately 2.7 eq./l. There-
fore, the minimum percentage of isocyanate that reacts by
moisture cure is approximately 32%. This is a lower limit for
moisture cure because the sample was cured under ambient
conditions for 18 hrs. before removal from the tinfoil and was
only dessicated thereafter,

To follow isocyanate loss by FT-IR beginning immediately
after spraying, a polymeric film was used as the substrate in
place of tinfoil. As shown in Figure 3, the absorbance of the
4.4 ym band decreased linearly over the 6 hr. period. The
initial rate of disappearance of isocyanate obtained from the
slope was 0.12 eq. 17! hr~!. Linearity indicates that the rate
is independent of isocyanate concentration. This result would
be expected if the slow step is absorption and diffusion of water.
At longer times the rate decreased possibly due to a combin-
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ation of: a decrease in diffusion rate of water as crosslinking
increases, a decrease in segmental mobility so that the second
step of reaction (2) is retarded, and depletion of isocyanate
groups. After 24 hrs, the isocyanate concentration remaining
was 0.20 eq./l. The concentration of 1.8 eq./l obtained at
zero time in Figure 3 is lower than 2.7 eq. /1 calculated from
resin characteristics because some isocyanate reacts during a
one hour " digestion period" between mixing and application.

Polyurethane Cure, DMA. Since we felt that the moisture
related crosslinking would be indicated by changes in dynamic
mechanical properties, DMA determinations were made at
approximately the same cure times as the FT-IR determinations
in Figure 1A. Curing conditions were not identical however,
because FT-IR samples were exposed to the atmosphere on both
sides while the DMA samples were not removed from the tinfoil
substrates until about 1 hr. before each DMA run. Nevertheless
DMA results, shown in Figure 4, are consistent with the
occurrence of the crosslinking reaction. The change in temper-
ature of the onset of the main transition from about -5°C to
about 10°C for samples cured for 17 hr. as compared to those
cured for 41 hr., and the shift in position and height of the tan 8
peak indicate that the additional cure which occurs after 17 hr.
has a significant effect on properties. Samples cured for 41
and 65 hr. gave an E' plot with a rubbery plateau at about 1 x
10® dynes/cm? whereas the 17 hr. cure sample did not exhibit a
plateau. Since the lower limit of measurement for samples of
the dimensions used was about 5 x 107 dynes/cmz, it is not
known whether the 17 hr sample was sufficiently crosslinked to
produce a rubbery plateau below this detection limit. Since itis
well established that fluid resistance is related to crosslink
densityl and that the storage modulus in the rubbery plateau
region increases with increasing crosslink density,™ the
improvement in fluid resistance of the topcoat over severaldays
is very likely a result of the moisture related crosslinking in-
dicated by the appearance and increase in modulus in the
rubbery region.

Effect of Absorbed Water on DMA Curves. In addition to the
effect of ambient moisture on cure, there is also a second
moisture effect which was observed for fully cured polyurethane
films (35 days or more ambient cure). In Figure 5A results are
given for a sample exposed to 60% RH (ambient) while Figure
5B gives results for a sample obtained from the same substrate
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Figure 3. Isocyanate absorbance, corrected for baseline absorbance, as a function
of time after spray application for a two-package solventborne polyurethane
applied as a clear on a polyethylene substrate; film thickness = 18 ym (0.7 mil);
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Figure 4. DMA properties of a two-package solventborne polyurethane unpig-

mented film cured under ambient conditions for: (A) 17 hr, (B) 41 hr, and (C) 65

hr; storage modulus (E’) on left ordinate, loss tangent (tan §) on right ordinate;
film thickness — 38 um (1.5 mils); RH = 65-75%
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Figure 5. Effect of ambient moisture on DMA properties of a two-package
solventborne polyurethane unpigmented film: (A) conditioned at 60% RH, (B)
stored in a dessicator for 20 hr; film thickness = 58 pm (2.3 mil)
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after storage for 20 hrs. in a dessicator. The " plateau" that
appears in 5A at about 30°C is eliminated by dessication (5B).
Dessication also shifted the onset of the glass transition to a
slightly higher temperature.

Figure 6 also shows the effect of absorbed moisture. The
curve labeled "humidified" was obtained after exposure to 100%
RH for 20 hrs. In this case two plateaus were observed in the
first determination. The second determination was made with
the same sample immediately after cooling from 100°C to -30°C.
A stream of dry nitrogen gas was used to prevent water absorp-
tion during cooling. Differences between the first and second
determinations are attributed to loss of water at elevated
temperatures encountered near the end of the first run. Further
temperature cycling after the second det ermination caused no
furtker change. Rehumidification of the same sample caused
the plateau regions to reappear (curve not shown).

The occurrence of plateaus in DMA curves for samples con-
taining absorbed water is thought to result from plasticization.
Deanin and Nalepa9‘ observed somewhat similar plateau regions
in storage modulus versus temperature plots for plasticized
polyvinylchloride. Bolon,‘12 et al, reported T, differences of
20°C or more for UV-cured polyurethane films under " wet"
versus "dry" conditions. Although one would expect absorbed
water to have some effect on properties, the magnitude of the
effect reported by Bolon and the differences in storage modulus
for the first and second runs shown in Figure 6A are remark-
able. For example, at 30°C the humidified sample has a
storage modulus of about 3 x 10? dynes/cm2 while the "dry"
second run gives a modulus of about 1.5 x 10%° dynes/cm? at
30°C. Thus, removing moisture causes the modulus to increase
by a factor of five at 30°C. The strong dependence of poly-
urethane properties on absorbed water may be one of the causes
of poor reproducibility in certain paint tests such as mandrel
bend tests.

For polyurethanes the combination of low temperature
flexibility and fluid resistance has been attributed to interchain
hydrogen bonding as in structure (3).
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Figure 6. Effect of storage for 20 hr at 100% RH (humidified) on DMA results
(first run). The second run was made on the same sample after cooling. The
sample was the same as described in the caption of Figure 5.
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The occurrence of two hydrogen bonds in proximity provides an
effective interchain link, sometimes referred to as a " physical
crosslink”" ., Physical crosslinks may contribute to fluid resis-
tance without decreasing flexibility to the same extent as co-
valent crosslinks. Water absorption could result in replace-
ment of crosslinks like structure (3) by hydrogen bonds in-
volving water, which would explain the strong dependence of
properties on absorbed water observed in this study and in pre-
vious reports.lg The amide links in nylon can form hydrogen
bonds similar to (3), and it is well known that nylon properties
depend strongly on absorbed moisture.” This dependence has
been attributed!? to intercatenary hydrogen bonds (i.e. aflexible
link between polymer chains) involving several water molecules
in place of a structure similar to (3).

Low Temperature Transitions. Figures 5 and 6 both show
transitions at about -20°C, well below the glass transition
which begins at about +20°C. These low temperature transi-
tions may be related to impact resistance of polyurethane
coatings.’ Further study would be required to establish this
relationship.

One cause of low temperature transitions is micro-phase
separa‘cion.l—4 Kim= et al report that crosslinked polyurethane
is partially crystalline within hard segments, and Lagasseli
proposes that crosslinked urethane elastomers exhibit a time~
dependent room temperature modulus after thermal pretreat-
ment that results from densification (but not crystallization)
within hard segment domains. The occurrence of micro-phase
separation in the polyurethanes used in coatings has not been
established, however.

The storage modulus values (E') calculated at low temper-
atures were subject to variation depending on the "instrument
constant correction" (called the "K value" in the Rheovibron
manual). This correction was slight in the transition and
rubbery plateau regions but large in the glassy region. Use of
longer samples for the low temperature glassy region will
eliminate this experimental difficulty, and work of this type is
underway.

Potential Waterborne Replacements. Several clear films
prepared using a polyurethane aqueous dispersion (Polyvinyl
Chemicals NeoRez R-960) are compared with the current sol-
ventborne clear topcoat in Figure 7. The dispersion was cross-
linked with 0.5% (curve B), 1.0% (curve C) or 2% (curve D) by
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Figure 7. Comparison of DMA results for: (A) two-package solventborne poly-

urethane and an aqueous dispersion polyurethane (Polyvinyl Chemical's Neo Rez

R-96U) crosslinked with (B) 0.5%, (C) 1.0%, and (D) 2.0% of polyfunctional

aziridine crosslinker (Cordova’s XAMA 7); film thickness range — 40-66 um
(1.6-2.6 mil).
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weight (based on dispersion solids) of polyfunctional aziridine
crosslinkers. Cala and Lapkinl have reported improvement in
fluid resistance when such crosslinkers are used even at these
low levels. A shift in the transition to higher temperatures is
observed as crosslinker content is increased. However, the
dispersion curves do not exhibit a rubbery plateau. The absence
of plateaus within the range of detection suggests that the dis-
persions have a lower crosslink density than the solventborne
polyurethane (curve A).

It is interesting to note that at room temperature the E'
values are not very different, whereas at most other temper-
atures the differences are large. Paint tests of flexibility or
hardness carried out at room temperature and at a strain rate
corresponding to the 11 Hz oscillating frequency used here
would tend to give similar results for the two types of films. In
contrast, the wide range of temperatures experienced by air-
craft coatings is likely to produce conditions under which the
response of the two systems to strain would be quite different.

It is evident in Figure 7 that the transition region is much -
broader for the aqueous dispersions. For acrylic latexes, Hoy™
has shown that coatings having a broad transition give an
advantageous combination of low film forming temperature and
blocking resistance. Whether or not the broad transition of the
aqueous dispersions provides any advantages for aircraft
coatings has not been established, however.

Samples of several potential waterborne replacements were
supplied by DeSoto, Inc. In order to check the validity of com-
paring samples prepared at different locations and on different
substrates (tinfoil at the AFML and polyethylene at DeSoto),
samples of NeoRez R-960 crosslinked with polyfunctional
aziridines were prepared at both locations and analyzed by DIMA
with the results shown in Figure 8. Data points are shown at
10°C intervals for the AFML sample (-25°C, -15°C, etc.) and
for the DeSoto sample (-30°C, -20°C, etc). A single curve
could represent both sets of points between +10°C and 160°C.
The scatter of data points from a smooth curve is minimal.
These observations are offered as justification for comparing
AFML and DeSoto film preparations and for showing other DMA
curves without data points. The divergence below 10°C may
reflect uncertainties in the " K value" correction noted pre-
viously. Figure 8 also shows results obtained with another
polyurethane aqueous dispersion (W. R. Grace's Hypol WB
4000). In contrast to NeoRez R-960 which contains amine

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



98

RESINS FOR AEROSPACE

¥ T R ] T 4
1x 1011 —
5 x 1010 L -
O° [
o 00(300°
Oooo
o),
1x 1010 [~ 000 e
0000
~ 5x109 % .
o~
g °o
E ¢
o)
5 ()
S 1x109 - o ]
= [
o]
5x 108 [ . .
o]
[
o0
1x108 I~ -
o]
5 x 107 | .
1 1 1 L [ [
-40 0 40 80 120 160

Temperature (°C)

Figure 8. Comparison of DMA results for samples of Neo Rez R-960 prepared

(©) at the AFML and (O) by DeSoto, Inc. using polyfunctional aziridine cross-

linkers, ( ) another polyurethane aqueous dispersion (W. R. Grace’s Hypol

WB 4000) crosslinked with an epoxy resin (Dow Chemical's DER 782); film
thickness range — 38-51 pm (1.5-2.0 mils)
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neutralized carboxylic acid groups, Hypol WB 4000 is solubi-
lized by acid neutralized pendant amine groups. Epoxy resins
were used as crosslinkers for the latter. Itis evident that the
Hypol film has a much lower transition temperature. The
rubbery nature of the film at room temperature was obvious
during removal from the substrate and mounting in the Rheo-
vibron jaws. This characteristic is not necessarily a major
drawback for use as a primer. For certain aircraft applica-
tions where flexibility is particularly important, the epoxy
polyamide primer has been replaced by a polysulfide primer
which is very rubbery.

DIMA results for two water soluble acrylic resins are given
in Figure 9. These resins were crosslinked with low levels of
polyfunctional aziridine crosslinkers (Cordova's XAMA 7).

The absence of a rubbery plateau in the range of detection
indicates that the crosslink density of both is low. These
acrylics were not specifically designed for ambient crosslinking
according to the suppliers literature. Therefore, modifications
may be required to obtain optimum response to ambient cure
with polyfunctional aziridines.

More generally it should be noted that all of the potential
waterborne replacements described herein are still under study,
and it should not be assumed that results presented represent
the optimum achievable with the resins identified. Selection of
these systems for study does not constitute endorsement by the
AFML, nor does omission of other waterborne systems reflect
an unfavorable preliminary evaluation. The high reactivity
required for ambient cure raises the possibility of toxic effects.
Since possible toxic effects are still being investigated, inclu-
sion in this study should not be interpreted as having any
implications regarding toxicity of crosslinkers or resins.

Paint Test Results and DIVIA. As noted previously, the
storage modulus (E') in the rubbery plateau region is a measure
of crosslink density. Unpigmented films of the current poly-
urethane have E' values in the plateau region of slightly over
1 x 10® dynes/cm? (Figures 5, 6 and 7). Unpigmented films of
the current epoxy polyamide also have a well defined rubbery
plateau at about 6.4 x 10’ dynes/cm® (curve not included). In
contrast, none of the potential waterborne replacements have a
rubbery plateau within our limits of detection (Figures 7, 8 and
9). The low crosslink density of the waterborne systems, in-
dicated by DMA, is also apparent in fluid resistance testing.
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Figure 9. DMA results for water-soluble acrylic resins crosslinked with poly-

functional aziridine crosslinkers: (A) Union Chemical's AMSCO Res 200, film

thickness — 36 ym (1.4 mils); (B) B. F. Goodrich’s Carboset 514, film thickness =
88 pm (1.5 mils)
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The test used for fluid resistance in Air Force specifications
is reduction in pencil hardness following immersion. A com-
parison of the pencil hardness results of the current solvent-
borne polyurethane with the two aqueous polyurethane disper-
sions indicates that the original hardness of the dispersions is
slightly lower. The two water soluble acrylic systems have
original hardnesses similar to that of the current solventborne
polyurethane. Greater differences are noted after immersion.
The waterborne systems all show more sensitivity to water
immersion than the solventborne polyurethane. The waterborne
systems all have extreme sensitivity to Skydrol 500B fluids with
changes of greater than four pencil hardnesses following seven
days immersion. It should be noted, however, that unpigmented
formulations of the current solventborne polyurethane also
undergo substantial softening in Skydrol 500B. No significant
differences exist between any of the waterborne systems and
the solvent borne polyurethane in sensitivity to other test fluids
such as lubricating o0il and hydraulic fluid.

If the fluid resistance tests are an accurate estimate of
fluid resistance required in aircraft environments, it is evident
that modifications directed at increasing crosslink density of
waterborne systems are necessary. The contractural program
has recently begun investgating such modifications,

Pigmented formulations of the current topcoat and primer
produced coatings having substantially higher E' values in the
rubbery plateau region than the corresponding clear films. The
effect of pigment on the DMA curves of waterborne systems is
currently being studied.

Although the aqueous polyurethane dispersions do not exhibit
the same fluid resistance as the solventborne polyurethane,
their impact resistance and low temperature flexibility are very
good. In general, acrylics are not considered to have good
flexibility or impact resistance; however, some of the formula-
tions based on the two water soluble acrylic resins, mentioned
previously, were better than expected in this regard.

Summary

Solventborne polyurethane topcoats and epoxy polyamide
primers, currently used on Air Force aircraft, contribute to
air pollution by emission of volatile organic compounds. The
possibility of replacing these coatings with waterborne coatings
is being investigated. A basic understanding of the curing re-
actions and properties of the current systems is required to
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provide a basis for evaluation of potential replacements.

The dependence of the rate of disappearance of the iso-
cyanate IR band at 4.4 pm on relative humidity (RH) indicates
that a substantial fraction (> 32%) of isocyanate loss results
from moisture cure. The slow absorption and diffusion of
water, especially at low RH, limits the cure rate and results in
quite long term changes in properties. DMA results obtained
over the same time interval (several days) as the FT-IR results
indicate that isocyanate loss is accompanied by an increase in
crosslink density.

A second moisture related effect was observed by DMA for
fully cured (>35 days) films of the solventborne polyurethane.
Films conditioned under ambient or high RH exhibited plateau
regions in the middle of the glass transition. These plateaus
were not observed for dry samples. The storage modulus of
"wet" versus "dry" samples in some cases differed by a
factor of five near room temperature. This effect of absorbed
moisture on properties could be a cause of poor reproducibility
of paint test results.

Several potential waterborne replacements have also been
studied by DMA. None of the clear waterborne systems gave
rubbery plateaus within the range of detection whereas clear
films of both the current topcoat and current primer do exhibit
such plateaus at 1 x 10° and 6.4 x 10’ dynes/cmz, respectively.
This comparison indicates that the waterborne systems have a
relatively low crosslink density. One paint test whichis sen-
sitive to crosslink density is fluid resistance. The waterborne
systems are all more sensitive to softening during fluid
immersion in Skydrol 500B and water than the solventborne
polyurethane. Work directed at eliminating this deficiency is
underway.

The relationship of DMA results to impact resistance and
flexibility is still being investigated. Use of longer samples
will permit obtaining more accurate data at low temperatures.
DMA curves for several of the films gave indications of low
temperature secondary transitions, which are often observed
for materials having high impact resistance. Preliminary re-
sults with pigmented films indicate that pigmentation of the
current topcoat and primer causes substantial increases in E' in
the rubbery plateau region.
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The Chemistry of Low-Energy Curable Coatings for
Aerospace Applications

A. FRANX LEO!
DeSoto, Incorporated, 1700 South Mt. Prospect, Des Plaines, IL 60018

The chemistry of Low Energy Curable Coatings for the Air-—
craft Industry is basically the chemistry of ambient cured epoxy-
amine primers and isocyanate-polyol topcoats. Coatings based on
these classes of raw materials are used by aircraft design
engineers to retard corrosion of the high strength, light weight
alloys used in aircraft construction. Unfortunately, these
high strength alloys lose strength at a faster rate than the
lower strength alloys because they are mozf)susceptible to
corrosion, particularly stress corrosion. —

The fact that aircraft travel further and faster between
periods of maintenance than ground transportation equipment,
through environments which are quite extreme puts these
protective coatings to severe tests. Not only do these
coatings have to endure cyclic and rapid temperature extremes,
intense U.V. light, wind and rain abrasion, but they must do
this in the presence of "stripper-like" fluids such as the
phosphiﬁ? ester hydraulic fluids, defrosting fluids and jet
fuels. =

Before the aliphatic polyurethane topcoats became avail-
able in the Té? 1960's, epoxies were popular both for topcoats
and primers. = Until then no coatings equaled the epoxies in
abrasion resistance, hardness, chemical resistance and adhesion.
The introduction of aliphatic isocyanates, however, allowed for
the development of even more abrasion resistant coatings, with
better flexibility better resistance to chalking, discoloration
on expos%z? and better acid resistance than amine cured
epoxies. — Although the use of epoxies in topcoats is quite
limited, amine cured epoxy vehicles make up the bulk of the
aircraft primers in use today. These primers develop excellent
adhesion to the aircraft substrates and allow the polyisocyanate
cured polyol topcoats to adhere to the metal. Generally,
aliphatic polyurethanes have poor adhesion to unprimed metal.

ICurrent address: Midland Division of Dexter, East Water Street,
Waukegan, IL 60085

0-8412-0567-1/80/47-132-105$05.00/0
© 1980 American Chemical Society
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Epoxy Primers

Most epoxy primers are prepared from the diglycidyl ether
of bisphenol A or one of its derivatives. Occasionally, other
epoxies such as the diglycidyl ether of resorcinol and the
Novalac epoxies are used as modifying resins.

0 Diglycidyl

7N\ (':H3 /0\ Ether of
CH,~CH~CH, 0~ @ - ('3 - @ - 0 - CH,~CH-CH, Bisphenol A
CH3

All of these epoxies are derived from aromatic monomers since
these are very reactive with aliphatic amines at ambient temper-
atures. Normally, aromatic amines and carboxylic acids do not
react with these epoxies at room temperature and are not used as
curing agents. Some of the most alkaline amines such as di-
ethylene triamine and triethylene tetraamine must be used in
modified form, such as an amine functional amine epox¥5§dduct to
prevent blushing (carbonate formation on the surface) =" and
improve compatibility of the admixed reactants. Other amines
such as N-aminoethyl piperazine, dimethylaminopropylamine and
polyamides are often used as partial or sole curing agents to
reduce cross%%ny)density and improve flexibility and impact
resistance. —’-

(CH.,)2 N-CH,-CH,—CH,-NH HN/_\ N-CH,,—CH,,-NH
3 s 272

2 72 2 2 2

Dimethylamino Propylamine n-Aminoethyl Piperazine

Military Specification Primers(g) require the use of
amino hydrogen functional polyamides (derived from dimer fatty
acids and multifunctional amines) and epoxy resins derived from
bisphenol A with a molecular weight of about 1000.

The stoichometry of the epoxy-amine reactions is based on
the theoretical number of equivalents of epoxy available for
reacting with each amino hydrogen. So an amine such as ethylene
diamine H,N-CH,-CH,-NH, with a molecular weight of 60 would
have a théoretical”amino hydrogen equivalent weight of 15. A
primary amine will react with an epoxy to form a secondary
alcohol and secondary amine. This newly formed secondary amine,
at least theoretically, is then capable of reacting with a
second e?gfy to form a tertiary amine and another secondary
alcohol. In actual practice this second reaction is quite
difficult at room temperature; steric hinderance and poor
mobility of the partially cured epoxy-amine systems brought about
by increasing viscosity works againsE15§is secondary amine
reaction from actually taking place. —
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At room temperature alcohols and phenols are often used to
promote the epoxy-amine reactions. It is thought that the
hydrogen bonding effects of these hydroxyl groups assist in
opening the epoxy ring. Phenols, because of the greater activity
of th%lEydrogen speed the reaction rate of the amine-epoxy
cure.

Tertiary aliphatic amines are used both as catalysts for the
epoxy amine reaction and as sole curing agents; these amines
catalyze the epoxy-epoxy reaction(YE}ch results in the generation
of ethers and secondary alcohols. =

Some of the common tertiary amines are triethylamine,
benzyldimethylamine, and tris 2,4,6 - (dimethylaminomethyl)phenol
(DMP-30 from Rohm & Haas). DMP-30 is particularly reactive
because of the presence of the three basic tertiary amine
groups plus the phenolic hydrogen. It is often used in com-
bination with primary and secondary aliphatic amines to assist
the conversion of the unreacted epoxy groups remaining after the
active hydrogen amine-epoxy reaction has progressed to the point
where further reaction is prevented by the viscosity buildup of
the partially cured reactants of the primer. In the industry,
combinations of amines and amine adducts are commonly used to
provide a convenient mix ratio and to obtain acceptable levels of
water and hydraulic fluid resistance.

These epoxy primers pigmented with calcium, strontium, zinc
and lead chromates are the staples of the industry. They yield
films with low shrinkage, excellent adhesion, protect the
substrate from corrosion and provide a tenacious bond for the
intercoat adhesion of polyurethane topcoats.

Polyurethane Topcoats

The isocyanates used in coatings consist basically of two
classes: the aromatic and the aliphatic isocyanates. The
aromatic isocyanates tend to yield hard films with excellent
acid and chemical resistance but poor resistance to yellowing
and embrittlement on exterior exposure, consequently, they are
rarely used in topcoats but sometimes find their way into
speciality primers.

The aliphatic isocyanates used in exterior topcoat appli-
cations are non-yellowing, softer, more flexible, slower reacting
and significantly more expensive than the aromatic isocyanates.
Some of the aliphatic isocyanates that have been available and
were used in the study described later are: Isophorone diiso-—
cyanate and its isocyanurate trimer, T1890, Veba-Chemie AG,
Biuret of hexamethylene diisocyanate (Desmodure N Mobay) and
a Linear difunctional aliphatic isocyanate, K5-2333, from Mobay.

Isocyanates react with active hydrogen atoms at ambient
temperatures. Generally, the aliphatic isocyanates are somewhat
sluggish at room temperature and require catalysis in the form
of tertiary amines and/or tin compounds such as dibutyl tin
dilaurate to effect an acceptable cure rate in paint films.
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In paint films the most common reactions are these:(lz)

An isocyanate reacts with an active hydrogen to form an amide.
When the active hydrogen is an alcohol, the product is a urethane.
If the active hydrogen is an amine a urea is formed. If the
active hydrogen is supplied by atmospheric moisture the
isocyanate decomposes to an unstable carbamic acid which
decomposes to form an amine (with the release of carbon dioxide)
which ultimately reacts quickly to form a urea. The carboxylic
acids will also react with isocyanates slowly, ultimately
forming an amide with the loss of carbon dioxide. These '"side
reactions" with CO, release contribute to the haze sometimes
observed in polyurethanes applied under humid conditions. This
is somewhat different than the blush observed at times in the
application of amine~epoxy films where CO, absorption by the
alkaline amines cause carbonate formation.

The types of active hydrogen containing compounds differ
considerably in their reactivity. Amines react many times faster
with isocyanates than do alcohols and different amines will
react at rates depending on their basicity and lack of
steric hinderance.

Generally, the reaction rates of active hydrogen will
follow this order:

R-NH >AR—NH > R-OH > R—OH> H.0 > R-OH > AR—0H> R-SH > R-COOH
1o 2 lo 2 1o 2o 2 3o

Relative Reactivities of Amine with Phenyl Isocyanate in
Diethyl Ether at 0°C (13)

Amine Relative Reactivity
Ethyl amine 9.72
n-Butyl amine 9.17
Aniline 0.53

Approximate Relative Reactivity of Phenyl Isocyanate
with Active Hydrogen Compounds in Toluene at 25 C (13)

Compound Relative Reactivity
Aniline 10-20

1 -Butanol 2-4

2 -Butanol 1.0

Water 0.4

Tert -Butanol 0.01

Phenol 0.01
1-Butanethiol 0.005
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Many of these functional groups react either too slowly
(carboxylic acid) or too quickly (amines) to be used in practical
topcoats. Consequently, the most widely used coreactants are
the hydroxyl functional polyesters, polyethers and acrylics.
These polyols offer wide latitude in the physical and chemical
properties attainable in polyurethane topcoats, as well as
offering a wide range in formulation for potlife and dry
time.

Since polyethers do not resist U. V. exposure well, they
are rarely used in aircraft topcoats. Hydroxyl functional
acrylics and polyesters are the most common exterior topcoats.
Acrylics are often favored by paint applicators because they
are usually high molecular weight materials which yield fast
apparent dry times. This minimizes dust collection on the wet
film and allows for more rapid masking and color striping of
the aircraft. However, aliphatic acrylics generally do
not yield the high gloss that ma?iésustomers demand. If a
monomer of high refractive index such as styrene is used in
the preparation of the acrylic, the high gloss is attainable
but flexibility and impact resistance suffer.

Polyesters of various types are probably the most commonly
used polyols for aircraft exteriors. In our laboratory on the
order of 100 different polyesters for use in polyurethane air-
craft topcoats have been examined. Studies have been performed
on the effect of acid monomer on the polyester urethane perfor-
mance properties, as well as the effects of diol monomer, acid
number, hydroxyl number, and crosslink density. These polyester-
urethanes were examined for gloss, gloss retention, hydraulic
fluid resistance, jet fuel resistance, water resistance, flex-
ibility and impact resistance bef a after.exp re to U. V.
and low temperature flexibility. ?ES’ ig’ iz’ lg’ iﬁy

The general trends observed in these coatings was an
increase in gloss, gloss retention, chemical and water resistance
with increasing aromatic acid content. If the aromatic acids
were replaced with aliphatic acids, the coatings obtained had
excellent impact flexibility both before and after exposure to
ultraviolet light. Of course, the length of the diol monomer was
very important also, but it followed the predictable course of
increasing flexibility and decreasing chemical resistance with
increasing monomer chain length. The aromatic acids were some~
what of an anomaly since coatings with excellent initial impact
flexibility were obtainable with some combinations of aromatic
acids and flexible diols but these same paint films, after
exposure to artificial and natural weathering failed impact
flexibility catastrophically.

The choice of isocyanate for the work described above was
the trifunctional, biuret of hexathylene diisocyanate. The
other commercially available aliphatic isocyanates examined,
were the isocyanurate of isophorone diisocyanate, 4,4'
dicyclohexylmethane diisocyanate, and a linear aliphatic
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difunctional isocyanate with an equivalent weight approximately
equal to Desmodur N. Various aromatic isocyanates, were also
examined but were found to be unsatisfactory because of poor
flexibility and poor color retention on exterior exposure.

In the study to follow, three isocyanates were examined.
The polyol was a proprietary polyester. The primer used was the
Mil P-23377C type, epoxy-polyamide. The substrate was alclad
2024T3, aluminum blanks, 20 mils thick pretreated with a
chromate conversion coating Alodine 1200S from Amchem Products,
Incorporated. Table I attached summarizes our experimental
findings in this study of isocyanates.

The isophorone isocyanurate triisocyanate cured system
was found to have good gloss and gloss retention when compared
to the biuret of hexamethylene diisocyanate, but reverse dart
impact flexibility was less, particularly after exposure to
U. V.; the paint films fractured at 5 in.-1b compared to
80 in.-1b with the biuret both before and after exposure to U. V..
Resistance to aircraft fluids was better with the isophorone
isocyanurate triisocyanate, but the reaction rate was sub-
stantially less than that of the buiret triisocyanate. Because
of the very slow reaction of the isophorone isocyanate, it is
very difficult to obtain rapid dry, so dry to tape time in
reasonably short intervals is difficult.

Replacing the biuret with a difunctional isocyanate of
similar equivalent weight produced a coating with similar initial
gloss but gloss retention was better. Reverse impact flexibility
was as least as good, but the decrease in crosslink density
resulted in inferior resistance to aircraft hydrolic fluid,
Monsanto's Skydrol 500B.

It is apparent that obtaining all the film properties
required by the industry is difficult. There are a number of
areas where trade offs are necessary. Probably, the most
notable are in these areas: gloss and gloss retention
after weathering, flexibility and flexibility retention after
weathering and resistance to aircraft fluids.

Weatherability, gloss, color and flexibility require the
use of aliphatic isocyanates. However, aliphatic isocyanates
are not as fluid resistant as aromatic isocyanates, although
some of this loss can be compensated for by increasing the
isocyanate content and/or the crosslink density of the final
cured film. Of course, increasing the crosslink density may
cause adverse effects in flexibility.

The polyester polyol component, which generally constitutes
sixty to eighty percent of the resin content of the cured
polyurethane film, also plays an important role in determining
film properties. Generally, it is difficult to balance the
monomer content of the polyester to obtain all the desirable
film properties. With our particular proprietary polyester
and the biuret of hexamethylene diisocyanate we have been able
to meet most of the requirements.
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However, it is not proper to report on the properties
of the polyurethane topcoats without me?Eagning the contribution
made to the total system by the primer. Generally, the
more tightly crosslinked epoxy primers will improve the fluid
resistance of the topcoat. Unless this crosslink density is
taken to the extreme or primer film thickness is excessive,
there is no loss in reverse impact flexibility in the film
thickness range normally tested.

In the isocyanate study described above, the Military
Specification Primer was used. Although this primer is excellent
for corrosion resistance, strippability and flexibility, it is
not very resistant to the phosphate ester hydraulic fluids
encountered on commercial aircraft. Consequently, that primer is
not commonly used on commercial aircraft since any weakness in
chemical resistance of the primer shows up in the total paint
system. In order to obtain a total paint system (primer-topcoat)
which will show no softening in hydraulic fluid or fuel, the
crosslink density must be increased or the polyester must
have increased aromatic character which would decrease
flexibility - another trade off.

Summary and Conclusions

The chemistry of coatings for the aircraft industry is
basically the chemistry of the epoxy-amine primer and
polyisocyanate-polyol topcoats. These materials work
synergistically, in that the primer has excellent adhesion
to aircraft substrates and retards the corrosion of these metals.
The polyurethane topcoat protects the epoxy primer from the
affects of weathering and abrasion. Each component of the
system has a vital function and would be almost useless without
the other.

The polyurethane topcoats are generally prepared from
polyester polyols and are cured with polyisocyanates; the
biuret of hexamethylene diisocyanate having the best balance
of properties obtainable with commercially available isocyanates.
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High-Solids Coatings for Exterior Aircraft

R. E. WOLF, C. ]J. RAY, G. McKAY, and J. M. BUTLER
DeSoto Incorporated, 1700 South Mt. Prospect, Des Plaines, IL 60018

Recently, the effects of numerous industrial
effluents and waste materials which ultimately enter
the environment have become a major concern for every-
one. Solvent emissions from the application of large
volumes of coatings and paints contribute signifi-
cantly to this problem. Additionally, economic para-
meters and the threat of energy shortages have put
enormous political pressure on the coatings industry
to reduce the total amount of solvent emissions.

The major generic system types available to the
industry are water-borne, ultraviolet curable, and
high solids coatings. High solids coatings systems
can completely eliminate the use of photochemically
reactive solvents, while concomitantly reducing
the total solvent emissions required to deliver
an equivalent amount of paint.

This paper reports partial results obtained with
contract F-33615-77-C-5101 from the Air Force Mater-
ials Laboratory, Wright-Patterson Air Force Base.l
The program is a continuing effort toward the de-
velopment of a sprayable, high performance, 65%
volume solids, two-package polyurethane exterior
coating for military aircraft. Typically, two
package, conventional urethane systems, sprayed at
35% volume solids are used for this application.

Theoretical Approaches:

A number of theoretical approaches are available
to obtain the program objective. These include
"simple" solvent reduction, solubility parameter
studies, application equipment modification, reactive
diluents, and polymer modification.

0-8412-0567-1/80/47-132-115$05.00/0
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TABLE I
Four methods of measuring viscosity were employed.

1. #2 Zahn Cup This useful, but un-
sophisticated instrument
provides a constant low
shear measurement.

2. Brookfield Viscometer This instrument provides
a low, non-uniform shear
over a surface. Useful
shear rate range is
0.52-49.2 sec™ .

3. Wells-Brookfield Micro This instrument provides
a plate and cone, medium
range shear rate, useful
at 1.15 to 230 sec—1,

4. Haake Rotovisco A plate and cone attach-
ment is used, which pro-
vides a shear rate range
of 74-12,000 sec™l. a
Bob and cup attachment is
also available and was
utilized for pigmented
formulations.

In order to achieve the 65% volume solids re-
quirement, solvent reduction studies were conducted
employing a number of individual polyol and iso-
cyanate components of the polyurethane coating. 1In
this study, various solvents were examined to test
their ability to provide a low viscosity, high solids
vehicle system for use in a high performance exterior
aircraft enamel.

Viscosity-Concentration Profiles-g’é’i

The ultimate application technique of the coating
will be either conventional air spray or airless
electrostatic spray. The effect of polymer-solvent
interactions on solution viscosity at high polymer
concentration is important for both application tech-
niques. Accordingly, the viscosity-concentration
profiles of several polymer-solvent combinations were
made. This paper will report data obtained on one
polyol component of the two-package urethane system.

Viscosity-concentration profiles were obtained
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for Acryloid AU-568, an oxazolidine containing mater-
ial from Rohm and Haas, supplied at 85% volume solids
in ethoxy ethyl acetate. A brief discussion of this
component is required in order to better understand
the total system. The oxazolidine was originally
supplied under the developmental code QR-568. The
basic chemistry, while simple in nature, is actually
quite complex when consideration is given to the ex-
tensive equilibra which accompany the entire reaction
sequence producing the final cured film. The reaction
sequence is initiated by atmospheric water. Without
this water, the two-package system is stable almost
indefinitely.

STEP REAGENT PRODUCT
1. a. Oxazolidine a. B-alkanol-
b. Water amine
b. Carbonyl
2., a. B-alkanol- "cured"
amine polymer

b. Isocyanate

The B-alkanolamine reacts with two equivalents of
isocyanate to produce the cured film. Note should be
made that an equivalent of carbonyl material is lost
to the atmosphere during the cure cycle. The fate of
these cure volatiles may be a major concern where
large quantities of coating are applied in a closed
structure. Consequently, proper ventilation must be
provided during the early period of cure.

Over the range of interest of volume solids, the
viscosity of the oligomer solutions ranges from 20 to
over 100 sec. on a #2 Zahn Cup. This measurement
yields a kinematic viscosity which is the ratio of the
actual viscosity to the density of the fluid.

The data obtained is the efflux times, in seconds,
and monographs are available for converting these
efflux times of the viscosity cup to centipoise units.
Typical spray viscosities reported for the #2 Zahn
Cup range between 18 and 25 seconds.

Using the Zahn Cup, various solvents were tested
to determine the effectiveness in reducing the vis-
cosity of the oligomeric solution (Figure 1). Of the
solvents tested, methyl ethyl ketone (MEK) appears to
be the most effective solvent for reducing the vis-
cosity of these solutions. Also, the individual
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Figure 1. Viscosity—concentration profile: Rohm & Haas QR 568; 32 Zahn Cup;
77°F; (O) cellusolve acetate, ( ¢ ) MIBK, (+) MEK
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Figure 2. Viscosity—concentration profile: Rohm & Haas QR 568; # 2 Brookfield
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solutions appear to increase in viscosity exponen-
tially as the percent volume solids increases.

Similarly, a plot of the viscosity-concentration
profile for the same solution measured on a Brookfield
Viscometer is shown in Figure 2.

Again, the data indicates that MEK is the solvent
of choice for this solution for the purpose of ob-
taining the highest solids at the lowest viscosity.
These solutions also appear to exhibit an exponential
increase in viscosity with increasing volume solids.
These plots are displayed on a semi-log graph so the
range in viscosity over the region of interest lies
between 10 and 500 cps. Typically, the spray vis-
cosity of spray applied materials ranges between 40
and 150 cps.

Viscosity is a function of the shear force
exerted on the material in question divided by the
shear rate. Additionally, the viscosity varies as a
function of the shear rate. Newtonian fluids display
a linear relationship on a shear rate versus shear
stress plot, i.e., the viscosity is independent of
the shear rate. Dilatant fluids exhibit an increase
in viscosity with an increasing shear rate, while
pseudoplastic and thixotropic fluids display a de-
crease in viscosity upon increasing shear rate.
Therefore, emphasis should be placed on materials
which exhibit shear thinning at high shear rates
because the spray process imgoses a shear rate rang-
ing from 1000 to 40,000 sec™  on these coatings. The
coating should exhibit pseudoplasticity during the
spraying stage, and dilatancy immediately upon contact
with the surface of the object being coated. Ob-
viously, a rapid increase in viscosity at rest is
required because reduced sagging is desirable.

Viscosity-Concentration Profiles At Varying Shear
Rates

The viscosity-concentration profiles of the
AU-568 oligomer solutions in three different solvents
at various shear rates are displayed in Figure 3.
From this data, obtained with a Brookfield visco-
meter, the viscosity of the oligomer solutions at
lower concentrations appear to increase as a function
of an increase in shear rate. This apparent dilatant
behavior is unusual since shear thinning would nor-
mally be expected to occur for these solutions.
Additionally, the viscosity behavior at higher volume
solids approaches Newtonian behavior at increasing
shear rates. Methyl ethyl ketone is again the solvent
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of choice.

Typically, Newtonian behavior is observed in the
low volume solids concentration systems. But, as
solvent is removed, these materials generally revert
toward a pseudoplastic behavior. From these initial
data, the lack of sufficient shear rate range in this
study becomes apparent. Data from a Brookfield vis-
cometer alone was not enough to be able to predict
the Newtonian or pseudoplasticity characteristics of
these solutions.

Examining the viscosity-concentration profiles
of the AU-568 solutions at higher shear rates yields
interesting results. Data obtained from the Wells-
Brookfield viscometer show the expected behavior. In
both cellosolve acetate and methyl ethyl ketone, shear
thinning (pseudoplasticity) is observed over the ex-
tended shear range of the instrument. At the high
solids concentration, AU-568 oligomer solutions exhibit
a pseudoplastic behavior which at low volume solids
the diluted solutions exhibit Newtonian behavior. See
Figures 4 and 5.

To obtain data at even more extended shear rates,
a Haake Rotovisco Viscometer was employed. See
Figure 6. Because of the extended shear rate range of
this instrument, and the particular plotting charac-
teristics, the resulting pseudoplastic behavior does
not appear as dramatic as did parallel behavior with
the Wells-Brookfield instrument. However, even at
the extended shear rate, considerable pseudoplasticity
is actually observed. Again, the high volume solids
appear more pseudoplastic than the lower volume
solids solutions.

This type of information may be used advanta-
geously in the formulation of spray application sys-
tems. Formulations that would normally be rejected
on the basis of Zahn Cup or Brookfield viscosity data
alone could possibly be found useful when examined
with a larger shear rate instrument. In fact,
partially as a result of this data, many systems
involving the AU-568 oligomeric material have been
fully formulated into a polyurethane enamel, and
successfully spray applied at 65% volume solids.

Casson Plots

In 1969, Casson developed an equation to relate
the viscosity of a polymer solution to a limiting
high shear viscosity, e.g., the viscosity of the
solution at infinite shear. See Figure No. 7.
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This equation states that a plot of the square
root of the viscosity versus the reciprocal of the
square root of the shear rate produces a straight line
with an intercept equal to n,, the llmltln high shear
viscosity, and with the slope equal to y-Y2, the
square root of the yield point. The limiting high
shear parameter, mn,, has been used as a measure of
brushability or ease of coating application at high
shear rates. 1In addition, the yield point parameter,
Y., can be used as a measure of sag resistance. For
example, this parameter may be employed to calculate
the film thickness applicable to a vertical surface
without the coating sagging.

The reported limitation of the Casson equation
is that some coatings deviate from linearity at very
high and low shear rates. However, despite this
limitation, the Casson equation does represent a
simple two parameter viscosity-shear rate equation
with parameters which can be related to directly
measurable properties of the coatings composition.

A family of Casson plots of AU-568 oligomer
solutions in cellosolve acetate at various weight
solids concentrations using data from the Wells-
Brookfield viscometer was made (Figure No. 8)

As one would predict, the limiting high shear
viscosity increases with increasing solids concen-
tration. Of additional interest is the slight in-
crease in T. with increasing volume solids, indicating
an improved probability for higher film build without
sagging (Figure No. 9).

Casson Plots with Pigmented Systems

A number of Casson plots were generated using
TiO, dispersions in various polyol components. A
somewhat anomalous behavior was indicated with the
viscosity data at 55% volume solids of an AU-568 dis-
persion. The mill charge yield in this dispersion
at 60% volume solids was 96%, while, at 65% volume
solids, the yield after grinding was 92%. This data
is consistent with the obtained slope, TO, indicating
improved sag resistance. The high shear rate limiting
viscosity, Ne, is similar for both Cargill 5760 and
AU-568, with the C-5760 showing a much greater shear
thinning behavior. The yield point parameter is

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



124 RESINS FOR AEROSPACE

A
\
\ Dilatent
AN
< R
= NN Unsheared
o v, /2
-
w Sheared
o i /
o 2l
o nV2r
> Newtonian
e
n=o
7=
(SHEAR RATE, y) V2
Figure 7. Viscosity shear rate: Casson plot
N
FORFTY 3 T1% WS
>~
I i -
16 p-——"""7"
N
N 65% W8
S 12 b /
N I—
L 58% WS
[7;) 8} _/
o f-—=-o 54 % WS
3 == 48% WS
-
>
N S T S S
2 4 6 ) 10 12

SHEAR RATE~V2x107! (sec!/2)

Figure 8. Viscosity shear rate: Rohm & Haas QR 568; cellusolve acetate; Wells
Brookfield; 77°F; Casson plot

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



11. worr ET AL.  High-Solids Coatings 125

s~ 20}
N 58.5%VS
>
" L
o.
S sk
~—
o,

N
x> [F38 5
> e
- - 49.8% VS
v 8 |
o

L/ .
o [
— 4 F
>

PO S S WY S T L a1

SHEAR RATE™V2x|02 (secl/?)

Figure 9. Viscosity shear rate: Rohm & Haas QR 568; cellusolve acetate; Haake
Rotovisco; 67°F

A
e
& °f
>w 7t
o
O
~ s €0% VS
N g
> L
- . 55%VS
v 3}

o
o
" 2r
>  F

2 4 [ 8 10 12

SHEAR RATEV2x102 (secV?)

Figure 10. Viscosity shear rate: Rohm & Haas QR 568; TiO, dispersion; Casson
plot

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



126 RESINS FOR AEROSPACE

consistent with the fact that the mill yield was 65%
at 60% volume solids. (See Figure 10).

Conclusions

As measured with high shear instrumentation, the
viscosity of these high voluyme solids oligomer solu-
tions exhibit a reversal in their rheological proper-
ties relative to the viscosities obtained at low shear
rate and low volume solids. Although the possibility
exists that a certain degree of this reversal may be
due to an artifact of the instrumentation, a trend
toward shear thinning at high shear rates for these
high volume solids oligomers is clear.

The data from the Casson plots, specifically the
yield point and high shear limiting viscosity, may be
used to predict certain final film properties, i.e.,
sagging and indicate important information about
materials processing of high solids systems. If the
present data is truly indicative of the time behavior
of these oligomer solutions, the rheological charac-
teristics of high solids systems may be on a serpen-
tine viscosity-concentration profile display, and the
specific behavior for a desired application must be
considered before an oligomer-solvent system is made.
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Solvent-Removable Coatings for Electronic Applications

J. J. LICARI and B. L. WEIGAND

Rockwell International Corporation, Electronic Devices Division,
P.O. Box 4192, Anaheim, CA 92803

A large variety of materials and processes are currently
employed in the manufacture of hybrid microcircuits. Because of
this, it is often difficult to completely remove the last traces
of processing materials through normal cleaning prior to hermetic
sealing. A single electrically~conductive particle, even in the
micron size range, can cause an electrical short and result in
a missile or spacecraft failure. In spite of the precautions
taken by the electronics industry, it is extremely difficult to
completely remove all particles, some being electrostatically
attached to the surface of the circuit. One approach to resolv-
ing this problem — coating the entire circuit with a thin layer
of organic polymeric coating in order to immobilize the parti-
cles — has been evaluated and has been successful. On a limited
basis, coatings of high purity such as some semiconductor grade
silicones and parapolyxylylenes have been used and are generally
compatible with the active and passive devices and wire bonds of
a high density circuit. However, these high molecular weight
polymer coatings once applied and cured are difficult to remove
for circuit rework. Because of the high cost of military and
space grade microcircuits (ranging fram several hundred to
several thousand dollars), rework is important. Any particle
immobilizing coating should therefore be easily removed to
permit the repairs. The high molecular weight and highly cross-
linked polymers are inherently difficult to remove. They are
insoluble in the normal organic solvents. Removal by abrading,
scraping, or cutting is operator dependent and often results in
further damage to adjacent devices and interconnections. The
objective of this work was therefore to evaluate and select a
class of organic coatings that could easily be removed by a
"hands-of f" process by dissolving them in organic solvents that
are commonly used in a manufacturing environment. This work was
supported by the Alr Force Materials Laboratory, Wright-Patterson
Air Force Base, Ohio, Contract No. F33615-77-C-514l.
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Figure 1. General molecular structures for solvent-soluble coatings

Table I. Description of Silicone Coatings Selected for Evaluation

Percent . .
Coating Type Solids Viscosity
(as rec'd) {{Centistokes) | Film Description
Polydimethyl-
siloxane I 27.1 49 Clear, waxy, does not melt
or flow below 150°C, flows
under pressure at 85°C.
Polydimethyl- Clear, tacky, flows under
siloxane II 16.0 570 pressure at room tempera-
ture.
Block Co-polymer 25.5 506 Clear, hard, tough coating,
of a-methylstyrene melting point 285-289°C.
& dimethylsiloxane
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Selection of Candidate Coatings

The five key requirements that the coating had to meet were:

(1) Easy application by spray, dip or flow coating in
thin layers, 0.5 to 2 mils.

(2) High degree of purity containing low levels of sodium
and chloride ions and no other corrosive constituents such as
amines.

(3) Easy removal by solvent dissolution.

(4) Thermally stable to 150°C to withstand burn-in temper-
atures used for hybrid circuits.

(5) No stresses on fine-wire bonds and no deleterious
effects on active devices.

Coatings were selected from a class of low-to-intermediate
molecular weight uncrosslinked silicones and halocarbons which
were soluble in Freon TF, xylene, or toluene — cleaning
solvents widely used in the electronics industry. Specifically,
three silicones formulated by Dow Corning, four halocarbon waxes
from Halocarbon Corporation and mixtures of the silicones and
halocarbons were evaluated. The general molecular structures
and characteristics of these coatings are given in Figure 1 and
Tables I and II. Early in the program, three of the four halo-
carbon waxes were eliminated from further consideration. Halo-
carbons 6-00 and 12-00 were too low in melting point to withstand
the circuit burn-in temperatures of 125 to 150°C. Halocarbon
19-00 was insoluble in toluene and difficultly soluble in other
solvents so that a coating solution could not be formulated.

Two of the silicones, the linear polydimethylsiloxane types (1
and II) were also eliminated after preliminary studies showed
that residues remained on the circuit after Freon TF extraction,
that one of the silicones remained tacky throughout processing,
and that the other silicone had a high rate of outgassing.

Table II. Description of Halocarbon Waxes
Selected for Evaluation

Halocarbon Corp. Melting Poiut
Serial No. or Pour Point Solubility
6-00 60°C Freon TF, Toluene
12-00 120°C Freon TF, Toluene
15-00 1h4h4oc Toluene
19-00 210-220°C Insoluble
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Chemical and Thermal Characterization of Coatings

The silicone and halocarbon materials were characterized
chemically and thermally by performing: infrared spectrographic
analysis, atomic absorption spectroscopy for sodium and potassium
ions, emission spectroscopy for other metal ions, mercuric
nitrate titration for chloride ions, gel permeation chromatog-
raphy for molecular weights, and thermal gravimetric analysis
(TGA). Sodium ion concentration ranged from 33 to 60 ppm by
weight while potassium ion concentrations were between 8 and 18
ppm. The measured chloride concentrations ranged from 60 to 209
ppm. Other metals were found in trace amounts (Table III) but
are not considered significant. The molecular weight for the
silicone co-polymer was found to be 100,000 while that for the
soluble portion of Halocarbon 1500 was 1100. TGA curves for the
three silicones are given in Figure 2. The silicone co-polymer
and silicone II coatings were stable to 240°C. Silicone I
showed loss of weight from 80°C. TGA curves for the halocarbons
showed stability up to 220°C and essentially identical weight
losses with increasing temperature (Figure 3). As a result of
these characterizations, the silicone co-polymer, silicone II,
and Halocarbon 15-00 were selected for further evaluation.

Electrical Characterization of Coatings

Electrical properties that are important to the performance
of a coating used as an insulation or dielectric include insu-
lation resistance (volume resistivity, surface resistance),
dielectric strength, dielectric constant, and dissipation factor.
Measurements of these electrical properties were made according
to_established ASTM and Military specifications at both 102 and
107 Hz, where possible. Electrical values for Dow Corning 6101
and DC-90-711 and G.E. EJC-261, representative of state-of-the-
art semiconductor junction coatings, are given for comparison
(Table IV). The results (Table IV) show that the halocarbon
waxes had electrical properties of the same order of magnitude,
except for dielectric strength, as the DC-6101. The dielectric
strengths were similar to those for Dow Corning fluorosilicone
coatings (340-380 volts/mil) which are recommended for electrical
insulation for connectors. It was difficult to prepare dimen-
sionally accurate test samples for silicone II because of its
inherent tackiness. Samples had to be prepared and measured
several times. The somewhat lower dielectric strength and
volume resistivity may be attributed to these sample preparation
problems. Generally, the electrical properties for the other
coating materials were considered excellent and close to those
of the best semiconductor Jjunction and circuit coatings.
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Figure 2. TGA curves for silicone coatings after vacuum bake-out for 4 hr at
135°C at < 1.0 torr pressure: () silicone co-polymer, ([) silicone II, (A) sili-
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Figure 3. TGA curves for halocarbon waxes after vacuum bake-out for 4 hr at
135°C at < 1.0 torr pressure: () halocarbon 15-00, ( A) halocarbon 12-00
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Wire Bond Stress Evaluation

One of the main deterrents to the use of coatings on high
density electronic circuits has been the stresses that coatings
can impart to the fine interconnect wires and wire bonds. To
measure these stress effects, a wire bond test matrix was
designed which consisted of an aluminum metallized silicon die
(0.2 x 0.2") to which one-mil diameter gold wires were ultra-—
sonically bonded. Each die contained 42 bond pairs (84 bonds)
and was mounted in a L2-lead ceramic package. This configuration
provided for easy electrical measurement of each bond pair and
diagnostic evaluation of the bonds. Eight packages were pre-
pared for each coating. Bonds were nondestructively pull tested
to two grams before coating, a test commonly used to assure their
initial integrity. ZElectrical resistances were then measured for
all bonds prior to coating, after coating, after 100 temperature
cycles from -65 to 150°C, and after humidity exposure. The
coatings were applied by both flow coating and spraying. The
silicone co-polymer and Halocarbon 15-00 were selected as the
best candidates to formulate mixtures and were formulated in
1:1, 2:1, and 3:1 ratios, respectively.

Results of Wire Bond Stress Tests

Considerable differences were found between the flow coated
and spray coated packages. Flow coatings resulted in bridging
between wires and between wires and the base of the package,
whereas spray coating controlled the thickness better and bridg-
ing was avoided. After 100 temperature cycles, 2k wire bond
failures out of 576 (~4%) were noted in the flow coated samples
and all failures occurred in leads bridged by the coating. No
failures were noted in the spray coated packages. Upon comple-
tion of the temperature cycling tests, the coated packages and
uncoated controls were subjected to a 10-day cyclic humidity
test and again bond resistances were measured. No changes in
electrical resistances occurred, nor were there changes in the
appearance of the coatings or evidence of corrosion.

Effects of Coatings on Devices

Because unpackaged active and passive devices in chip form
are used in hybrid microcircuits, they are very sensitive to
ionic contaminants, acidic or alkaline impurities, and moisture.
Coatings applied to such surfaces must be of a higher purity
than those for the more conventional electronic assemblies. It
was therefore necessary to assess the effects of the coatings
on the electrical parameters of a variety of electronic devices.
For this purpose, a test circuit was designed which contained a
variety of devices especially selected for their sensitivity to
surface contamination (Pigure 4). The circuit was designed to
permit biasing and testing of the individual devices. In the
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circuit, resistors R1 through R4 are PdAg-Pd oxide thick-film
chip resistors. Two of the thick film resistors are glassivated
and two are unglassivated. Resistors R5 through RS are thin-film
nichrame chip resistors. Two of these are also glassivated and
two unglassivated. Transistors Q1 and Q2 are mesa transistors,
2NC5975, with unpassivated junctions. Transistors Q3 through Qb6
are junction field effect transistors, 2N4391. Z1 and Z2 are
operational amplifiers, IMT41l. The two op amps are glassivated.
Two of the JFETs are glassivated and two are unglassivated. The
interdigitated capacitor has 2.5 mil spacings and was used for
insulation resistance and breakdown voltage measurements. Thin
film metallization is nichrome/nickel/gold. Parts and devices
used in the test circuit are given below:

- PdAg/Pd oxide thick film resistors (450 omms +20%, 500
ohms/square, glassivated and unglassivated, chip type).

- Thin-film nichrome resistors (500K olms, glassivated and
unglassivated, chip type, Hybrid Systems Part No. UHR-5E-
500-3-N).

~ Junction field effect transistors, 2N4391, glassivated
and unglassivated.

- Operational amplifiers, IMT4l, glassivated.

- Mesa transistors, 2NC5975, with unpassivated junctions.

- Interdigitated thin film gold capacitor, 2.5 mil spacing—
for insulation resistance measurements.

- Complementary metal oxide semiconductor, cbhooi.

- Package, 63 pin, Tekform Part Nos. 35019, 35021 and
35029-2, seam sealed.

- Substrate, 1.600" x 0.775" x 0.027", MRC Superstrate,

99% alumina.

- Wire bonds, aluminum and gold wires, ultrasonic and/or

thermally bonded.

High Stress Accelerated Tests

Sixteen coated test circuits (eight per coating) plus eight
uncoated controls were subjected to high stress accelerated test
conditions currently specified in MIL-STD-883B. One-half of the
coated circuits were purposely seeded with conductive particles.
The samples were serially subjected to mechanical shock (1500 g,
5 times), constant acceleration (10,000 g), high temperature
storage (1000 hrs/150°C), and then electrically tested at 25°C
and 125°C. Electrical measurements included: thick and
thin film resistance; mesa transistors (beta, leakage); JFETs

(zero gate drain current); op amps (VOFFSET’ IB—); CMOS {(quies-

cent current); insulation resistance; breakdown voltage.

Burn-In and Operating Life Tests

A second set of test specimens were subjected to the burn~in
test per MIL-STD~883B, Method 1015.2, Condition A, for 240 hours
at 125°C followed by the operating life test per MIL-STD-883B,
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Method 1005.2, Condition A, 1000 hours at 125°C. All of the
active devices were reverse biased during the tests and the thick
and thin film resistors were subjected to a continuous voltage

to evaluate electrolytic effects of the coatings. Electrical
tests were performed after the burn-~in test and at 168, 504, and
1000 hours for the operating life test. Leak tests and particle
tests were also conducted after the burn-in and operating life
tests.

Results of Electrical Tests

The electrical parameters for all devices measured after
mechanical shock, constant acceleration, and high temperature
storage were within specification requirements, except for the
Pd/Ag/Pd oxide resistors. These resistors also changed in the
uncoated control samples so changes could not be attributed to
the coating. Fortunately, this type of resistor is no longer
widely used in hybrid microcircuits. There was no evidence of
particle induced shorts in any of the hybrids.

Summary of Results

1. Low-to-medium molecular weight, uncrosslinked silicones
and halocarbons were evaluated as solvent soluble coatings to
immobilize particles on hybrid microcircuits. Chemical, thermal,
and electrical characterization of three silicones, four halo-
carbons, and three mixtures resulted in the selection of*a block
co-polymer of dimethylsiloxane with a-methylstyrene and a 3:1
mixture of this with a halocarbon wax as the best coatings for
the application.

2. The coatings did not degrade fine wire bonds, provided
that bridging between the wires or from the wires to the package
or device did not occur. The coatings should be spray applied
to a dried film thickness of 0.00L to 0.0038 em (0.0004 to 0.0015
inch) to avoid bridging.

3. The coatings had no adverse effects when properly applied
as coatings to the hybrid microcircuit devices tested in this
study. Coated electronic devices after 1240 hours of burn-in
at 125°C showed no electrical failures due to either the presence
of mobile ions or other impurities in the coatings.

4. The coatings could be easily removed with trichlorotri-
fluoroethane (Freon TF) in a two-chamber, immersion degreaser or
in a Soxhlet extractor. The use of these coatings for particle
immobilization in miecrocircuits permits "hands-off" removal fol-
lowed by standard rework and recoating procedures.

5. The coatings effectively immobilized particles introduced
into packages either before or after coating application.

Recervep April 8, 1980.
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Acetylene-Substituted Polyimides as Potential High-

Temperature Coatings

N. BILOW
Hughes Aircraft Company, Culver City, CA 90230

Early in 1969, research was initiated, under U.S. Air Force
Materials Laboratory sponsorship13 aimed at the development of a
new concept for chain extending and curing high temperature
polymers, via an addition process. The need for such a process
was apparent since until that time high temperature polymers such
as polyimides, polyquinoxalines, polybenzimidazoles, etc., were
all produced by condensation reactions which liberated large
quantities of volatile byproducts during the polymerization, or
cure. When prepolymers of these condensation polymers were used
as molding compounds or laminating resins, they yielded porous
structures with strengths and thermal oxidative stabilities well
below that which would be expected from theoretical considerations
and well below that which would have been observed with nonporous
structures. Furthermore, high molecular weight polyheterocyclics
invariably were too intractable to fabricate into thick structures.

After evaluating several potential cure concepts, it was
found that uncatalyzed acetylene-terminated polyimide prepolymers
could be chain extended and cured at temperatures of 200°C or
above. It was furthermore discovered that high strength poly-
imides could be produced having thermal stabilities at least
equivalent to those of conventional condensation type polyimides;
thus, the polymerized acetylene groups had a high degree of
thermal stability. This suggested that aromatic moieties were
being produced. Support for this conclusion was provided at
Hughes in a cursory study of one model compound which trimerized
when heated in the absence of catalysts, producing a benzenoid
structure. However, an in-depth study of this homopolymerization
was first conducted by P. Hergenrother.*

0-8412-0567-1/80/47-132-139$05.00/0
© 1980 American Chemical Society
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Having made this discovery, various types of ethynyl-
substituted polyimide prepolymers were synthesized, molded into
void-free neat resin specimens, and evaluated as to their mechani-
cal properties. Glass and graphite-fabric reinforced composites
were also fabricated and tested and shown to retain high strengths
at temperatures up to 370°C. In graphite fiber reinforced compos-
ites, up to 75% of the flexural strength was retained after aging
in air for 1000 hours at 320°C.

Early descriptions of this work were first published in a
series of limited distribution U.S. Air Force contract summary
reports,l but the first public disclosure did not occur until
1974.2 Subsequent papers were presented at meetings of the Soci-
ety for the Advancement of Materials and Process Engineering
(SAMPE) .%452,6 Subsequently updated papers were presented at the
American Chemical Society Meeting in Miami, Floridaland Honolulu,
Hawaii. These papers provided extensive mechanical property data.
Various U.S. and foreign patents have also been issued8 and subse-

quently have been licensed to the Gulf 0il Chemical Company,
Houston, Texas.

Discussion

Two series of polyimide prepolymers with terminal acetylene
groups were synthesized from monomers such as those illustrated in
Charts I and II. Both imidized prepolymers and their amic acid pre-
cursors are soluble in dimethylformamide or n-methylpyrrolidinone
and the solutions can be used as varnishes for the preparation of
coatings, adhesives, composite solid lubricants, and glass or
graphite fabric reinforced laminated structures. Solvents such as
tetrahydrofuran and acetone can often be used when the parent dian-
hydride contains central groups such as 0, CH2, S, C(CF3)2 and
certain other moieties (see Charts I and II). Prepolymer of the
general type, illustrated in Figure 1 (wherein n=1), melts at
195°C -198°C, and when cured at 250°C, and subsequently postcured
for 10 hours at 370°C, has a glass transition temperature (Tg) as
high as 370°C. Less severe postcures give lower Tg resins as
shown in Table I. Mechanical properties of the cured polymer I
(wherein n=1) are shown in Table II. Ebmpound I (wherein n=1)
originally was designated HR600 by the author but the polymer is
currently marketed under the Gulf 0il Chemical Co. trade name
"Thermid 600". When n=2, the oligomer is designated HR602.

Higher telomers have been designated in an analogous manner

Thermogravimetric analysis in air indicates that the cured
polymer is stable to over 400°C although long term (1000 hour) air
exposure of graphite fiber reinforced laminates at 316 C shows
that strength retention is at best 75%, depending upon the speci-
fic type of graphite fiber reinforcement used. This is evidenced
in Figure 3.
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TABLE I. GLASS TRANSITION TEMPERATURES OF POLYIMIDE (FIG 1,
n =1) CURED UNDER VARIQUS CONDITIONS

Postcure Conditions
Time, hr Temp., OC Tg, OC
40 290 285
40 320 295
40 340 310
40 370 320
40 400 340

These values, obtained by thermomechanical analysis, were somewhat]
lower (20-25°C) than those obtained by dynamic methods.

TABLE II. MECHANICAL PROPERTIES OF CURED
POLYIMIDE I (n=1) (5)

Property
Tensile Strength 14,000 psi
Tensile Modulus 550,000 psi
Elongation 2.6%
Flexural Strength 18,000-21,000 psi
Flexural Modulus 650,000 psi
Compressive Strength Up to 66,000 psi
Hardness (Barcol) 85

SAMPE

Differential thermal analysis indicates a two step polymeri-
zation, since a small exotherm is observed at about ZOOOC and a
major exotherm at 240-260°C. This conclusion is supported by
polymerization mechanism studies of E.G. Jones, et.al. 2 Prepoly-
mers have generally been molded and cured at the latter tempera—
ture, and subsequently postcured in air for 8-10 hours at 370 °c.
The latter treatment has been found desirable when optimum long
term high temperature stability is to be realized.

Higher degree of polymerization prepolymers of the type illu-
strated in Figure 1 (to n=14) have Tg's which are progressively
lower as the degree of polymerization increases (see Table III);
thus, their maximum potential high temperature capability is com-
promised depending upon the application. Polymers with the higher
n values (e.g., n=5) have provided films in studies conducted
to date.
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Figure 2. Four acetylene-substituted polyimide oligomers
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TABLE III. Tg's AS A FUNCTION OF n
(HR 600 TYPE PREPOLYMERS)

n Tg’ OC

1 320

2 268

3 254

5 240
Postcures at 340°C in air

The acetylene-substituted polyimides having structures analo-
gous to that of Figure 1 (n=1) were made from various combinations
of 4 diamines, 6 dianhydrides, and 2 aminoarylacetylenes. Struc-
tures of the monomers used are illustrated in Charts I and II.
Several of the acetylene-substituted polyimide oligomers (Chart I)
were made without a diamine. Four of these are illustrated in
Figure 2. Prepolymers of this latter type are soluble in acetone
and tetrahydrofuran, thus allowing them to be used in acetone-
based varnishes or coatings.

Dielectric properties of the polyimide of Figure 1(n=1) were
also measured and found to be virtually constant over the tempera-
ture range of 20- 320°C and frequency range of 9.0-12 GHZ. The
dielectric constant was 3.13 +0.01 and the dissipation factor was
0.5 40.1.

Prepolymers of structure I were also found useful as adhesives
for titanium. Typical Ti-Ti lap shear strengths depended upon the
specific structure, but typical values were as follows:

Lap Shear

Temperature Range, o¢ Strengths, psi
n=1 20-260°C 1200-2100
n=2 20—2608C 1600-3600
* 20-260"C 2700-4200

*Figure 1, n=1l, with the terminal ethynylpheny groups replaced
by 3,3'-ethynylphenoxyphenyl.

A comprehensive review of the adhesive research results has
recently been submitted for publication.lg

The strength range indicated includes initial ambient temper-
ature values as well as values obtained after 1000 hrs. aging at
260°C. Long term use at the latter temperature thus is highly
practical.

Flexural strengths of graphite fiber reinforced composites
were measured before, during, and after prolonged thermal aging in
air at 316°C. Results of these tests are shown in Figures 3 and 4.

The study demonstrated that useful properties are maintained over
the long term.
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Figure 3. Flexural strength retention of graphite fiber-reinforced laminates made
from prepolymer I (n = 1) (6). Refer to Figure 1.
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Figure 4. Flexural strengths of graphite fiber-reinforced laminates made from
prepolymer I (n==1) (6). Referto Figure 1.
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Polyimide I (n=1) not only has been used to prepare high
strength glass and graphite fiber reinforced laminates, but also
has provided very high compressive strength moldings, and high
performance composite solid lubricants.

Interlaminar shear strengths of Celion 3000 graphite fiber
reinforced laminates made from Polyimide I (n=1) were measurgd as
a function of both thermal aging and humidity exposure at 70°C and
95% R.H. Results of these tests are shown in Figure 5. It is evi-
dent from this study that even after 1000 hours of continuous expo-
sure, over 50% of the initial strength is retained.

Mechanical properties of other cured polyimides of the type
illustrated in Figure 1 vary with the degree of oligomerization as
shown in Tables IV, V, and VI. Table IV lists mechanical properties,
Table V shows the various glass transition temperatures, and Table
VI shows typical gel times. For applications such as in coatings,
it is anticipated that polymers with the higher values of n will
be most satisfactory, since such materials have a lower crosslink
density and tend to be tougher.

TABLE IV. MECHANICAL PROPERTIES AS A FUNCTION OF n

HR600 TYPE PREPOLYMERS (STRUCTURE I)

Tensile
Strength, Modulus,
KPSI MPSI Elongation, %
n 20% | 200° | 20° | 200°% | 20% | 200°c | 250°%
1 14 14.0 0.55 0.5 2.6
2 17 6.6 0.55 0.3 3.6 3.5 8.6
3 14 6.1 0.55 0.3 2.8 3.0 10.4
4 19 6.0 0.55 0.3 4.8 4.8 8.4
TABLE V. Tg's AS A FUNCTION TABLE VI. GEL TIME AS A FUNCTION
OF n OF n
n Tg, OC n Time, Sec
1 320 1 180
2 268 3 275
3 254 5 399
5 240 14 288
Postcures at 34OOC, Gel time at 25000,
Structure 1 Structure I

American Chemical

Socre&L;braw
ACS Symposium Seaw ﬂé ggenﬁeal C|ety \./’Vashlngton DC, 1980.
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Research conducted to date also has included an investigation
of fluidized bed coating of aluminum wire. This investigation was
performed with Polymer I (n=l) by drawing heated w1re through a
Teflon TFE die while heating the prepolymer at 188°C. The coating
produced was of uniform thickness and adhered well to the aluminum
wire. Another study involved the coating of iron pipe with a 5%
solution of polymer I (n=1) 1n dimethylformamide. Coatings were
air drled, then cured at 250° C, and subsequently postcured up to
320°C. Adherent coatings produced from the polymer of structure I
(n=1) have also been applied to both control valves and pump impel-
lers as shown in Figure 6; however, the evaluation of these coat-
ings has not yet been completed.

Synthesis Procedure

Imidized prepolymers were prepared by reacting a 10% by weight
solution of dianhydride in N-methylpyrrolidinone (NMP) with a 10%
solution of the diamine in the same solvent. After stirring for
1/2-1 hour at ambient temperature, the ethynylated amine in NMP
was added, and the reaction was allowed to continue for 1/2 hour.
The mixtures were heated and sufficient benzene was added to adjust
the boiling point to 150°C. When water evolution ceased (4~6
hours), the mixtures were cooled, solvent was removed on a rotary

evaporator, and the residual oligomer was subsequently triturated in
ethanol, then dried.

Summary

Fourteen thermosetting acetylene-substituted polyimide pre-
polymers were synthesized and evaluated as to their thermal proper-—
ties, solubility, and in some cases mechanical properties. Cured
resin Tg's ranged from 212-410°C. Low boiling solvents such as
acetone and tetrahydrofuran were useable in some cases, opening up
the possibility of producing solvent based coatings for 300- 370°%C
applications. Coatings prepared to date have shown considerable
promise although the first comprehensive paper on their properties
will not be published until mid 1980.
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Development of Launch-Tube-Mounted Polyurethane
Seals for Missile Launch Systems

JOSEPH F. MEIER, GEORGE E. RUDD, ALBERT ]. MOLNAR,
DONALD D. JERSON, and MORRIS A. MENDELSOHN

Westinghouse Research and Development Center, Pittsburgh, PA 15235

GIRARD B. ROSENBLATT
Marine Division, Westinghouse Electric Corporation, Sunnyvale, CA 94086

Over the last 15 years, scientists and engineers at West-
inghouse Electric Corporation have been involved with polymer
developments for missile launch systems. The subject areas in-
vestigated are flexible urethane foam (1,2), rigid-ductile poly-
urethane foam (3), rigid-brittle phenolic foam (4-8), neoprene
launch tube liner pads (9,10,11,12), cast polyurethane launch
tube liner pads (13,14,15,16), cast polyurethane launch seals
(17,18,19), and creep resistant EPDM missile support pads (20).
A schematic of a typical launch system giving the location of
some of these materials is shown in Fig. 1.

A recent area of investigation deals with both launch tube-
mounted and missile-mounted seals. These seals span the annular
space between missile and launch tube and retain eject gases dur-
ing launch. The eject system may be either a '"cold launch" in

which a gas generator or rocket motor accelerates the missile to
launch velocity.

This paper concerns launch tube-mounted seals and defines
seal performance in terms of the EI characteristics of candidate
materials (E = modulus and I = moment of inertia). We also intro-
duce the concept of push-through testing of nominal one-in. wide
radial strips of seals, describe pressure testing of two-ft. dia-
meter seals of various cross section, discuss the importance of
seal cross sectional shape to include the humped-notched design,
and show the interrelationships of theory and experimental results.
The preparation of full scale 77-in. diameter seals for simulated
launch tests is also described.

0-8412-0567-1/80/47-132-151$06.25/0
© 1980 American Chemical Society
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Experimental Procedures

Functional Requirements of Seals

1. During launch the seal must not invert (f{.e., flip) un-
til the missile passes the seal.

2. The seal must not mechanically overload the missile skin.

3. The seal must not bottom before the shock pads (i.e., the
bottomed thickness of the shock pads in the annular gap
between missile and launch tube must be > than the bot-
tomed seal thickness).

4. Excessive friction must not be exerted on the missile by
the seal.

5. Launch pressure of the existing system is ~100 psi, but
a theory should be capable of predicting seal behavior
at various launch pressures and gaps.

Theoretical Developments. 1In considering a seal of the cross
section shown in Fig. 2, molded from the neoprene formulation giv-
en in Table I, two fundamental dimensions are defined, W, and 4.
Wo is the annular gap between missile and launch tube minus the
distance from the launch tube bonding surface to the hinge point
in the throat of the seal (i.e., 0.375-in.) minus the thickness
of the beam (0.5-in.) divided by 2, or:

Wo = 1.625-0.375-0.5 = 1.0 in.

2
For the system of interest, the nominal W, is one-inch. A is de-
fined as the effective length of the lip seal neutral axis in
terms of bending (OT in Fig. A of Appendix 1). Note that A is
considerably greater than the annular gap before pressurization.
After pressurization A becomes smaller, the seal deforms, takes on
a humped n shape, and approaches W,.

Uniform Beam Analysis. A unit radial strip of seal was ana-
lyzed as a uniform beam with necessary equilibrium forces at the
point of tangency where the seal is assumed to be parallel to the
missile. The derivation is given in Appendix 1. These conditions
are met when a numerically or graphically solved transcendental
function g(f) equals zero, where A is treated as the independent
variable.

Solutions obtained by simultaneously satisfying the above
conditions (i.e., when g(f) = 0) are shown in Fig. 3. It is in-
teresting to note from Fig. 3 how theory predicts, for a typical
set of data, and a stationary missile, that between 160 and 165
psi launch pressure, the no solution case (i.e., a flip condition)

In Resins for Aerospace; May, C.;
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TABLE I
NEOPRENE LIP SEAL FORMULATION

Parts by
Ingredient Weight Weight 7
Neoprene W 100 49.2
Stearic Acid 1.0 0.49
Akroflex CD 2.0 0.98
Mg0 4.0 1.96
Andrez 8000AE 40.0 19.56
HiSil 233 40.0 19.56
Zn0 5.0 2.45
Carbon Black N-326 5.0 . 245
Circo Light Process 0il 2.5 1.23
Cumar P-10 2.5 1.23
Benzothiazyl Disulfide 0.5 0.25
Tetramethylthiuram Monosulfide 0.5 0.25
Sulfur 1.0 0.49
204.0 100.17%
Production
Cure Conditions 90 mins @ 302°F (150°C)

In Resins for Aerospace; May, C.;
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is reached prior to the theoretical buckling load. (For a moving
missile, the value would be 1/2 of these values.)

Taking solutions from Fig. 3, it is possible to construct a
plot of launch pressure, pg vs. W, as shown in Fig. 4. It should
be noted that pgy is very dependent on the '"effective EI character-
istic". Since modulus varies with strain and strain rate, some
uncertainty existed as to which modulus is appropriate. However,
the curves of Fig. 4 were constructed using an effective E of
3,000 psi as a lower limit and E of 27,000 psi as an upper limit.
Tests indicate the effective modulus is very near the lower value
for this analysis to compare favorably with test results at slight-
ly greater than nominal gaps (Woz:1.25 in.). Furthermore, the
analysis indicated a sharper rise in the invert pressure character-
istics than test results at smaller missile-seal gaps (Wy=1.0 in).

Non-uniform Beam Analysis. More recent work has been com-
pleted using a large bending analysis which includes equation 12
of Appendix 1 with a variable I (non-uniform beam) to reflect the
actual seal cross-sectional geometry. This procedure involves a
double numerical integration of equation 12 along with an itera-
tive scheme to satisfy the external force equilibrium and slope
constraint at the tangent point, T, on the missile. Results from
this analysis are also compared to the stationary missile test
results (on the two-ft. diameter pressurized seal) in Fig. 5.
Also, the corresponding invert pressure for a launch condition
where the friction force (UN in Fig. A of Appendix 1) between the
missile and seal reverses direction and reduces the invert pres-
sure is shown. This improved analysis predicts the seal invert
pressure throughout the functional range of the missile-seal gap
without any variation of the modulus, E (i.e., an effective or
variation of modulus is not necessary as in the uniform beam meth-
od). The required material modulus used in this analysis is very
near to that which would be obtained from standard procedures
(i.e., from tensile or bending test specimen).

Two-Foot Diameter Seal Testing. To obtain pressure test
data on two-ft. diameter seals, it was necessary to construct
special seal test equipment. This apparatus is shown in Figs. 6
and 7.

The tester consists of two cylinders separated by an annular
gap. The outside cylinder corresponds to the launch tube and the
inner cylinder corresponds to the missile. The test seal is bond-
ed to the launch tube using Chemlok 304 or 305 adhesive (Hughson
Chemical Co.). High pressure Ny gas from an accumulator is dumped
by a quick release valve through a manifold to the annular gap be-
tween the simulated missile and launch tube to pressurize the seal.
Unlike a true launch, the test missile remains stationary during
the test. Different diameter '"missiles" are available to vary the
annular gap in a concentric manner, and the "missile' can be lo-
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cated eccentrically to give a non-uniform gap. Seal vertical de-
flection was measured by an LVDT mounted in contact with the top
of the seal.

Push-Through Testing. Although good agreement was obtained
between theory and two-ft. diameter tests, the expense of the mold
and time requirements necessitated the development of a simpler
test method. To serve this need, the push-through apparatus shown
in Fig. 8 was developed. Push-through tests were conducted on
nominal one-in. wide radial strips of neoprene lip seals bonded to
a steel mounting plate and deflected at 2-5 in./mil at any
desired gap. From these experiments, load-deflection data were
recorded at vario § 8aps, the peak loads converted to pressure by
the formula p = == (see Results and Discussion section) and com-
pared to the theor$ which predicts seal invert pressure. Push-
through tests were also conducted on one-in. wide strips of cast
polyurethanes A and B, the formulations of which are given in
Table II. This material was selected as the primary candidate
material because of its outstanding performance characteristics
and ease of procurement and processing.

Neoprene Seal Material. The neoprene seal material used in
much of the early seal work was molded from the formulation given
in Table I. 1Its properties are listed in Table III.

Cast Polyurethane Seal Materials. Due to the expense related
to molding two-ft. diameter neoprene seals, we decided to prepare
both seal segments and two-ft. diameter seals from cast polyure-
thane. Although many polyruethane formulations were evaluated,
most work centered on the three polyurethane formulations given in
Table ITI. These represent a very soft formulation, A, used pri-
marily to check out the seal tester at low pressures; B, a materi-
al with a much higher modulus, close to the neoprene material and
C, a commercially available polyether prepolymer and cure system
from DuPont - Adiprene L-167/MOCA.

Properties of these polyurethane materials are contrasted
with the neoprene properties in Table III.

Seal Bottoming Characteristics. An important consideration
in seal design is the force that the seal exerts on the missile
skin as the missile-launch tube gap changes during launch, high
seas, docking, etec. To measure this force, a lateral excursion
test was employed. 1In this test, a one-in. wide strip of seal ma-
terial is bonded to a plate and deflected in an Instron as shown
in Fig. 9. Although conducted at a low rate (2-5 in./min.),
the load vs. displacement data collected are useful in comparing
materials and geometries. More detailed experiments have been
conducted where the distribution of the total lateral force is
determined, but these measurements are not described in this pa-
per.
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Teflon Bonding Procedures. Ten mil thick Na etched, skived
Teflon tape is bonded to the upper polyurethane seal surface using
the proprietary adhesive DP8363 from Conap, Inc., Olean, NY. The
purpose of the Teflon is to reduce the coefficient of friction be-
tween the seal and the missile skin during missile onloading and
launch.

Results and Discussion

Push-Through Testing

Influence of Gap. Utilizing the push-through tester shown in
Fig. 8 and radial strips of neoprene seals with the cross-section
shown in Fig. 2, multiple push-through cycles were conducted as a
function of gap. A virgin specimen was used at each gap. Select-
ed data are shown in Fig. 10 for the neoprene seal material, and
typical push-through curves showing actual seal deformation are
presented in Fig. 1l. From Fig. 10 several effects are obvious.
Namely, the push-through load exhibits a large decrease from first
to second cycle; in some cases there is a large variation in push-
through load; at large gaps, the push-through values converge. It
is evident that launch seal performance would be degraded by mul-
tiple pressure cycling and that the launch pressure retained by a

seal would also be expected to decrease as the annular gap in-
creases.

Influence of Test Temperature. The neoprene lip seal formu-
lation given in Table I contains a thermoplastic material - Andrez
8000AE (Anderson Chemical Co.) - which is a high styrene content
copolymer of styrene and butadiene. Because of this ingredient,
it could be anticipated that seal performance would be degraded as
a function of temperature. This is shown in Fig. 12. It should
be noted that the data in Fig. 12 were obtained on seal segments
that had a .010 in. Teflon film bonded to the upper surface. We
have observed that the Teflon film increases the push-through load
by about 107%.

In a similar manner, the push-through load of cast polyure-
thane seals, specifically formulation C, have been determined over
the same temperature range and do not show nearly the temperature
range and do not show nearly the temperature sensitivity that the
thermoplastic containing neoprene formulation does.

Influence of Polyurethane Formulation. Similarly, two poly-
urethanes (A and B of Table II) were cast into one-in. wide seal
segments of the cross-section shown in Fig. 2 and push-through
tested. Polyurethane A was formulated to be a relatively flexible
material that could be used in the two-ft. diameter seal tester to
check out the equipment at low pressures., Polyurethane B was de-
veloped to be similar in strength to the neoprene material whose
formulation is given in Table I. Push-through data for the poly-
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urethane materials are summarized in Fig. 13. Also shown in Fig.
13 are pressure invert data calculated by converting peak push-
through loads to pressure loads using the equation Pg = 2 P for
(formula discussed in Section B). Wo

Two-Foot Diameter Seal Tests. Subsequent to developing the
push-through data in Fig. 13, two-ft. diameter seals of polyure-
thane A and B were fabricated and tested in the seal test facility
shown in Fig. 7. The relationship between actual pressure tests
and the push-through values for radial strips of polyurethane,
also shown as the numbered points in Fig. 13 is excellent. After
several of these tests were completed, additional pressure tests
were conducted on two-ft. diameter seals of polyurethane B which
is of comparable stiffness to the neoprene seal material. These
results are also plotted in Fig. 13. Data from pressure tests
with polyurethane B did not agree well with the predicted values
computed from the push-through loads. It should be kept in mind,
however, that in push-through testing, the rate is 2-5 in/min
and in the pressure tests, the seal goes from a no pressure
situation to a flipped position in 0.5 sec.

As a result of these tests, it was found that better agree-
ment between push-through load and pressure invert tests could be
1.75 P

W

obtained by using Pg = and since we were interested in

o

seals with high pressure capabilities, this relationship was a-
dopted for further experimental work. If the integrated moments
of a uniformly (pressure) loaded and point loaded beam are equated

the result is Pf = lﬁi—g. If the maximum moments are equated for
Q
the two conditions, the result is Pf = %—2 . Test results are be-
o

tween the two.

Scale-up to 77-In. Diameter Seals. One significant differ-
ence between the two-ft. diameter seal testing and actual missile
launch tests is that the missile is moving in a launch. This
could not be tested experimentally in our laboratory experiments
with polyurethane seals. However, launch tests using the neoprene
seal had been conducted previously and it was possible to corre-
late actual launch data and seal pressure performance with push-
through values of segments cut from large seals. This was done
for a number of experiments and it was found that the actual in-
vert pressure of neoprene seals was about 90-100 psi at a nominal
1.6-in. gap which was equal to about half of the value predicted
from push-through testing. This makes qualitative sense as the
pressure required to invert a seal under launch conditions would
be expected to be less than under stationary conditions due to
the influence of friction between the seal and the missile. That
is, as the missile begins to move, the seal tends to be dragged
with the missile and the pressure required to invert the seal
would be less.
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The theoretical influence of friction for both the station-
ary and the moving missile on sealing pressure is shown in Fig.
14. Superposed on the figure are experimental data for both two-
ft. diameter urethane seals, urethane segments, and full scale
neoprene seals.

Seal Geometry Considerations. Since it appears that the max-
imum launch pressure with tapered beam seals is limited both with
the neoprene materials and polyurethane B, it was decided to eval-
uate seal geometry as a means of attaining higher sealing pres-
sure.

To approach this goal, it is possible to develop materials
with higher modulus (i.e., higher push-through load), but one is
limited in this approach due to other considerations such as the
load transmitted to the missile skin by the seal and the ability
to stretch the seal during missile onloading.

As a result of numerous push-through tests on a variety of
materials, we selected a commercially available material (Adiprene
L-167/MOCA), designated polyurethane C, as our material of choice
and varied seal geometry. A number of seal shapes and thickness
were considered as shown in Fig. 15, but basically a seal cross-
section shown as B or C in Fig. 15 was selected as being the most
viable shape (19).

To demonstrate the outstanding performance of the humped-
notched (H-N) seal, two molds were prepared and 10-in. long seg-
ments of polyurethane C were cast and cured to the shape shown in
Fig. 2 and H-N configuration B of Fig. 15. 1In both cases, the
seal beam was a nominal 0.5 in. thick. Both molds were heated to
70°C, and a single batch of polyurethane C was mixed, cast sequen-
tially, and cured in the preheated molds for two hours at 70°C.
After demolding, the samples were cut into one-in. wide segments
and allowed to rest at room temperature for approximately one
week. During this period the samples were bonded to steel plates
and subsequently push-through tested with the results shown in
Fig. 16. These data show that the first and fifth cycle H-N push-
through loads are significantly higher than the tapered beam shape
at all gaps tested. It follows that full scale seals with cross-
section C fabricated from polyurethane C should give significantly
higher launch pressure results than similar seals fabricated to
the tapered beam shape shown in Fig. 2.

Full scale Adiprene L-167/MOCA seals of cross-section C have
been fabricated and are scheduled for launch tests in 1979.

Seal Bottoming Characteristics. 1In addition to sealing
characteristics, the seal must also meet a certain bottoming re-
quirement - as the missile moves toward the launch tube, the seal
must not bottom or compress fully before the shock pads bottom or
it will place a high and concentrated load on the missile and dam-
age the missile skin. The degree of deflection that a seal will
undergo before it bottoms can be measured by the test apparatus
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Figure 14. Seal invert pressure as a

function of friction: (———) theory; test

data: ([1) full scale neoprene, (O) 2-ft-

diameter urethane, (@) urethane seg-
ments

Figure 15. Various seal configurations
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shown in Fig. 9. Typical data are shown in Fig. 17 for a tapered
beam seal segment and H-N seals of various shapes (see Fig. 15 for
the seal cross-sections) cast from polyurethane C. Obviously, C
is the most desirable H-N shape from a bottoming consideration.

Future Applications

Utilizing both theory and experimental techniques described
in this paper, launch seal technology can be extended to high
launch pressures at larger gaps. The influence of fabric rein-
forcement on seal performance can be investigated and the applica-
tion of this technology to rotating and reciprocating shafts may
be a possibility.
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Abstract

Lip-type launch seals have been used in submarine based mis-
sile systems since the 1960's. The seals, rings of neoprene rub-
ber that span the annular space between the missile and launch
tube, are bonded to the launch tube. They have functioned ade-
quately, but their mechanism of performance has not been well un-
derstood.

In this paper we summarize the development of launch tube
mounted seals, outline a theory to describe seal performance, in-
troduce the concept of push-through testing of seal segments, dis-
cuss material selection and seal design to include the patented
humped-notched seal, present test data on two-ft. diameter cast
polyurethane seals, and show the correlation between theory, push-
through tests, and pressure tests on two-ft. diameter seals.

Preparation of full scale launch seals is described and pos-
sible future applications are discussed.
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APPENDIX 1

ANALYSIS OF MISSILE SEAL DURING PRESSURIZATION AND LAUNCH

From Fig.

then

and

and

or

and

Let
then

A the force equilibrium at T is

P. sin a + p % cos a + N = 0 (Horizontal) (1)

Pb cos o - p % sin @ - upN = 0 (Vertical) (2)
. %

N=—(Pbs1na+picosa) (3)

2
P cosa—p%—sina+u(Pbsina+p—cosa)=0 (%)

b 2
P - Ed tan a + u (P, tan o + p }—) = 0 (5)
b P 2 a u b 2
p % (tan a - )
= i Missile
Py (1 +u tan @) (Stationary Missile) (6)

p%(tana+u)

P (Moving Missile) ¢

b (1 +u tan a)

MA = moment to the left of point A (x,y) of the beam

2
o (en X X : -
MA = (-p > Xt P ) (1 in.) Py (8)

From elastic beam theory

where R,

= EL
M= (9

the radius of curvature, is
. 2 3/2
L+gr]
R=—73 (10)
dy
dx2
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Nomenclature:
E = Young's modulus tpsi)

Launch-Tube-Mounted Seals

Uniform
Beam Representing
1 Strip of Seal

Missile

For
] Stationary Missiie

1= Area moment of inertia {in%)

£ =Beam length OT {in}
p = Pressure {psi}

{x,y) = Coordinate axis for defining uniform beam equations

u= Coefficient of friction

Py, = Axial load on beam (ibs)
N= Normal force on missile at tangent point, T (Ibs)

uN= Friction force (Ibs)

M =Moment to theieft of point Atx,y}
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then
, 3/2
d
2 n+<4 M
dy _ dx (11)
2 EI
dx

Sub. of Eq. (8) in Eq. (11) the beam equation is

2 3/2
d
42 [1+E§] N 2
Yy - 2. S - = = . 1. 12
dx2 o5 (- p X +p3y P y) (Large Defl.) (12)

For small deflections %i 2 0 and Eq. (12) becomes

%y B 1 2 2
d_%’+ﬁy = TET(_p5xp§) (Small Defl.) (13)
X

The closed form solution of Egq. (13) can be found and the peak
deflection at x = &/2 is

4 2
. _Dp2 2secu-2-u
Y(x=2/2) 32 51 ¢ 2 ) (14)
where
P
L b
w=3V & 15)
also the slope at x = is
dy 923 tan u ~ u
dx__, tan B = gEy (T) (16)

Since a portion of the seal lies against the missile during
higher launching pressures, the following constraint equation
must be satisfied at the tangent point T between the missile
and seal:

tan B = tan o (17)
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where

tan a = —Wo (18)

v 22 - W02
or defining a function

g() = tan B -tana = 0 (19)

when g(%) = 0 the equilibrium at T, the uniform beam equation and
the slope constraint at point T are simultaneously satisfied.

A summary of the actual equations as they appear in the com-
puter analysis using Eq. (13) are:

tan @ = ——0 (20)
22 - W02
23 tan a +
u Pr_AncTu (21)

8EI 1l~u tan a

3
- pL tan u - u -
tan g SET (———-——-——u3 ) at x = & (22)
g(2) = tan 8 - tana = 0 (23)

The maximum displacement at the mid-point and the axial load
Pb are also calculated in the computer program.

Recervep May 20, 1980.
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Development of Missile-Mounted Polyurethane Seals for
Missile Launch Systems

JOSEPH F. MEIER, GEORGE E. RUDD, ALBERT ]. MOLNAR,
DONALD D. JERSON, and MORRIS A. MENDELSOHN

Westinghouse Research and Development Center, Pittsburgh, PA 15235

DAVID F. WEIR
Marine Division, Westinghouse Electric Corporation, Sunnyvale, CA 94088

In the previous paper (Meier et al., 1980) the subject of
launch seals for submarine based missiles was discussed and the
advantages of the humped-notched (H-N) seal shape were enumerated.
In this paper we describe the development of missile mounted H-N
seals for a land-based missile system. A missile mounted seal is
shown schematically in Figure 1.

Seal requirements for the two seal mounting geometries are
considerably different as summarized below:

Launch Tube Mounted Seals Missile Mounted Seals
Friction promotes seal Friction inhibits seal
inversion inversion.

Cold launch Hot launch

(~300°F for <1 sec.) (~4,800°F for <1 sec).
Seal inside diameter Seal outside diameter

stretched during missile reduced during missile
onloading. onloading.

Near vertical launch. Launch at angles <45°

from vertical.

Operates in <5 pphm ozone

for ~10 years. Operates in 25 pphm ozone
for at least 15 years.

Multiple launch requirement

(seals retained in launcher). One launch life (seal exits
canister with the missile).

These parameters required that a new seal be developed, but
the basic humped-notched (H-N) seal (Molnar et al., 1977) was
directly transferrable from previous work.

0-8412-0567-1,/80/47-132-177$06.00/0
© 1980 American Chemical Society
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~
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Missile Mounted Seal

Figure 1. Missile-mounted seal

Figure 2. Flexing of cast-polyurethane buckled web models
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The new seal development concentrated on the following
areas:

cSelecting a seal elastomer and geometry to meet launch pres-
sure and lateral excursion or bottoming requirements.

°Designing a seal to allow outside diameter reduction during
missile onloading.

oEvaluating the effect of 4,800°F flame (to simulate launch)
for periods up to 1 sec.

°cCasting two-ft. diameter model polyurethane seals.

oModifying the two-ft, diameter seals in the modified pressure
test apparatus.

o Casting 54-in. diameter seals for larger-scale missile launch
tests.

°cEvaluation of the 54-in. diameter seals in missile launch
tests.

Experimental Procedures

Buckled Web Section Model. The first task of this develop-
ment was to investigate methods of accommodating the reduction in
seal outside diameter for onloading. Flat buckled web sections
were cast and flexed as shown in Fig. 2. The design seemed ade-
quate and gave us confidence that similar sections could be de-
signed and integrally cast into seals to take up the compressive
hoop strain. Alternate slitting or wedge removal patterns were
also envisaged as shown in Fig. 3.

Preparing Model Seals for Push-Through and lateral
Excursion Tests and Two-Ft. Diameter Seals for Pressure Testing.
Processing the DuPont Adiprene L-167/MOCA was a well understood
technique by the time we started on this new development. Ini-
tial samples for push-through testing and lateral excursion
measurements were made by sawing the desired shape from uniform
thickness seal sections similar to those shown in Fig. 4. Two-
ft. diameter seals were cast in a mold made for this project and
shown in Fig. 5. Two seals cast in this mold, one with eight
buckled web sections (mold inserts were used), and one with eight
flaps, are shown in Fig. 6. The flaps were band-sawed into the
seal using a wood fixture for aligning and guiding the saw cuts.

Polymer Preparation - Adiprene L-167. Adiprene L-167
(Athey, 1967) is a liquid polyether urethane prepolymer which can
be cured to a strong, rubbery solid by reaction of the terminal
isocyanate groups with polyamine or polyol compounds. It is a
honey colored viscous liquid (4,700-6,500 cps at 30°C) with an
available isocyanate content of 6.35% (6.15-6.55%). This pre-
polymer is based on polyoxytetramethylene and tolylene diisocya-
nate and has an equivalent weight of about 670.
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Figure 3. Three concepts evaluated to permit reduction of outside seal diameter

= 0.62 fnch
= 0.75 imch

= 0.88 inch

= 1.00 inch

= 1.25 inch

Figure 4. Uniform thickness seal sec-
tions
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Figure 5. Two-foot-diameter H-N seal
mold

Mivsile Rirg Bonded 10 Flapped Seal

Figure 6. Buckled web and flap-type seals cast from L-167/MOCA polyurethane
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MOCA. MOCA 4,4'-methylene-bis(2-chloroaniline) , a diamine
curing agent for isocyanate-containing polymers, has a molecular
weight of 267. It is a light tan solid, in pellet form, having
a specific gravity of l.44 and a melting range of 100°-109°C.
MOCA is considered to be a Class 1 carcinogen and has mild
toxicity. Before using this material the vendor should be con-
sulted for the latest safe handling procedures.

Seal Preparation. Bulk quantities of Adiprene L-167 were
preheated to 40°-45°C. Two batches of Adiprene L-167, 3,000 g
each, were weighed into two-gallon containers and degassed under
vacuum until the vigorous bubbling stopped. Two 1/2 gal. cans,
each containing 600 g of MOCA were opened, covered with aluminum
foil, and heated to 120°-160°C in a small oven. One can of hot
MOCA was poured into a container of degassed L-167 which had been
cooling for an hour or more and mixed for two minutes with an air
stirrer at low speed. The NCO/NHy ratio was l:1 throughout this
work. Mixed resin was gently poured into the preheated (70°C)
two-ft. diameter seal mold while the second batch was being mixed.
Then the second batch was poured into the mold. The filled mold
was placed in the oven six to eight minutes after the first MOCA
was blended into the Adiprene L-167, cured in the mold for two
hours at 60°-65°C, demolded and allowed to remain at room temper-
ature for at least three days before use.

Push-Through and Lateral Excursion Tests. Push-through
tests on seal segments were used to predict the pressure perform-
ance of lip type seals. The test is conducted in an Instron
machine at 5 in./min. crosshead speed while an autographic record
of load versus displacement is made. Figure 7 shows a sequence
of photos taken during the push-through test on several seal seg-
ments.

Lateral excursion tests are also conducted on seal segments
in the Instron using a different fixture (Meier et al., 1979).
These tests permit measuring the excursion of a particular design
to see if it will meet requirements for inclined launch or shock.
A basic performance guide for any seal design is that the shock
isolation pads must bottom out before the seals do.

Oxy-Acetylene Torch Tests. During launch, the underside of
the seal is briefly exposed to a 4,800°F gas generator flame.
Naturally, it is required that the seal not degrade to the point
where it can no longer retain pressure throughout the launch. A
simple bench test was devised using an oxy-acetylene torch to
simulate this exposure. A tungsten-rhenium thermocouple was used
to measure the exposed surface temperature and a chromel-alumel
thermocouple to measure either the temperature 0.02-in. below the
surface when a bare coupon was tested or the temperature at the
polyurethane/protective coating interface when a protected speci-
men was tested. Photographs of this setup are shown in Fig. 8.
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Figure 7. Push-through test on L-167/MOCA H-N seal segments
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Figure 8. Test apparatus for flame testing polyurethane coupons and recording
temperatures

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



184 RESINS FOR AEROSPACE

Seal OQutside Diameter Reduction With an Instrumented Clamp.
The outside diameter of the seal must be reduced from 26.7-in.
to 24.0-in. for installation into the test canister. To accom-
plish this a clamp was designed to fit into a groove cast into
the seal (see Fig. 3). The clamp assembly consists of four mod-
ified commercial clamps joined together by 0.125-in. diameter
stainless steel aircraft cable. Strain gages were applied to one
of the clamps and the assembly calibrated in a universal testing
machine so that the tensile load in the cable could be measured
as the seal outside diameter was reduced. Figure 9 shows several
views of the clamps in use.

Modification to the Seal Pressure Tester to Measure Gas Flow
Rate and Valve Opening Time. The buckled webs or flaps that are
designed into the seal to allow outside diameter reduction are
also gas leak paths. Some leakage is tolerable, but limits were
not defined initially. However, measuring leakage during pressure
testing permits comparison of the two design concepts and provides
performance data that can be used in computer-simulated launches.
The pressure test produces transient flow for a useful duration
of 0.5 second or less since the potential energy (i.e., accumu-
lator size and pressure) is somewhat limited. This obviates use
of conventional flow meters such as venturi and orifice meters
and turbines which are essentially steady state devices. An
initial thought was to measure accumulator and gas weight during
the test. This was rejected because the empty accumulator weighs
over 300 1b. and only 4-6 1b. of nitrogen was discharged during
a test. Thus a load cell of sufficient capacity would have mar-
ginal resolution to accurately measure the weight of nitrogen
expelled. It would also be difficult to structurally isolate the
accumulator for weighing because of rigid pipe connections. A
third difficulty would be separating inertial loading effects
during the explosive-like release of gas.

The method selected involves some approximation because it
assumes that the mass of nitrogen in the accumulator at any in-
stant during blowdown can be determined from the equation of
state for a perfect gas,

pV = mRT

Since the blowdown process is transient, we decided to measure
pressure, p, and temperature, T, at two locations within the
accumulator as shown in Fig. 10 to see if the calculated mass, m,
varied with position. Data collected, but not presented in de-
tail, show agreement within 5% between the mass calculations
based on the two measurement locations.

After about one-half the desired pressure testing had been
conducted, some slightly unusual seal pressure versus time oscil-
lograms were obtained. They were unusual in that the rise time
to peak seal pressure was longer than obtained previously. The
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Figure 9. Clamp used to reduce o.d. of 2-ft-diameter seal for installation into the
canister

Pressure Transducers

[ up

< Thermocouples

Figure 10. Pressure and temperature transducers mounted in accumulator Al to
measure nitrogen flow
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remedy was to increase the pressure in accumlator A2 used to open
valve C2 which dumps the main accumulator Al. These components
are identified in Fig. 11. To establish that the valve opening
time was indeed the undesirable variable, an LVDT was added so
valve spool travel could be recorded during the pressure test and
correlated with the pressure record.

Pressure Testing. The test fixture originally developed to
test launch tube (canister) mounted seals was modified to test
missile mounted seals. This required an inner cylinder of the
proper diameter to simulate the missile to which the seal could
be bonded. Figure 11 schematically shows the test apparatus with
a seal installed and also outlines in the operation of the ap-
paratus. Figure 12 is a photograph of the tester.

Experimental Results and Discussion

"Weak" Sections to Allow Seal Qutside Diameter Reduction.
The inside diameter of a launch tube or canister mounted lip-type
seal is smaller than the outside diameter of the missile and is
therefore stretched when the missile is onloaded. The seal can
accommodate the tensile hoop strain quite readily. However, when
the seal is mounted on the missile or a separable base ring at-
tached to the missile, the seal outside diameter must be reduced
for onloading. The latter condition is shown schematically in
Fig. 1. To rectify the unstable buckling which would occur at an
indeterminate location on the seal periphery and only after con-
siderable compressive hoop stress was generated, it was decided
that '"weak" sections would be designed into the seal at evenly
spaced intervals. These weak sections could be merely wedge-
shaped openings (Fig. 3) cut into the seal lip. Indeed this ap-
proach was tried but leakage was excessive when pressure tested.
Even though it is possible that this concept could be improved,
it was not pursued further since it was felt to have inherently
poor sealing characteristics that would only get worse when test-
ed at eccentric gap conditions (i.e., the missile not centered in
the launch tube).

The buckled web section approach was initially thought to be
the most leak resistant since the seal was not cut through but
only reduced in thickness. Since the flat model described earlier
(Fig. 2) appeared to deform in a manner that could be expected to
provide a reasonable seal, inserts were machined to produce sim-
ilar buckled webs in the conical surface of the 2-ft. diameter
scale seal (Figs. 3 and 6). This seal sustained pressure beyond
that required and also exhibited a reduced leak rate.

The flapped seal design (Figs. 3 and 6) was also evaluated.
This seal performed well during pressure testing and calculated
leak rates were similar to the buckled web concept.
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Initial Considerations Regarding the Pressure Capabilities
of the New Seal Design. Initially, a tapered beam seal cast from
polyurethane was considered since we had developed considerable
understanding of this combination. The maximum gap, g, for the
new design was 2.0-in., therefore,

Wo =g-h-1t/2=2,8-0.5-0.8/2=1.9-in.

for a seal of assumed thickness, t - 0.8-in.,

2.3 2.3
ct 760 x 0.8 2
P, = = - = 122 1b./in.
f Wo2.05 1.92.05

This equation, based on unpublished experimental results yields
about one-half the required 250 1b./in.2 pressure, neglecting the
fact that friction inhibits seal inversion for a missile mounted
seal. Obviously pg can be doubled by increasing C, a modulus re-
lated term, or t or a combination thereof. These remedies are
undesirable because the force required to reduce the seal outside
diameter would increase and the lateral excursion would decrease.
In addition, doubling C would be difficult as polyurethane B is
already a fairly high modulus material.

One logical alternative was to apply the humped-notched
(H-N) seal design since it had been proven to possess higher
pressure capabilities than the tapered beam design for a given
material and thickness. Fortunately, an initial H-N design was
already available from our previous work (Meier et al., 1979).
Test results for this design are shown in Table I where values
as high as 292 1b./in.2 at a gap of 3.0-in. are given. However,
two potentially deleterious factors had not been dealt with -
reduced capability because of launch flame and the '‘weak'" sections
for buckling.

Push-Through Test Results. To substantiate the design de-
scribed above, a push-through sample was prepared to investigate
the influence of the groove required for the outside diameter-
reducing clamp. Test data showed that the groove is in a region
of the seal lip that is fully against the canister wall when the
seal is pressurized and thus essentially inactive in bending.
Concern over the effect of the clamp groove on reducing the seal
capability was therefore eliminated.

Some push-through tests were also conducted on seal samples
that were exposed to actual gas generator flame. The H-N seal
segments suffered some mechanical abuse during exposure causing
a 0.2-in. tear at the intersection of the seal lip lower surface
and the bonding surface. Tapered beam seal segments that were
also exposed were not mechanically damaged. 1In spite of losing
0.045 to 0.070-in. of material by ablation, the seals withstood
the flame quite well. Table II1 summarizes the results of these
exposures and push-through tests.
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Oxy-Acetvlene Torch Test Results. The bench test shown in

Fig. 8 was used to expose polyurethane coupons to a flame to ap-
proximate a hot launch. Bare samples were first exposed to pro-
vide base line data. For these tests the tungsten-rhenium
thermocouple was located on the surface for direct exposure to
the torch flame. A chromel-alumel thermocouple was located

0.02-in. below the surface in a hole drilled partially through
from the back side of the coupon. The remaining test coupons were
covered with one of the protective coatings and the chromel-alumel
thermocouple was sandwiched between the coupon and the covering.
The results of these tests, listed in Table III, show that even
the bare sample provides a considerable temperature drop through
the 0.02-in. polyurethane. We judged that attenuation of this
magnitude was adequate and that no additional protection would be
required. However, the 3M ceramic fiber belting or the DuPont
Armalon could be added if subsequent launch testing indicates that
additional protection is required. The intumescent coating sup-
plied by Avco showed a tendency to be swept away by the flame and
was judged to be less efficient than the other coverings. Photo-
graphs of the exposed samples are given in Fig. 13.

Use of the Seal Outside Diameter-Reducing Clamp. Figure 9
shows the clamp that was assembled to reduce the seal outside
diameter for installation into the two-ft. diameter test canister.
Four commercial clamps were modified by replacing the jaw blocks
with pulley-like wheels to position the cable well into the groove
in the seal. This is important to insure that the tensile force
in the cable does not create a moment which would cause the cable
to pull out of the groove. The clamp functioned quite well but
we did discover that the catalog rated load of 1,500 lb. meant
that 1,500 1b. force could be applied to the jaws by external
means without failure - it did not mean that 1,500 1lb. could be
generated with the 3/8-16 thread and T-handle. For our use, loads
exceeding 600 1b. caused considerable galling in the threads and
thrust end of the threaded shank. Conversation with the manu-
facturer revealed that some of their larger model clamps use Acme
threads and alloy steel shanks to improve the clamping capacity.

In spite of the limited load capacity, the clamps performed
quite well. Figure 14 shows plots of clamp force versus seal
outside diameter for the buckled web and flap-type seal designs.
The flap-type seal required more force to reduce the outside dia-
meter to 24-in. than did the buckled web seal. However, the flaps
were cut into the seal with a bandsaw and thus the slots were not
smooth and did not slide very well. To alleviate this situation,
0.03-in. Teflon was inserted in the slots during clamping. Per-
haps clamping forces would be reduced if the slots were cast
rather than saw-cut.

Two-Ft. Diameter Seal Pressure Test Results. The first seal
that was pressure tested was a L-167/MOCA seal with 0.7-in. thick
seal lip and eight wedge cuts as shown in Fig. 3. An accumulator
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TABLE III
LAUNCH FLAME EXPOSURE TEST DATA

(a) Time in Sec./Temp. in "F<b)
Specimen 0.1 0.2 0.3 0.5 1.0 2.0 3.0 Max. Temp.
Bare-1 Exposed surface 210 375 600 2800 1250 3190(C)
Sub-surface 80 80 83 92 135 145
Bare-3 Exposed surface 1860 3100 3800 4050 3950 1150 550 4118
Sub-surface 80 90 105 320 780 500 390 831
AB312-2 Exposed surface 1810 3215 3720 3970 3975 2450 1550 3975
Sub-surface 82 89 113 170 350 800 825 827
AB312-6 Exposed surface 1400 3000 3140 3050 3730 1800 1300 3730
Sub-surface 80 88 94 116 250 465 530 540
Armalon-4 Exposed surface 645 1200 2100 3350 3825 1100 3825
Sub-surface 84 95 125 165 490 845 760 850
Armalon-7 Exposed surface 1200 2200 3200 4050 >4200 2350 1450 >h200(d)
Sub-surface 80 80 82 35 240 536 560 563
Aveo=5 Exposed surface 900 2210 2100 2100 2600 1450 650 3210
Sub~surface 100 2500 1400 750 400 2500(e)

(a) All were prepared from 0.16 in. x 1.0 in. x 3.0 in. coupons of L-167/MOCA.

AB312 A ceramic fiber yarn woven into a 2 lb./yd.2 material ( 0.06 in. thick)
intended for use as long-life conveyor belting in furnaces up to 2000°F,
3M, St. Paul, MN. Bonded to polyurethane coupon with Chemlok 305.

Armalon Trade name for a family of fabrics, laminates, tapes and felts coated with
TFE resin. We evaluated Product No. TG-1408, a fiber glass substrate,
overall thickness of 0.008 in., weighing 9.5 oz./yd.z, Dupont, Wilmington, DE.
Bonded to polyurethane coupon with Chemlok 305.

Avco Flamarest 1400S, brush applied 0.040 mils thick.
Aveo Systems, Lowell, MA.

(b) 0.010 diam. W 3% Re/W 25% Re and 0.005 in. diam. Cr/Al (Type K) thermocouples.
(c) Exposure too brief and flame not as close as in other tests.
(d) Exceeded calibrated range of thermocouple.

(e) Flame burned through coating directly exposing the sub-surface thermocouple, test error
in duplicate sample - no data.
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pressure (Al) of 515 1b./in.2 (abs) was used but the resulting
maximum seal pressure was only 31 1b./in.2 (ga). Subsequent test-
ing of the flapped and buckled web seals showed that Al pressures
of 800-1,000 1b./in.2 (abs) might be required but even so the
extremely low seal pressure caused us to reject the wedge-cut de-
sign and proceed with the other two concepts. Pressure units are
inconsistent because absolute pressure is required to calculate
N, mass values but gage pressure is more appropriate for seal
pressure performance.

Figure 15 summarizes the pressure-time characteristics of the
buckled web and flapped seals. Specific test results were select-
ed to compare the two designs.under similar test conditions.

Since performance of the blow-down valve, C2, was not monitored
during all testing, a complete set of comparative data are not
shown.

In addition to pressure capability, leak rate can also be
used to grade seal performance. As stated earlier, nitrogen mass
flowing out of accumulator Al was calculated using the equation
of state for a perfect gas. There are some restrictions, however,
regarding the conditions under which this flow can be interpreted
as leakage. These are that the seal pressure and displacement
must be constant - actually the gas temperature in the test cham-
ber should also be constant but was not measured. If the seal
did not leak, flow would be zero when these parameters were con-
stant, therefore flow which does occur under these conditions is
interpreted as leakage.

The test oscillograms (not presented) and Fig. 15 show that
at maximum seal pressure there is about a 0.1 second period where
the pressure is nearly constant. Seal displacement is also nearly
constant at this time and for some time thereafter. Test data
plotted in Fig. 15 consider nitrogen flow values that occur during
this time interval so that leakage comparisons can be made under
similar test conditions. These data show that there is no signif-
icant difference in the leak performance of the two seal designs.

A source of minor error in calculating nitrogen mass is the
response time of thermocouples TC; and TCy. These thermocouple
junctions are welded beads of the 0.005-in. diameter wires. The
Omega Temperature Measuring Handbook (Omega Engineering, Inc., a
manufacturer of temperature measuring equipment), indicates that
the response time for this configuration is about 0.1 second
(time to reach 63.2% of an instantaneous temperature change). By
comparison, the galvanometers used in the oscillograph have a
response time of 103 sec, or 0,01 times the thermocouple response.
However, shifting the temperature data by 0.1 second and calculat-
ing new mass and mass flow values yields no significant difference
in the leakage. Therefore, the effects of the thermocouple re-
sponse time have been neglected.

Performance objectives for the launch seal entailed achieving
a pressure capability of 220 lb./in.2 (ga) @ a nominal gap of
2.0-in. At maximum missile eccentricity (gap = 3.0-in.) the seal
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Figure 17. Buckled web segment of a 54-in. i.d. launch seal
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pressure requirement reduced to 105 1b./in.2 (ga). Both the
buckled web and flapped seals exceeded these objectives by achiev-
ing an invert pressure of 220 lb./in. @ the maximum annulus ec-
centricity.

Fabrication of 54-In. Diameter Seals. Following a successful
two-ft. diameter seal test program, we scaled up to 54-in. dia-
meter seals. An aluminum seal mold was fabricated and seals were
cast from Adiprene L-167/MOCA. A partially demolded and untrimmed
seal is shown in Fig. 16 and a close-up of the buckled web design
is shown in Fig. 17. Sixteen evenly spaced buckled web sections
were molded into the seal.

These seals were subsequently evaluated in "cold launch"
experiments using compressed gas as the eject medium (Fig. 18).
Also, '"hot launches" using an actual gas generator were success-
ful. 1In Fig. 19 the seal, mounted at the base of the missile, is
obscured by the combustion products of the gas generator. In both
cases, using a 36,000 1b. simulated missile @ near vertical and
45° inclined launch angles, the launch simulation tests were suc-
cessful. Measured maximum breech pressures were approximately
70 1b./in.2 (ga) for the "hot launch" tests. These pressures were
somewhat below seal development objectives since launch pressur-
ization characteristics for this test program were dictated by
missile launch kinematics rather than launch seal requirements.

Segments cut from the tested seals, shown in Fig. 20, exhibit
the effect of abrasion against the launch tube as well as the in-
fluence of heat in the case of the hot launch.

Although only designed for a single launch, several seals
were tested in multiple launches and retained sealing integrity -
a testimony to the durability of the cast polyurethane seal mate-
rial.

Summary

Based on laboratory experiments with two-ft. diameter cast
polyurethane, missile mounted seals it was possible to develop
test data which met missile onloading, launch pressure, and leak-
age requirements. As a result of these tests, 54-in. diameter
seals cast from Adiprene L-167/MOCA were mounted on a 36,000 1b.
missile and tested successfully. Under both "hot" and '"cold"
launch conditions, the seals met leakage requirements and with-
stood launch pressures up to 90 1b./in.2 (ga) and annular gaps as
large as 2.3 in.
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Figure 18. “Cold Launch” seal test using
compressed gas for propellant

Figure 19. “Hot Launch” seal test using a gas generator for launch propellant
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Figure 20. Segment of seals showing abrasion and ablation caused by test
launches
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Many missile systems employ a tube to guide the missile dur-
ing launch. There are at least two basic sealing techniques to
minimize launch pressure blow-by during this period - one is to
attach several seals along the tube inside diameter which are
successively "uncorked" as the missile travels out the tube, a
second is to attach one seal to the base of the missile so that
the seal exits the tube with the missile. The reasons for select-
ing one scheme over the other are many and varied and may include
such factors as type of propulsion, mechanical shock environment
during stowage, and the ability of the missile to withstand pres-
sure and seal forces, etc. It is not our purpose here to discuss
how these factors are analyzed to determine which manner of seal-
ing is to be employed - it is sufficient to note that for a given
set of design conditions, one system or the other will be favored.

Literature Cited

Athey, R. J., DuPont Bulletin No. 12 (1967).

Meier, J. F., Rudd, G. E., Molnar, A. J., Jerson, D. D.,
Mendelsohn, M. A. and Rosenblatt, G. B., Chapter l4 in this
volume.

Molnar, A. J., Rudd, G. E. and Meier, J. F. (to Westinghouse
Electric Corp.), U.S. Patent 4,033,593 (1977).

Receivep May 20, 1980.

In Resins for Aerospace; May, C.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



16

Molecular Composites

Rodlike Polymer Reinforcing an Amorphous Polymer Matrix

G. HUSMAN, T. HELMINIAK, and W. ADAMS

Air Force Materials Laboratory, Nonmetallic Materials Division,
Wright—Patterson Air Force Base, OH 45433

D. WIFF and C. BENNER
University of Dayton Research Institute, Dayton, OH 45469

Recent developments in the synthesis of rodlike aromatic
heterocyclic polymers have generated a great amount of interest
in the development of these polymers as structural materials. A
large effort is currently being expended to characterize these
polymers and to develop them into useful product forms, such as
fibers, films or sheets. The Air Force Materials Laboratory and
the Air Force Office of Scientific Research are engaged in a
research and development program directed toward the preparation
and processing of very high strength, envirommentally resistant
polymers for use as structural materials in aerospace vehicles.
The objective is the attainment of mechanical properties for a
structural material comparable with those currently obtained with
fiber reinforced composites, but with significantly higher envi-
ronmental resistance and without the use of a fiber reinforce-
ment. The materials chosen for this effort are the rigid rod,
extended chain, aromatic-heterocyclic polymers whose physical and
chemical properties show promise for achievement of the program
objectives. However, these materials present special processing
problems because of the extended chain, rigid rod structural
character of molecules. Present processing requires strong min-
eral or organic acid solvents and there is little opportunity to
influence the polymer morphology once the material is in the
solid state. One potential concept for the utilization of the
rodlike polymers is molecular composites. This concept consists
of blending a rodlike aromatic heterocyclic polymer with a coil-
like aromatic heterocyclic polymer. The intent is to reinforce
the coil-like or amorphous polymer with the rodlike polymer, thus
forming a composite on the molecular level analogous to chopped
fiber reinforced composites. The subject of this paper is a
study to demonstrate the feasibility of this concept.

Materials and Processing

A variety of rodlike and amorphous polymers were studied in
this investigation. The chemical structures of the various

This chapter not subject to U.S. copyright.
Published 1980 American Chemical Society
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TABLE I

POLYMERS STUDIED
CHEMICAL STRUCTURE ACRONYM

Rod-Like Polymers

N
1. —W@ S>—t— PDIAB
N N
| |
H H

N N
2. — 4 \)_@——- PBO
=, TOL ;
. Y =
3. -t >—<: :}—-—-— PBT
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Coil~Like Polymers

I :N
1. /\ M-PBI
N
| |
H H
n
N
2. 2 AB-PBI
N
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polymers are shown in Table I. The polymer blends studied and
their weight percents are listed in Table II.

The polymer blends studied were processed as thin films by
vacuum casting from dilute solutions. The general procedure
followed was to prepare a 1-2% polymer solution in methane sul-
fonic acid and put the solution in a specially fabricated circu-
lar flat bottomed casting dish. The dish was then placed and
leveled in the bottom of a sublimator. The cold finger of the
sublimator was maintained at 25°C and the sublimator was con-
tinuously evacuated and heated to 60°C to facilitate the removal
of the methane sulfonic acid. After the films were formed and
removed from the casting dish, they were generally dried at 100°C
in a vacuum oven for 24 to 48 hours. The films produced_were
approximately 5 cm in diameter and varied from 1.3 x 107~ to
16.5 x 107 3cm in thickness. Most of the films retained approxi-
mately 20 to 307 residual solvent.

Specimen Preparation and Testing

The films were cut with a razor blade into .635 cm strips.
Strips at least 2.54 cm in length were used for testing, while
shorter pieces were used for as cast morphological studies.

Tests were performed on an Instron universal test machine at a
crosshead speed of .02 inches per minute. After initial specimen
breaks occurred, remaining pieces were retested until the length
became too short to reasonably grip and test (approximately 1.5
cm). This provided not only as-cast data, but also mechanically
stretched data. In addition, some specimens were plasticized
with methanol to permit larger amounts of stretching. After
these specimens were dried of the methanol, they were mechani-
cally tested to determine the effect of the stretching.

The results of the testing of the AB-PBI/PDIAB blends are
presented in Table III. These blends were studied in the most
detail because they appeared to be the most compatible polymer
blends and gave the most interesting results. Several general
observations can be made about the data. In the as-cast (no
stretching) polymer blends, the rod-like polymer appears to act
more as a filler than a reinforcement. However, stretching (both
mechanical and solvent) appears to provide some orientation and
demonstrates a real reinforcing effect (strength and modulus in-
creases). The reinforcing effect, however, does not follow a
rule-of-mixtures behavior, the 10 percent blend being proportion-
ally better than the 20 percent or 30 percent blends. The 57
percent and 75 percent blends could not be stretched because of
their low strain-to-failure and no significant reinforcing was
observed. Similar trends were observed with other polymer blends
studied; however, the data presented represents the most signi-
ficant results.
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TABLE II

POLYMER BLENDS STUDIED
Weight Percents of

Matrix Reinforcement Reinforcements
1. M-PBI PDIAB 0, 20, 50, 75
2. AB-PBI PDIAB 0, 10, 20, 30, 57, 75
3. PPBT PBT 0, 25, 50, 75
4. PEPBO PBO 0, 25, 50, 60, 75
5. AB-PBI PBO 0, 10, 20, 30
TABLE III
MECHANICAL PROPERTIES - AB-PBI/PDIAB BLENDS
% ROD STRETCH/ MODULUS STRENGTH STRAIN
% AREA
POLYMER REDUCTION (G Pa) (M Pa) (%)
0 None 1.03 79.92 98
0 Mech./20 2.00 134.36 43
0 Solvent /60 3.37 105.42 12
10 None 2.00 70.28 46
10 Mech. /37 4.60 161.92 28
10 Solvent/57 6.86 315.56 14
20 None 1.58 44,10 26
20 Mech. /37 2.38 82.68 15
20 Solvent/70 7.17 253.55 9
30 None 1.25 36.52 14
30 Mech. /20 2.16 71.66 22
30 Solvent /60 8.96 189.48 4
57 None 1.34 28.73 5
75 None 1.51 22.32 4
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Morphological Studies

The morphology of the films has been studied using scanning
electron microscopy and x-ray diffraction. A careful study of
SEM photographs explains many of the observed test results. Fig-
ures 1-4 show SEM photographs of the surfaces of the 0%, 10%,

20%, and 30% rod films respectively. The morphological changes
are obvious. Figures 5-8 show edge views of liquid nitrogen
fractures of the same four films. Several observations have been
made from the study of the SEM photographs. A second phase or
conglomerate is present in the blends. These conglomerates in the
as-cast (not stretched) films appear to be symmetric and saucer
shaped with an aspect ratio (length/thickness) of 2-3. The abso-
lute size of the conglomerates increases with increasing rod con-
tent. The volume content of the conglomerates in the film is
greater than the volume content of rod-like polymer, indicating
that the conglomerates contain both rod-like polymer and amorphous
polymer. Stretching the films changes the shape of the conglom-
erates, increasing the length and decreasing the width and thick-
ness. This can be seen in Figures 9 and 10 which show edges per-
pendicular to and parallel to the stretch direction of a 30% rod,
solvent stretched film.

A tabulation of some of the morphological phenomena is pre-
sented in Table IV. Although the measurements made were rela-
tively crude, the magnitudes of the measurements and phenomenolog-
ical trends can be derived from this data. One important observa-
tion is that volume calculations indicate that the percent rod-
like polymer in the conglomerates is constant, approximately 57%.
This assumes that all of the rod is in the second phase. If this
is true, it indicates that 57% may be an equilibrium mix condition
for the two polymers. To verify this, a 57% PDIAB/43%Z AB-PBI film
was prepared. As can be seen in Figure 11, no second phase was
observed. Results of the x-ray diffraction studies are still
being analyzed; however, definite signs of ordering and orienta-
tion have been observed.

Analysis

In order to develop a better understanding of the results
obtained, analysis procedures developed for composite materials
were utilized for determining the effective moduli of the conglom-
erates. The Halpin-Tsai equations (l) used are shown below:

Halpin-Tsai Equations

E _ @Q+z n vp)
By T -n vp
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Figure 1. 100% AB-PBI surface
(1500%)

Figure 2. 90% AB-PBI/10% PDIAB
surface (1500 <)

Figure 3. 80% AB-PBI/20% PDIAB
surface (1500 )

Figure 4. 70% AB-PBI/30% PDIAB
surface (1500 )
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Figure 5. 100% AB-PBI edge (2000 )

Figure 6. 90% AB-PBI/10% PDIAB
edge (2000 )

Figure 7. 80% AB-PBI/20% PDIAB
edge (2000X)

Figure 8. 70% AB-PBI/30% PDIAB
edge (2000 )
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Figure 9. 70% AB-PBI/30% PDIAB
solvent-stretched edge 1 to stretch
(2500<)

Figure 10. 70% AB-PBI/30% PDIAB

solvent-stretched edge || to stretch
(2500<)
TABLE IV
MORPHOLOGY OF AB-PBI/PDIAB BLENDS

Conglomerate 90/10 80/20 70/30
Length (em x 10_4)

Initial 1.78 3.81 5.84

Mechanically Stretched 2.54 5.08 7.62

Solvent Stretched 3.81 5.08 6.35
Thickness (em x 10—4)

Initial .635 1.27 1.91

Mechanical Stretched .508 - .889 1.27

Solvent Stretched .254 .508 .762
Width (em x 10~4)

Initial 1.78 3.81 5.84

Mechanically Stretched 1.52 3.30 5.08

Solvent Stretched 1.02 1.14 1.27
Aspect Ratio (L/T)

Initial 2.8 3.0 3.1

Mechanically Stretched 5.0 5.7 6.0

Solvent Stretched 15 10 8
Volume 7% in Film 18% 357% 53%
Volume % in Conglomerate 56% 57% 57%
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= Composite or film modulus.

= Volume fraction of reinforcement.

E

EM = Corresponding matrix modulus.

Ve

E& = Corresponding effective reinforcement modulus.
g

= Measure of reinforcement dependent on boundary
conditions (for these calculations, taken
as ¢ = 2 (a/b).

The results of the analysis are shown in Table V. Several obser-
vations can be made from these calculations. The higher effec~
tive modulus of the conglomerates in the stretched 10% rod film
indicates a higher degree of orientation in these conglomerates.
This increased orientation and corresponding higher aspect ratio
of these conglomerates accounts for the higher relative modulus
observed in the 10% rod films. The magnitudes of the conglomer-
ate moduli are high indicating relatively good translation of rod
properties. Even in the most highly stretched 10%Z rod film, the
conglomerate aspect ratio and degree of orientation are not
nearly sufficient to obtain desired properties. Therefore, the
conglomeration is considered undesirable and complete dispersion
of the rods plus the ability to orient them in the film is the
desired goal.

Processing Studies

In an attempt to achieve dispersion of the rods, various
processing techniques were studied. Instead of vacuum casting
the films, a technique of precipitating from dilute solution in a
high humidity environment was developed. A 10% PDIAB/90% AB-PBI
film made by this process is shown in Figure 12. As can be seen,
no visible second phase is present. Mechanical properties of
this film are given in Table VI. The properties are much better
than those obtained from the vacuum cast films indicating excel-
lent translation of rod properties.
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Figure 11. 43% AB-PBI/57% PDIAB
edge (1500%)

TABLE V
CALCULATED CONGLOMERATE MODULUS - AB-PBI/PDIAB BLENDS

90/10 AB-PBI/PDIAB (Initial) Ef = 16.15 G Pa
90/10 AB-PBI/PDIAB (Mech. Stretched) Ef = 33.35 G Pa
90/10 AB-PBI/PDIAB (Solvent Stretched) Ef = 26.23 G Pa
80/20 AB-PBI/PDIAB (Solvent Stretched) Ef = 15.43 G Pa
70/30 AB-PBI/PDIAB (Solvent Stretched) 'E'f = 14.94 G Pa
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Figure 12. 90 %AB-PBI/10% PDIAB
water-precipitated edge (1500 X )

TABLE VI
MECHANICAL PROPERTIES - 90% AB-PBI/10% PDIAB
(PRECIPITATED)

STRETCH MODULUS STRENGTH STRAIN
7% AREA
REDUCTION (G Pa) (M Pa) (%)

None 3.08 92.39 15
Mech./5 4.00 122.09 13
Solvent/55 9.65 243.95 3
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Summary

The concept of molecular composites has been demonstrated.
Although the studies to date are very preliminary, the concept
appears to be very promising. Future work will be oriented toward
characterizing the solution behavior of the polymer blends and
developing processing techniques to achieve better morphology con-
trol as well as orientation control.
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Analytical Techniques Applied to the Optimization of
LARC-160 Composite Lamination

A. WERETA, JR. and D. K. HADAD
Lockheed Missiles & Space Company, Incorporated, Sunnyvale, CA 94086

LARC-~160 is a commercially available polyimide resin system
developed by NASA Langley which starts out as a mixture of mono-
meric reactants in an ethanol solution (l). The constituents of
LARC-160, shown in Figure 1, are the diethylester of benzophenone
tetracarboxylic acid (BTDE), the ethyl ester of norborene dicar-
boxylic acid (NE), and Jeffamine AP-22, a mixture of ditri- and
tetrafunctional isomers, as well as higher molecular weight spe-
cies of methylene dianiline. These constituents are mixed in
molar ratios of 0.335:0.610:0.539 (BTDE:NE:Jeffamine AP-22) which
give an average molecular weight of 1600.

Ideally, the monomers undergo a condensation reaction to form
imidized oligomers end capped with norborene rings. Tri- and
tetrafunctional amine isomers provide some crosslinking via con-
densation; however, the bulk of crosslinking is attributed to an
addition reaction as the norborene rings open at higher tempera-
tures.

Lockheed Missiles & Space Company, Inc. (LMSC) is currently
evaluating LARC-160 prepregged on graphite fabric in a combined
materials, design, analysis, and manufacturing program aimed at
developing a fiber-reinforced organic matrix composite for use at
317°C (600°F). Autoclave cure cycles are of primary interest be-
cause they are required for large part fabrication. A workable
autoclave cycle, Figure 2, was empirically developed at LMSC and
demonstrated on an integrally stiffened cylinder measuring 30 in.
in diameter by 12 in. high (2). Since the results show promise,
an optimized process is now desired.

Processing LARC-160 prepreg into well-consolidated composites
of high quality requires removal of both prepregging and condensa-
tion volatiles and timely application of consolidation pressure.
Premature consolidation results in excessive flow and/or trapping
volatiles which can lead to voids, blistering, delamination, or
reduced performance at elevated temperatures (plasticization).
Delayed pressurization results in poor flow because of incipient

0-8412-0567-1/80/47-132-215%05.00/0
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Figure 2.
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network formation. Optimum processing requires definition of a
processing window between these extremes which is subject to the
constraints of the particular manufacturing process, be it auto-
clave, hydroclave, or matched-metal molding. Process variables

of interest include heating rate(s) and hold temperature(s), de-
gree of vacuum and both the degree and rate of pressurization. 1In
addition, a pidicous choice of ancillary materials such as bleed-
er plies and resin barriers must be made on the basis of the res-
in's flow characteristics.

The chosen path to optimization centers around defining the
rheological changes which occur during processing and relating
them to volatile evaluation and chemical kinetics. The initial
phase of this work entailed evaluation of analytical methods which
could follow chemical and physical changes during staging. Infra-
red spectroscopy (IR), differential scanning calorimetry (DSC),
and liquid chromatography (LC) were used to follow chemical changes.
Volatile evolution was traced by mass spectroscopy (MS) coupled to
a heated cell and physical changes were visually observed on a
programmed hot plate. Rheological changes, as determined by di-
electric spectroscopy and dynamic viscosity measurements, were
compared. All results will ultimately be correlated with dielec-
tric spectra because they are amenable to real time process moni-
toring and control of production hardware (3,4).

Experimental

The material used in this investigation was a commercially
produced LARC-160 prepreg. The graphite fabric used for rein-
forcement was a 24 x 24 8 harness satin weave of Thornel 300 fi-
ber tows containing 3,000 filaments per tow. The fibers were
sized with a C 309 epoxy coating at a concentration of 2% or less.
Fabric was prepregged by dipping into a LARC-160/ethanol solution
and tower drying to obtain acceptable levels of tack and drape.
Resin solids, volatile content and flow were determined to be
41.8, 13.9, and 37.4%, respectively.

Samples for IR, DSC and LC experiments were all previously
staged in an Audrey II dielectric cell heated at 4°C/min to a
selected temperature. This assured good correlation with the di-
electric data and allowed a look at imidization under process-
like conditions where diffusion of trapped volatiles can influence
the reaction rate. Kinetic studies often ignore the influence of
by-product diffusion on reaction rates (5) but such considerations
are of prime engineering concern.

Infrared spectra were obtained on a Perkin-Elmer Model 180
Grating Spectrophotometer. Staged samples were ground up and
formed into KBr pellets whereas resin from the control prepreg
was smeared onto a salt plate.

DSC thermograms were obtained with a DuPont Model 990 Thermal
Analyzer. Samples of staged resin were first ground up and then
weighed to 7.0 + 0.03 mg in presorted aluminum pans of equal
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weight. Sample pans were covered but not crimped before scanning
at a heating rate of 10°C/min.

Liquid chromatograms were obtained on each of the staged sam-
ples as well as the control prepreg and Jeffamine AP-22 using a
Waters Associates Model 244 Liquid Chromatograph. The separation
was obtained by gel permeation chromatography, a size exclusion
technique using STYRAGEL columms (500 + 103A) and dimethylforma-
mide as the mobile phase.

A Hitachi Perkin Elmer Model RMU-6 mass spectrometer of the
single focusing magnetic variety with a heated inlet was used to
detect volatiles released from a prepreg sample as it was heated
at 4°C/min. It was necessary to outgas the chamber for several
minutes at approximately 1 microtorr before heating so that the
initial prepreg concentrations were altered.

Visual observations of bubbling and hardening were performed
between glass slides on a hot plate heated at 4°C/min. A fiber-
glass cloth blanket was used to minimize heat losses. A low
magnification microscope aided observation and relative deforma-
tion of the glass slides provided a means for determining the
resin's hardness at any given time.

The dielectric dissipation factor was measured with a Tetra-
hedron Audrey II dielectrometer at a frequency of 1 kHz. One
layer of cloth prepreg was placed in an aluminum foil dish and
covered with successive layers of 181 weave glass fabric and 5 mil
thick Kapton film before inserting into an Audrey sample cell,

The glass fabric extracts resin from the conductive graphite fab-
ric so that the dielectric properties of the matrix resin can be
monitored during cure. The Kapton film is generally considered
stable and therefore without influence on a curing epoxy resin,
but when polyimides or other high temperature resins are being
cured the presence of the Kapton must be considered.

A Rheometrics mechanical spectrometer was used to measure
relative viscosity changes during cure of LARC-160 prepreg. Four
layers of stacked prepreg were sandwiched between 50mm dia. par-
allel plates separated by a 1 mm gap. The bottom plate remains
stationary while the top plate is sinusoidally oscillated, in this
case at a selected frequency (1 Hz). The sample cell was heated
in a stepwise fashion which closely approximated a ramp function
of 4°C/min. Similar experiments were attempted with unreinforced
LARC-160 at heating rates of 2 and 4°C/min.

Results and Discussion

Advances in cure chemistry are discussed relative to data
obtained from DSC, IR, and LC experiments before proceeding to
chemorheological results obtained from dielectric and dynamic
viscosity measurements.

A series of DSC thermograms for LARC-160 resin which had been
staged at 120° and 150°C are shown in Figure 3. The thermogrqms.
are vertically shifted for ease of comparison. In order to aid in
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Figure 3. Thermograms for LARC-160 prepreg samples staged at 120° and 150°C
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the discussion, several samples were first scanned to 320°C,
cooled, and then rescanned as shown in Figure 4. While the re-
heated samples are certainly not fully cured, they indicate the
behavior of highly imidized resin. Several comments can be made.
First, the thermograms are rather noisy below 150-175°C for sam-
ples staged less than 2 hours at 120°C, no doubt because of the
retention of volatiles. Second, there is a persistent, although
small endothermic peak around 75°C in these samples which can be
associated with monomer melting and perhaps salt formation (6).
This peak is no longer evident for the more severe staging condi-
tions in this series. Third, there is a strong endothermic peak
around 160°C for the least staged sample which shifts to higher
temperatures as its magnitude decreases with increased staging un-
til it is no longer apparent for the 120°C/2 hour sample. This
peak is associated with imidization and appears in the same region
reported for the chemically similar PMR-15 formulation (6). A
shift to higher temperatures with increased staging could be the
result of decreased mobility as imidization progresses. Addition-
al evidence supporting this possibility will follow. Finally,
there is an upward tail on all the thermograms which was initially
associated with the crosslinking reaction involving norborene
rings. However, Lauver (6) shows that PMR-15 exhibits another end
of them in this region when scanning at 10°C/min under 60 PSI of
nitrogen and that the crosslinking exotherm does not occur until
325°C. LARC-160 thermograms in the vicinity of the rise were ra-
ther erratic as indicated in Figure 4 for the reheated samples,
and in fact satisfactory peak resolution was not obtained when
scanning as high as 460°C., 1t appears that high pressure DSC may
be a more valuable tool and its utility is now under investigation
in our laboratory. No quantitative measure of imidization rate
was attempted with the data presented in Figure 4.

IR spectra for a sample of LARC-160 prepreg and a sample of
LARC-160 staged for 30 minutes at 120°C are shown in Figure 5.
Some of the key bands have been identified and labelled on the
spectra. Spectra were obtained on samples staged at 120, 150, 177,
and 204°C for times up to 2 hours. A quantitative measure of imi-
dization kinetics was obtained from this data. A band at 1380cm™l
was chosen to follow the imidization reaction because it was shown
elsewhere (5) that Beer's law is obeyed, i.e., there is no change
in absorption coefficient during the reaction. This is not the case
for a band at 1780cm-l. A band at 1510cm~l was chosen as an
internal standard since each point shown in FigurelO represents an
individually staged sample. The band at 1510cm™1, associated with
a substituted aromatic ring, showed no apparent changes during
imidization. A straight baseline was drawn between 1900 and 1030
cm™! and relative absorbance ratios of the 1380cm™l band to the
internal standard band at 1510cm™! were calculated from measured
values of transmittance. The degree of imidization during cure
was determined by comparing the above ratio for each staged sample
(time=t min.) with that of the baseline prepreg (t=o min.) and a
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Figure 4. Comparison of original and reheated thermograms for staged LARC-
160 prepreg
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fully imidized sample (t=w=). A completely imidized material was
somewhat arbitrarily chosen as that obtained by heating a staged
sample to 316°C and holding for one hour. An isothermal expression
for the fraction imidized at any time is given by

A 1380 .. A 1380 .
A 1510 a 1510 (Prepreg)

Fraction -
Imidized

A 1380 ° A 1380
A 1510 (1 hr @ 316°C) - 2 1510 (prepreg)

where A 1380 and A 1510 represent the absorbences corresponding to
the respective band lengths. The results are shown in Figure 6.
Data for the 120 and 150°C staging temperatures appear well be-
haved, showing smooth, monotonic increases in the fractions imid-
ized as a function of time. While data at the 177°C staged tem-
perature displays the same initial behavior, there is a sharp drop
in the fraction imidized for the 1 1/2 hr. sample. Since it rep-
resents a single sample, its significance is unknown. An unex-
pected result occurs for the 204°C staging temperature where it
appears that less imidization occurs than at 177°C and in fact not
much more than that found at 150°C. This behavior may be explained
by the dielectric results which are discussed later.

The chromatograms of Figure 7 show definite effects of stag-
ing as indicated by the appearance and growth of peaks associated
with unidentified molecular species. Judging from the similarities
in evolution times, it appears that the species may be associated
with Jeffamine reaction products. The present separation tech-
niques have not been optimized, but the method appears quite sen-
sitive to chemical advances caused by staging. One must realize,
however, that the analysis is limited to soluble species, and that
its utility is therefore limited to the early stages of cure.

A very simple, yet quite useful experiment shedding insight
into the rheology of LARC-160 during cure was conducted with a
programmed hot plate. By following the cure cycle illustrated in
Figure 8 and noting the behavioral changes indicated thereon, a
basic understanding of the processing behavior of LARC-160 was
obtained. These results were correlated with those from mass spec
analysis in order to find out relative volatile evolution rates
and with the dielectric dissipation factor in order to aid in its
interpretation. Visual observation showed that the prepreg began
softening at about 85°C. Bubbling began at 95°C, became violent
near 115°C, and subsided near 150°C as the resin thickened. Within
15 minutes after reaching 177°C, the prepreg had become quite hard
and could not be deformed by relative motion of the glass slides.

The mass spec shows that water and ethanol are the major
volatiles emerging during cure. Initial concentrations of ethanol
and water may be associated with residual prepregging solvent and
absorbed atmospheric moisture, but between 100-120°C the concen-
tration profiles change. This may be due to the decreased resin
viscosity or the onset of imidization or both. Both concentration
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Figure 7. Liquid chromatograms for staged LARC-160
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levels remain high during the temperature hold and change very
little, even when the resin softens during resumption of heating.
It would appear that the evolution of these volatiles is not hin-
dered by the nearly glass state of the resin, but one must remem-
ber that the mass spec experiment was conducted under high vacuum
and the prepreg was only a single ply. In addition, it is not
known if the evolution rate reflects the imidization rate or the
diffusion rate to the surface. 1In any case it is clear that a
large concentration of volatiles remain in the resin when the pre-
preg is heated to the cure temperature and that they could get
trapped within a composite as increased crosslinking gives rise to
a glossy state. A free standing postcure therefore appears desir-
able for composite hardware with thick cross sections. The only
other volatile measured in reasonable concentrations was cyclopen-
adiene. It first appeared at about 100°C and rose to a shallow
maximum near the onset of the 177°C hold. 1Its concentration began
rising again once the imidized resin softened during reheating
(260-300°C). Cyclopentadiene is known to arise from a reverse
Diels-Alder reaction associated with polymerization through the
norborene ring (1,7). However, its appearance prior to the final
cure reaction is unexplained at this time.

The Audrey dielectric dissipation factor shows an initial
peak (48°C) associated with the prepreg softening and perhaps flow
of the resin into the adjacent bleeder ply. A second peak (157°C)
appears when the resin hardens due to imidization and therefore
increased chain stiffness. A third peak (300°C) appears when the
imidized resin softens and rehardens as cure continues. Dissipa-
tion peaks appear in regions of limited mobility which are bounded
by regions of high or low relative viscosities. This interpreta-
tion is consistent with the visual observations described above
and with the dynamic viscosity measurements shown in Figure 9 .
Upon rescanning a cured sample both the first and second peaks are
gone, but one similar to the third remains. Although the third
peak seems to be meaningful in terms of LARC-160 rheology, it ap-
pears to be influenced by the Kapton film used in the dielectric
cell. Note that the dissipation factor is plotted on a nonlinear
scale.

A series of dielectric dissipation curves are shown in
Figures10 and 11. Heat up to staging temperatures of 93, 105, 121,
149, 177, and 204°C along with the corresponding dielectric re-
sponses are shown in Figure 10. Resumption of heating from each of
these staging temperatures up to a 316°C cure temperature and
their corresponding dielectric responses are shown in Figure 11.
Referring first to the staging temperatures one finds no change in
dipole mobility after 40 minutes at 93°C. Temperatures at or be-
low 93°C may be useful for debulking thick parts of complex geo-
metry if such a step is deemed necessary. By increasing the stag-
ing temperature to 105°C, one finds a very broad, drawn-out peak
extending out to 310 minutes indicative of a slow reaction rate.
The rate increases considerably by raising the hold temperature to
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121°C where dipole mobility continues for about 140 minutes. A
staging temperature of 149°C shows a dissipation peak appearing
immediately after reaching temperature and the cessation of dipole
mobility after a total time of 55 minutes. For staging tempera-
tures of 177 and 204°C, the position of the dissipation peak is
virtually the same as that for the 149°C staging temperature.
However, the peak occurs during heat up for the two higher staging
temperatures. It should be emphasized that the peak reflects a
change in modulus and not actually extent of chemical reaction as
was exemplified by the programmed hot plate experiment. The di-
electric experiments lend credance to the IR findings which indi-
cate less imidization occurs at 204°C than at 177°C. Since the
resin hardens during heating, a significantly lower diffusion rate
in the solid state could account for the diminished reaction rate.
The dielectric staging experiments also suggest that heating rate
is a very important process parameter which warrants investigation
for LARC-160.

Figure 11 shows the dielectric dissipation during resumption
of heating from a series of staging temperatures. 1In the case of
a 93°C staging temperature, the imidization peak appears at nearly
the same temperature at which it appeared during a straight heat
up with no staging. One may conclude that 40 minutes at 93°C does
not significantly affect the imidization rate of LARC-160. There
seems to be a remnant of the imidization peak for a 105°C staging
temperature although it appears at a lower temperature than anti-
cipated. The cure peak occurs at one of two temperatures in the
vicinity of 300°C. The lower temperature peak corresponds to
staging temperatures of 93 and 105°C and the higher one to staging
temperatures of 121°C and higher. A lower peak temperature indi-
cates a lesser extent of reaction for the molder staging condi-
tions. The relative heights of the cure peak show no smooth trend
with staging temperature and the significance of this observation
is without explanation.

When comparing the dielectric dissipation factor to the dy-
namic viscosity data as shown in Figure 9 , it becomes clear that
although the shapes of both curves are similar, the dielectric
peaks precede the viscosity peaks. This is explained by the fact
that a more localized motion is satisfactory for dipole oscilla-
tion while cooperative segmental chain motion is necessary for
flow.

The dynamic viscosity data of Figure 9 gives a relative
measure of 7% during cure of LARC-160 prepreg. Only relative
values of n* on the ordinate are significant because of the com-
posite nature of the sample. Regions of high and low viscosity
are delineated with respect to temperature when LARC-160 is cured
at a heating rate of 4°C/min, about the maximum available with an
autoclave. When the LARC-160 formulation is first heated, the
viscosity decreases as temperature increases until imidization
occurs. The viscosity then levels off and then increases until
the partially imidized resin softens with continued heating.
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Further imidization and crosslinking account for the final rise
in viscosity. Measurements were terminated at this point in or-
der to facilitate sample removal.

Absolute viscosity measurements are not readily obtained on
unreinforced LARC-160 because of extensive volatile evolution dur-
ing heating. Bubbling was visually observed in the region of low
viscosity for both neat resin and prepreg samples of LARC-160.

As a result, the signal became somewhat erratic in this region.
Bubbling of unreinforced resin at a heating rate of 4°C/min causes
excessive resin loss from the sample cavity and the experiments
had to be terminated. By reducing the heating rate to 2°C/min,
the problem was reduced, but further improvement is required be-
fore meaningful data can be obtained. A pressurized sample cell
is now being developed for further studies.

The use of prepreg rather than unreinforced resin is viewed
as an expedient way of obtaining relative viscosities for cure
cycle development. The problem of volatile evolution is much less
pronounced with prepreg because the fabric helps maintain resin in
the sample cell.

Summary

A number of experimental techniques were evaluated for opti-
mizing LARC-160 composite lamination. Processing characteristics
were determined by a combination of chemical, thermal, and rheo-
logical techniques. A good quantitative measure of imidization
kinetics was obtained from infrared spectroscopy. Combined with
results from dielectric spectroscopy and visual observations on a
programmed hot plate, the infrared findings suggest that too high
a staging temperature reached at a reasonable process heating rate
can lead to a diffusion-limited imidization rate. At 4°C/min the
imidization rate at 204°C actually lagged behind that at 177°C.
Slower heating rates would presumably lower the staging temper-
ature at which the same phenomenon could be observed. Thermal
analysis by DSC gave marginal results because of residual vol-
tiles contained in staged samples. Liquid chromatography was not
developed to its potential, but the preliminary findings showed
distinct differences between samples staged to varying degrees.
Mass spectroscopy confirmed that water and ethanol are the main
outgassing constituents during LARC-160's cure, while cyclopenta-
diene appears around 100°C and maintains a low concentration until
the addition reaction begins and then its concentration rises.
Dielectric spectroscopy showed that well defined differences in
dissipation factor can be attributed to the influence of staging
temperature. Three pea