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ABSTRACT

The properties of several polymeric materials obtained from a review of
available data were defined and tabulated. Information on the polymeric mate-
rial for both film and fiber forms, where available, was tabulated. Potential
polymer classes for further development as materials for space applications

have been identified.
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SECTION I

INTRODUCTION

The new classes of polymers developed during the past few years impart
unique properties upon structural materials. The new polymeric materials are
used in applications throughout the spectrum of working temperatures, from the
rocket nozzles exhaust to cryogenic tankage environments. Certain polymeric
materials successfully withstand exposure to the hostile environment of space,
where high vacuum, radiation, and micrometeoroid impact tend to degrade mater
rials.

In order to determine the effectiveness of the various polymeric materials
for potential space applications, the properties and possible applications of
different polymeric materials were surveyed. The availability of information
on the different polymer classes was, as would be expected, dependent upon
many factors, including the length of time since pilot production and the form
in which the material had been produced. If the polymeric material were pro-
duced primarily as a film, properties such as tensile strength, permeability,
and flexibility were emphasized. Feasibility studies and actual hardware fab-
rication of expandable structures have indicated new applications for structural
flexible materials. These applications require fibrous materials which exhibit
the flexibility needed for folding and packaging yet maintain a structural
capability in the expanded state.

In order to determine the properties and potential of the different
polymeric families, several general guidelines were established to minimize
the complexity of obtaining this information. These guides, used throughout
the investigation, are listed below.

1. The polymer classes were set up based on materials whose devel-
opment had progressed beyond the point of initial laboratory
synthesis.

2. The properties were reported as a range of values and not as a
single value. This was considered to be more meaningful, as
the wide variation in properties of polymeric materials is
apparently due to differences in proprietary process by the
producers.

3. Only room temperature properties at standard environment were
tabulated for this report. The lack of standard test methods
for environmental testing prevented a correlation of data from
different sources. This lack of standardization was partic-
ularly noticeable in the areas of vacuum and ultraviolet testing.




SECTION II

REVIEW AND RATING OF POLYMER CLASSES

Polymers were selected from a preliminary list of 22 polymer families.
This general classification served as the starting point for the material
selection. This compilation, presented as Table 1, included various available
forms of the polymers, such as moldings, fibers, films, and foams. Each form
of the material may have various applications.

Table 1 describes the polymer type, forming reaction, and principal
advantages and disadvantages. The type of polymer is classed as either
thermoplastic, thermosetting, or nonmelting. There may be two types of the
same polymer, depending on the type of forming reaction employed.

The polymer forming reaction is either the addition or condensation type.
Addition polymer reaction produces the polymer as the sole product. On the
other hand, the condensation polymerization yields a polymer and a secondary
product which is usually in the form of a volatile material.

The various sources used for obtaining the information included Chemical
Abstracts, Technical Abstract Bulletin (TAB), Scientific and Technical Aero-
space Reports (STAR), and Modern Plastics Encyclopedia for 1966, and provided
the starting point for obtaining the information of the different classes of
polymers. The general headings used in the abstracts are listed in Table 2.

The abstracting services of the Defense Documentation Center (DDC) were
used to obtain a report bibliography entitled 'Materials for Spacecraft
Applications.”

The literature on material characteristics and properties was compiled
from these sources, and is presented in Appendix I.

Manufacturers of various polymers were also contacted in an attempt to
obtain pertinent information on their product. With only a few exceptions,
unfortunately, they were reluctant to cooperate, probably because of proprie-
tary reasons.

Inasmuch as the task of compiling information for all the polymer classes
listed in Table 1 would have been beyond the frame of this study, a system of
selecting several polymer classes was used. A numerical rating was established
for each of several properties for the different polymer classes. A rating of
3 indicated that the polymer had good properties or resistance to a given con-
dition; a rating of 2 indicated that properties were satlsfactory, and a rating
of 1 indicated unsatisfactory performance in the designated area.

The physical and mechanical properties used for the rating included tensile
strength and modulus, and toughness at room temperature. The polymer was also
judged on its capability of continuous use at both 500°F and cryogenic tempera-
tures. These properties were considered to be representative of the mechanical
properties required of a potential polymer for space usage. The different
polymer classes were also rated in terms of the effect of vacuum exposure and
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TABLE 2

ABSTRACT HEADINGS FOR LITERATURE SURVEY

Abstract Source

Chemical Abstracts

TAB

STAR

Radiation;
effect on polymers

Polymers;
aging of
radiolysis of
radiation effect on
radiation resistance of
stress-temperature
properties of
space effects on

Organic coatings;
degradation of

Space environment
conditions;

Polymers;
space effects on
radiation effects on
thermal properties
of

Space radiation;
effect of

Space environment

Space suit;
materials for

Radiation effects
Polymers
Depolymerization
Space vehicles;
materials for

(adhesives, coatings)

Vacuum;
effect on (polymers)

radiation stability. A final rating factor was polymer fiber forming capability.
The assigned rating and the total for each polymer class is presented in Table 3.

Polymer classes were selected based on the total rating for the class in
general. The following polymer classes had the highest rating and were thus
chosen for further investigation: :

Class Rating
Polyheterocyclics 23
Ladders, Step Ladders 21
Polyaromatics (Polyxylylenes) 20
Cellulosics (Regenerated) 19
Fluorocarbons 19
Polyaromatics (Polyphenylenes) 19
Polyesters (Saturated) 18
Polyamides 17
Polyurethanes 17
Polyolefin (Polypropylene) 17

6




TABLE 3

RATINGS OF POLYMER FAMILIES

)
ds| o 2|BE[28|.e|E58] 4
gl o o| E-Rl e |EY]lAm]|u—|a®
R gl o |2 2loa|lon]= 8
Po]_ymers SS Hs |Ha|lBH 2] sSoulgmlaala
Mg Ml LSloQ Y Qlralr®]ohR
H N o sl © %tﬁ S |l @ = B H‘“
Eq;; = o] ,E]og" Hg">rﬁ o o O (21
& Blzo|Po Mmool o
Acrylics 3 3 1 1 1 1 1 3 14
(Including styrene-
modified acrylics
Allylics 2 2 1 1 1 2 1 2 12
Polyesters
(Saturated) 3 3 11 1 3 1 3 |18
(Unsaturated) 3 3 2 1 1 3 1 3 17
Polyamides 3 2 3 1 1 3 1 3 17
(Including polypeptides)
Polyethers
Oxide derived 1 1 1 3 3 1 1 12
Acetals 3 3 2 1 1 14
Phenoxy 2 3 1 1 3 2 2 |16
Epoxies 3 2 1 1 1 3 2 1 |14
(Glycidyl ethers and
epoxy novolacs)
Fluorocarbons 2 1 2 2 3 3 3 3 119
Polyolefins
Polypropylene 3 2 3 1 2 2 1 3 117
Polyethylene ionomer 2 1 3 1 1 2 1 3 |14
High molecular weight 2 1 3 1 3 2 1 1 |14
polyethylene
Polyaromatics
Polyphenylenes 3 3 1 1 3 3 3 2 119
Polyxylylenes 3 3 1 3 2 3 3 2 120
Polyphenylethers 3 2 1 2 1 3 1 1 |19
Silicones 11|12} fs3fr]]n

* Continuous capability at 500°F.




TABLE 3 (Continued)

) % > B P
‘I__"f, 0 o g"‘;: 3": 8 gf" 4':" 80
W 60 2 ol Eolen | §E ol un]|—d
celed|leglaa|ga]salYd(29] 8-
Polymers QoMo Mwl tSlog] 28]l aloY
D Q =] o0 O, %Q.. ] T & |/ B Hm
B = o|l X &1 4§ Gl s g
Vinyls 3 3 1 1 1 2
Cellulosics
Acetate 2 2 1 1
Regenerated cellulose 3 3 3 1
Polyurethanes 3 1 2 1
Epoxy polyurethanes 3 2 2 1
Polvheterocyclics 3 3 2 3
Phenolics 2 3 1 2
Polvcarbonates 2 2 3 1
Urea 1 3 1 1
(Includ ing formaldehyde,
melamine formaldehyde)
Polysulfides 1 1 1 1
Polysulfones 3 2 1 1
Ladders, Step Ladders 2 3 2 3
Glass 3 3 1 3
Inorganics 1 3 1 3

* Continuous capability at 500°F.




Several polymer classes were divided further in order to include a wide’
range of available materials. Several subclasses were established in the
fluorocarbon (polyfluorolefins) and polyamide polymer classes. The selected
polymer classes and group subclasses are presented in Table 4, where identifica-
tion is established by chemical name and polymer structure. To further identify
the different polymers, trade names and sources or supplier are also presented.
The polymeric materials were then classified by film, fiber, and general use
categories. Some of the polymers were represented by more than one classifica-

tion.




sasprym ‘dnopord aanysyoR saa11ddns snoTaep - uodey -
H
‘#3pTa 03 329(qns % °
~snynpow ySTy 01 snp pel wolro
-30uw} uaym }EIIG 01 SpUIT H 0—
wwey310y ‘19477 yiduaays ° H
-y37y ¥ se arqeriRA® on
a293uoy OU g UBSIIIOI ‘0LZ wd {@p1800n78-g-2800n19)
‘06 ‘Of :a1QRIYEAR 1aTuRQ asaue(ay -- uesTIz0g - SsOTNI3) | 9sOINI13) paiwasuaBay
£3171qU00 x z
-1ad mo] sey lerielEy Juog np .- . aeypar —€IHD “HO}— @praoniy jAuyadiog
< X
Iesuusg IRUkY . -- —C%uo— apraoniy auspyléurakiog
1
(*232 ‘82317113 ‘siuale
Burano) uoyjeymmioy 4q dpyaonTy
PaT3TPOT oq UED ¥ PaNEU HE - -- Taa0nyg 3 . Xz g audpTTAuTA ¥ suLlAu3e
Uy dFjIawo3sE[a A1[¥ns Juog np - - uoIIA IIA-NNQ HO)—£" 30" 30 Y ~o30n13RII23 Jo Iawmd1odo)
2410 %
1897®WaYD PITTIV uoyseld .- LS ¢
PPFIONTI SUIPTTLUIA YITA 78 % mu.ﬁ_;l
PAI3TPOm 238 9EIYY JO WOS g - - 18 2~193 19 5ua14y32020n133 31303014 ATOg
441 se £z * . suayAdoad
48yq $¥ 30U 31WJ] 2an3wiad 233 FEre <" 20" a0y~ mu..ﬁ_uvl ~czonTexay » aualhyla
-m93 19ddn >}3seidomasyy Juog np | aag uorger worzay uotzer €10 -olonzeaIsy Jo 1smklodon
yuyaea03u04 013081y,
‘101 ,uon1y, ‘1odoryy
L UOTIAT03, ‘3ITwsuusg qa1 41
\O¥133),, IpnISUT | sI3d0p 3Iuog np 431 UOT3SL uoi3ayl uoy3zaL x
-01d oujw jo sawsu apEy Te2TWaYY PATITY 34z voten - - —Canlao— suajdyzsoionizeazazhiog suizatgIoniyLiog
NOPN e
A 1A
€332qu) 2anivaadwdl ydTy juog np - RIWON - o sopTmeAiod oyIEwmoay
“3538  SOAJESUpE g
“ra°y ‘sma3sks pede{nwmioy
Buypniour suoijedyjdde 1woWaYy PITTIV £5Z uoNSBIA -
1wydads 203 pasn L1ivisuan Iuog np 19 1934z - sma3sds paxtm (wyoadg
1ot
2 Puo
1 i 11 woTAN
uoy3diosqe 2anasTom 29mOT £1u0 s1ayyddns usyezeg - - - o H pIoe >youRdspUNOUTmE-TT-A104
%P0y or® Py
[ . 01/9 oTAN
dnyo1d 2e3wm paonpay Juog np 1€ 1934z -- .- epyweseqasaual Aylsmexayd]og
03 pazaype A1t
-peay -Sujaeap uT 5199339 9/9 WOTAN
TOIIBIUSTIO JUD[IIINT oy np 101 19342 - - apruedypeaustiyssuexsyiiog
PITTTV-UOTAR uoyse1q * 55 (CHoyn
aaysuadxsul -yrdusizs Iuog np 112 1034z - t ) 9 UOTAN
®as0] ¥ aanisyow dn Syo1g TedTWAYY PATTIY - ueoaden ueadesy 0 H we3apjoadedfiog saprwediog
wuI uesyIewy
asauRya) 193303
souTmIogaed uy uotl ojuwsuoy
-w2my3do JWos juassadax 2B94poon
©03 swa3e aIeIRYIYdoiay BPNTOUY BAIYIWD
sua14y3skiog ‘sa13270m HE - 1RdY>300g 2.2,
PT®1P 2_107P W30q up uwaaseg 1opoy - 30 Ho 0
a1q1880d suofIEIIEA AUEY juog np - uoaaeq Ie1hy 0 a3eTey3ydazaiauayyzakiog (p23eanyeg) sa23s80410g
Tea3uay 19q13 wITd
sy1vmey $39an0g 2In3on13g sweN [waTmayp

somey apwiy

8881) Jowkiog

SHITIRVA YIWATIOd QILOTTHS

VAR LA

10



sauwy 9pwil

mm
€
qt/05° 14 3uswdoasap suETI H)
-ed>y1dde £11e2 uy 11713 37132317 (®ABUID 0dd - - aay32 suaylusydLiog
x
12
4 z,
aprqaep uotup o suekawg - - HD HO
Q1/0001% 380D ‘wioy "
W3 UIY3 UF ngesn e .
*KITATIEUSE UCTIWPTXO z z
-sage3s juamdojansp L1awe HD HD
9 (ejuvawmiaadxe uy 11735 apyqaw) uorun N suatdaeg - - ausfdidxL10g
q1/00€$ 3500 «
+guyssesozd jensnun s3aynb
-9 "wao3 1apmod uy Ajuo wjul0ITiR) ‘EOTIEW) uES
a1qeITeAY ‘1B1I938W MoN “e3ul YBnojIndIN 1937F 17z oemyy - - 2uatLusydiiog sop3smoavd1og
q1/0015-08%
3800 °*pIsSTWOIGMOD ST WdUY
-w30313d axnzvaadmay-yITy
S337UN ITQRIIRAS IOV SM]TI H H
«sanyeedma) yBTy se1Inb BTUr03F1e) ‘08aTq ussg N
-21 Suyssadoag ‘uUOTIP] uoTIRI0dI10] INGBIITUM ALIATN - -- X
-qe uy [ngesq ‘sLaNIONIIS Jow13
a3760dmod pood smioy 2s3uwian - -uod Iy - 2371029pIWFZUIqLAT O
wa3B4s 3url IJIPWOIR = IV
0
OJUBSUOR pauBlyg - -
q1/S14-64 390D ‘@1q7 (u113-H)
-11®Av 30U ma3sds BUTPION juog np 1edsop . uojdey sprmyL1og 821124001918yk104
; ;
1wiaa3%m mau Lisp Jusm le ’
-pagwdpissaut A[ysnoaoys _doreaag KS1BURT VSVN / O O p
uwaq 334 30U 1941y ®TUIOyTIRY ‘0891q uRS //z K auopyio11£dypozusq
3nq paiwdaad aq uwd sWIIg uoT3IwI0d10) INEITTUH auox1kg - - - (ozwpymiavaq)siqiiog | s2eppe] dais ® sIsppwl
N
ms((((l\(.o
[]
o
m-m
NOOMAAANAIO—E
»
—NON °
"l
(:4
3111 [®3aUa) auBy3uIY mu
BI10NPOIZ IIRURAIOST 1awo3ER)
Hav Jsw0ay - o zwo.\<<<<
PURIETBAL 813Y30 ¥ Juog np *238 | xopumdg, swiog TeFd2ds — o 0
uojyswiqe YSIH "2pqIssed Aeqop uyxay - - i
SU0TIEITITPOC ¢ 89INI Yyo3apoos - . bueasy HOR
~20138 JO A3IDTARA IPIA Y quog np suaxdypy - .- gauwyjaaniiog
1e1ausy 19913 witd
R aNWIY F32IN08 2aN320338 JWRN POTWIYD sse1y zaukjog

(penurauo)) 4 FIIVL

11




SECTION III

DESCRIPTION OF THE SELECTED POLYMERS

The selected polymers are described in the following sections. The general
polymer characteristics are discussed. The current and past work accorded to
the polymer is also described. The current work as reported by the various
industrial and Governmental groups is reflected in the list of references for
this report.

POLYESTERS (SATURATED)

Although this polymer class encompasses a multitude of possible variations,
the general ratings shown in Table 4 refer to the most promising type of polymer,
prepared from an aliphatic diol and an aromatic dibasic acid. The most widely
accepted material is polyethyleneterephthalate.

Polyethyleneterephthalate is good to outstanding in the areas of strength,
availability of various film (and fiber) weights (and weaves), and electrical
properties. The thermal and radiation resistance is low enough to cast some
doubt as to its general usefulness in a space environment without additional
protection, however.

Structural modification is not a practical way to improve thermal stability,
as the ester linkage present in all polyesters has lower thermal stability than
other units of the polymer. The polymer can be protected from ionizing radia-
tion, however, if a cyclic diol is used in place of the linear aliphatic diol.
Cyclic diols offer an advantage in that the chain can be severed by radiation
without a loss of molecular weight, as in the case of step ladder polymers.

Most of the development work on this polymer class has been conducted by
industry. These fibers and films are primarily used, of course, for high-
volume commercial applications. The presently available materials generally
fill the needs of today's market, with new design applications occasionally
requiring special processing.

Polyethyleneterephthalate has a serious disadvantage in that it does not
bond well to the film unless the film is chemically pretreated. A few of the
more recent reviews and test results for polyesters as well as many of the
other classes of polymers were reviewed.:~®

POLYAMIDES

This class of polymers, frequently referred to as nylons, represents one
of the oldest types of synthetic organic polymers known; consequently, most
area of devélopmental research are well explored.

Principal disadvantages include poor thermal stability and loss of physical

properties because of water pickup. Advantages include excellent tenacity, low
cost, and well-developed processing technology.

12




During the last 10 years, DuPont has been investigating completely aromatic
polyamides. A new fiber (Nomex), whose structure is shown in Table 4, was the
result of this effort.

Other textile fiber producers such as Celanese have also been working in
this area, but significant breakthroughs have not been made. The subclass of
aromatic polyamides does improve the 500°F rating (see Table 3). In addition,
this subclass is not subject to moisture pickup, as evidenced by the aliphatic
polyamides.

Within the polyamide class, the dromatic polyamides (e.g., Nomex) are

probably close to the ultimate molecular structure for thermal stability and
radiation resistance.

POLYFLUOROLEF INS

This classification covers fluorinated polyolefins containing only carbon,
hydrogen, fluorine, and chlorine atoms. This includes the most common commer-
cially available fluorinated polymers such as Teflon, Halon, Viton, Kynar,
Kel-F, and Aclar. These fluorocarbon polymers have been fully developed by
various commercial houses, but a considerable amount of research and development
work is still being done both by these companies and by Government agencies.

All of the research being conducted or funded by Government a1gencies'7"11
is applications-oriented. This work is principally aimed at improving the
high-temperature strength of the polyhydrofluorocarbons and polyperfluoro-
carbons. These polymers have exhibited superior aging properties in the tem=
perature range from 400°F to 600°F, but their use has been severely hampered
because of low strength at temperature.

Fibers have been made from extrudable Teflon FEP, but apparently no
research is currently being conducted to improve these fibers. They have
poor strength, especially at high temperatures.

Films of sheets have been made from all of the fluorocarbon and hydro-
fluorocarbon polymers. The permeability of some of these polymers is very
low. Research has been carried out on plating Viton type elastomers with
malleable or ductile metals which are resistant to powerful oxidizers and
penetrating rocket fuels .*?

Chemical resistance, low surface friction, and high internal damping are
the most important properties these polymers have for use in structural space
applications. However, the radiation resistance of this polymer is not as
great as that of some of the other polymers.

The most needed improvement in polyfluorolefins seems to be in the area
of processability. In Kel-F, Kynar, Viton, and Aclar, thermal properties and
strength at temperature must be improved. These polymers are now well developed,
wit, much work already completed. Some marginal improvement possibly can be
realized, but it does not appear likely that research on these polymers will
produce any immediate breakthrough of major significance.

13




REGENERATED CELLULOSE

Regenerated cellulose films have tensile strengths ranging from 7,000 psi
to 10,000 psi (cellophane). Fibers exhibit strengths of 58,000-88,000 psi
(for high-tenacity viscose rayon fiber) to 136,000-155,000 psi (for saponified
cellulose acetate fiber). 1In addition to high tenacity, the fibers have a
high crease resistance, dimensional stability, and high modulus values.

The high tenacity of the rayons, especially Fortisan, makes these materials
very useful as reinforcements in composite structures where high tensile and
impact strength is desired. One of the greatest disadvantages of this type of
polymer is its decomposition temperature of 300°F. Improving its temperature
resistance has been given considerable attention, but the basic weakness of
the natural polymer still remains. At present, efforts are centered on improving
properties of the fabric. This includes work to improve smoothness, résidual
shrinkage, elasticity, crease resistance, and fireproofing. However, any mod-
ification to the polymer structure that would benefit space applications may
lower the tensile strength to such a degree that it would no longer be com-
petitive with other polymers for space applications.

POLYURETHANES

Polyurethanes are currently being selected for structural space applica-
tions, primarily on the basis of their excellent cryogenic performance. Poly-
urethanes have excellent tensile strength at -320°F. They may also find use
in space bonding applications as they are generally fast-curing two-part systems,
as demonstrated under various Government contract work. 3 1* Polyurethane
rubbers are very abrasion resistant and can also be used at cryogenic tempera-
tures for such applications as fuel seals and caulking compounds.

In the form of fibers or films, polyurethanes are very elastic. These
elastic films are being considered for use as liners for filament-wound vessels
or as expulsion bladders in fuel tanks. These films or fibers may also find
application in expandable or inflatable space structures.

Major improvements which are needed in the polyurethane system include
greater thermal, radiation, and oxidizer resistance. Increasing the aromatic
character of the polymer may impart more heat resistance and presumably more
radiation resistance, but only at great sacrifice to the low temperature prop-
erties and flexibility. Another possible way to improve heat resistance is to
increase polyurea content. Using an isocyamatic-capped polyquinital polymer
may also improve ionizing radiation resistance. This backbone offers the
advantage of a step ladder polymer without appreciably changing the polytetra-
hydrofurane backbone, which displays excellent cryogenic properties:

— - — -
CH2 CH2 CH2 CH2
\ / \
—0-CH H 0-CH CH —+—
2 2
CHZ——CH2
- Jx - —x
Polyquinital Polytetrahydrofurane
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Work with fluorinated polyurethanes15 is being carried out to produce LOX-

compatible polymers which may have greater heat and radiation resistance than
the conventional polyurethanes.

POLYIMIDES

The polyimides are members of a relatively new class of synthetic polymers,
the polyheterocyclics. These polymers offer potential as structural resins
for rigid environmental conditions by virtue of their unique properties such
as excellent hydrolytic, oxidative, and thermal stability. The polyimides
are readily prepared from the reaction of commercially available aromatic
dianhydrides and aromatic diamines in the form of processable precursor
polymers, the polyamic acids. The polyamic acids are soluble and can be con-
veniently applied to the substrate and subsequently cured to final polymer.
An important processing characteristic of the polyamic acids is the low vola-
tile weight loss during cure. Many forms of polyimides are current available
commercially under various trade names such as DuPont's Kapton (H-film) or
Monsanto's Skygard 700.. Bgcause they are all polyimides, however, all the
polymers are chemically wery similar and their properties differ only slightly.
The polyimides have a large number of attractive features, which makes them
the most popular polyheterocyclic currently available. These features include
nuclear radiation resistance, self-extinguishing characteristics, chemical
resistance, and good electrical properties. Nevertheless, the polyimides
exhibit relatively low glass transition temperatures which cause thermoplastic
failure at elevated temperature under stress. The maximum operating tempera-
ture for prolonged periods of time (<200 hours) is 600°F.

Many of the commercially available polyimides contain 4 small amount of
cross-linking agent which slightly improves resin performance at elevated
temperatures. The polyimides are not as hydrolytically stable as other members
of the polyheterocyclic class. The hydrolytic instability is inherent in the
imide ring and, therefore, impossible to alleviate completely. Degradation
from ultraviolet radiation is a common problem associated with polymers and
is also present with the polyimides. Future research may minimize ultraviolet
deterioration but will not probably do away with it entirely.

A great deal of applications research, especially in the film and fiber
area, is still being performed on the polyimides, primarily by DuPont and
. Monsanto. No recent published data on polyimide fiber properties are avail-
able. However, the polyimide fibers are expected to exhibit better properties
than DuPont's aromatic polyamide fiber Nomex, which has potential application
in many areas where fibrous materials are exposed to elevated temperatures.
The pélyimides form excellent films, having high tensile strength at room tem-
perature (22,000 psi) and 390°F (12,000 psi).'®

A limited amount of work on fabricating composites which incorporate
polyimides is still being pursued by companies such as Bloomingdale, Brunswick,
and Boeing. There does not appear to be any active Government-sponsored work
on che polyimides, although a major portion of the initial research and devel-
opment work was sponsored by the Air Force Materials Laboratory.”'19 ff?

.
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POLYBENZ IMIDAZQLES

Polybenzimidazoles were the first members of the class of heterocyclic ? ?
polymers to gain wide recognition in recent years as high-temperature resins. , y
They show considerable promise, not only as a matrix for high-temperature
structural composite materials, but also as fibers and films. Considerable
effort is being expended to determine processing parameters for optimum per-
formance in the three forms. Polybenzimidazoles also show outstanding promise
as ablative materials for low-density heat shields.

The fiber forming properties of the polybenzimidazoles, coupled with
their very dense char forming properties upon pyrolysis, make them potential
replacements for rayon as the basis for carbon fibers. The present cost of
the raw materials is an obstacle to this application, however.

Certain film forming modified aliphatic polybenzimidazoles have recently
found acceptance as separators in heat-sterilizable batteries, thus fulfilling
a pressing need in the current space program.20

Polybenzimidazoles possess two properties which make them vitally impor-
tant. First, the polymers have high decomposition temperatures (900°-1100°F)
and good oxidation resistance. Second, they maintain excellent strength
(5000-psi tensile shear at -360°F) at cryogenic temperatures. Research cur-
rently under wayz1 indicates that the oxidation resistance of these polymers
can be improved to the point where they will be equal or superior to the best
alternative polyheteroaromatic. It is anticipated that current research on
polybenzimidazole will definitely yield a greatly improved polymer. This
polymer class offers versatility in structure and synthetic methods not common
to other new thermally stable polymers.

LADDER AND STEP LADDER PQLYMERS

Nonrandom network polymers offer excellent potential for present and future
aerospace applications. A réepresentative of the class of nonrandom network
polymers is the double chain or ladder polymer. To date, attempts to synthesize
some of these polymers have resulted in only intractable materials, and the
partial ladder or step-ladder polymer is employed as a compromising structure
to obtain tractability. These structures can be represented as

VA VAV

Simple Linear Polymer Ladder Polymer
5T
al
Step-Ladder Polymer Random Network
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In fiber and film applications, the ladder systems are theoretically
attractive since a minimum of two bonds in the chain must suffer cleavage
before there is any loss in molecular weight. This feature is discussed in
UTheoretical Studies on the Thermal Degradation of Ladder Polymers.'@? In
practice, increased chemical stability was noted for the polyphenylsilses-
qt.u'.oxanes,z3 and excellent radiation resistance was noted for the pyrrone
step-ladder polymer.a4

A number of these ladder polymers have been synthesized and the majority
have not been evaluated for applications use. The polyphenylsilsesquioxanes,
evaluated as films by the Air Force, were found to have poor adhesive prop-
erties. Reference 23 contains a review of nonrandom network polymers.

POLYXYIYIENES

Poly-p-xylylenes are produced commercially by Union Carbide Corporation
under the trade name Parylene. These polymers are prepared by the vapor phase
polymerization of para-xylylene or substituted para-xylylenes to approximately
500,000 molecular weight. The principal advantages of these polymers are in-
solubility, excellent dielectric properties, low gas and vapor permeability,
thermal stability in an inert atmosphere, and very high softening temperature.

At the present time, Union Carbide is the only organization currently
conducting research on improving these polymers. This research is limited
to its application as films and conformal coatings having an extremely high
degree of uniformity. These polymers do not lend themselves to fiberization.

The polyxylenes are unique in their ability to be used as conformal
coatings on complex objects in thicknesses as low as 2 microns. They have
good solvent resistance and extremely low moisture vapor transmission. These
polymers are currently being used as dielectrics for rolled film capacitors,
as coatings for miniature electronic components and circuit boards for pro-
tection against moisture and corrosive environments, as insulating and pro-
tective coatings for sensing probes, as photo-resistant coating, for solid
state devices, in cryogenic memory circuits, and as windows for radiation
measuring equipment. A possible application for these polymers in space is
as a thin coating on the inside of condenser and heat exchanger tubes. The
coating increases efficiency by 50%, thus effecting a great weight savings.

The most important disadvantages of the polymer are their poor oxidation
stability, intractability, poor weathering, and high cost. In addition, the
size of the object that can be coated is extremely limited. Since their
introduction, polymers such as the polyaromatics and polyaromatic heterocyclics
have shown equal or improved performance.

Besides the unsubstituted polyxylylene (Parylene N), there are two sub-
stituted polyxylylenes commercially available, polychloroxylene (Parylene C)
and polydiehloroxylylene (Parylene D). These substituted polymers have a
thermal resistance appreciably lower than the parent polymer, but they do
have other properties which make them useful. It is probable that research
can develop other substituted xylylenes which are more easily processed and
which can be formed into fibers. It is also probable that films of the polymer
could be fabricated in the vacuum environment of space.

17




POLYPHENYL, ETHERS

The use of polyphenyl ethers such as I and IL as a commercial thermo-
plastic,25'26 experimental high-temperature lubricant®’~2° and hydraulic fluid
applicationsSO are fairly recent developments. There seems to be no active

Government contracts for polyphenyl ether improvement or modification.

ooy Ho--0-f

I. Poly-m-phenyl Ether II. Poly-p-phenyl Ether

General Electric Company has recently marketed polyphenylene oxide 531-801
as an entirely new family of engineering thermoplastics. This polyphenylene
oxide has a service temperature range from a brittle point of -275°F to a heat
deflection point of 375°F (at 264 psi). It has exceptional resistance to
hydrolytic breakdown and resistance to aqueous chemicals, steam, acids, and
bases. Rigidity, dimensional stability, and toughness gives polyphenylene
oxide excellent mechanical properties and very good electrical properties.

Commercial polyphenylene oxide was an outgrowth of materials developed
by General Electric under Air Force Contract AF 33(616)7076. General Electric
reported a single sample of poly-m-phenoxylene, having a low functional group
content, with a thermogravimetric analysis showing ''outstanding thermal sta-
bility” (3% weight loss) up to 900°F. A molecular weight of 10,000 was the
highest reported under this contract.

Dow Chemical has also been investigating polyphenyl ethers. Stamatoff?® %27
has molded p-polyphenylene ether to produce a stiff film and has melt-drawn it
into fibers, showing stability at 570°F for prolonged periods. It can be
compression-molded at 390°-480°F into stiff, tough, transparent films that
appear to be completely amorphous.

North American Aviation (Rocketdyne) is now working with a cross-linkable
version of a polyphenylene ether.

POLYPHENYTENE

The Air Force Materials Laboratory is currently funding programs with
Hughes®* ™33 which include investigation of the polyphenylenes in ablative
composites. Contractual work by the University of Maryland under Contract
AF 33(657)7833 for the Aerospace Research Laboratories was finialized in
March 1965. Their investigative efforts were restricted to cyclic poly-
phenylenes of eight rings or less.
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The polyphenylene polymers, as a resin matrix, are of interest in space
applications primarily for their ablative properties. They exhibit excellent
char characteristics, thermal stability, and high resistance to oxidative and
reductive environments. With polyphenylene, for example, there is less weight
loss due to hydrocarbon fragmentation on exposure to high-temperature than
with a phenolic system. However, polyphenylene systems are apparently needed
which have higher molecular weights than 2000, which is now being obtained.
Creep will occur above 480°F in present systems. If the molecular weight of
polyphenylenes can be increased by either cross-linking or other effective
measures, it is possible that their potential as fibers can be realized.

Future research directed toward the possible improvement of polyphenylene
polymers should concentrate on increasing the molecular weight or cross~linking
the polymers, investigating their fiber-forming potential, and developing suit~
able fabrication procedures. These efforts may improve the physical properties
of the polymer.

A review of polyphenylene polymers and their physical characteristics:
was published in a recent SAMPE journal.34

19




SECTION IV

STRUCTURAL PROPERTIES OF SELECTED POLYMERS

The structural and physical properties of various polymer classes were
compiled on the basis of film and fiber forms available. These forms, along
with the molding compounds, represent the most frequently used processing
form of the various polymers. The data for the polymers were obtained from
many sources. Where possible, the manufacturer's data sheets were used for
the information. Secondary sources included various handbooks, such as the

Modern Plastics Encyclopedia and the Materials Selector .5

As the literature of polymer properties was reviewed, it became evident
that the polyolefin (polypropylene) had enough desirable properties, partic-
ularly low density to warrant continued investigation. However, it must be
pointed out that extreme temperature ranges cause the fiber properties to de-
grade. At cryogenic temperature, for example, the fiber is brittle; at
elevated temperature, the material decomposes.

Some information was not available for the various polymers. Several
reasons apparently accounted for this lack of data. First, at the time of
this writing the material was in early stages of development, so little
engineering information was available. Polymers in the polyamide, polyhetero-
cyclic, and polyaromatics classifications fell in this category.

A second reason for the lack of information is the proprietary nature of
the various polymers. Manufacturers were invited to supply information on
their products, but some were reluctant to do so because of their desire to
protect the proprietary nature of the materials.

The lack of standard methods of evaluation for the different forms of
the polymer also prevented incorporation of some of the available data. Only
published test results which followed the standards established by the American
Society for Testing and Materials (ASTM) were compiled for the evaluation.

Finally, the nonexistence of the polymer in a certain form (i.e., either
fiber or film) would, of course, preclude the possibility of having information
in this classification.

The data of the various polymers are presented in three groups. The first
group lists the typical strength data for the polymers in molding or extrusion
form. This is the most common form for the various polymers since the first
applications were usually molded shapes. The second group presents the strength
data for the polymer in film form. The third group provides the available
strength data on fiber form of the material.

The structural properties for the polymers in molded forms are summarized
in Table 5. The strength, ranges of modulus, and elongation of the material
in the molded form are given in this table.

The forms in which the polymer is available is also listed in Table 5.

The four forms of molding and extrusion compounds, film, and fiber represent
basic products in which the polymers are available. Some of the polymers,
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TABLE 5

GENERAL PROPERTIES OF SELECTED POLYMERS

Molding Properties

Currently Ule
Polymer Class Chemical Name Available ) %
Tensile Modulus Sp Gr,
Forms Strength X10°psi | Llome- Jend
rengthn, P ation &
ksi
Polyesters (Saturated) | Polyethyleneterephthalate Film, fiber, 0.8-1.8% 3.0-6.4 40-310 | 1.01-1.46
molding (6.0-13.0) <5
Polyamides Polycaprolactam Extrusion, film, 7-14 1.5-318 300 1.12-1.14
Nylon 6 fiber, molding
Polyhexamethyleneadipamide Extrusion, film, 11.8 -- 60 1.14
Nylon 6/6 fiber, molding
Polyhexamethylenesebacamide Extrusion, film 7.0-8.5 1.6-1.9 | 320-85 S 1,09
Nylon 6/10
Poly-1ll-aminoundecanoic acid | Extrusion, mold- 8.5 1.8-1.9 | 100-120 1.1
Nylon 11 ing
Special mixed systems Extrusion, mold- -- .- - -
ing
Aromatic polyamides Fiber - - - -
Polyfluorolefins Polytetrafluoroethylene Film, fiber, 2-4.5 0.58 200-400 } 2.13-2.22
molding
Copolymer of tetrafluoro- Film, fiber 2.7-3.1 0.5 250-330 | 2.12-2.17
ethylene and hexafluoro-
propylene
Polychlorotrifluoroethylene Film, molding 4.5-6.0 1.5-3.0 80-250 2.1-2.2
Copolymer of tetrafluoro- Film - - - --
ethylene and vinylidene
fluoride
Polyvinylidene fluoride Extrusion, mold- 7.0 1.2 100-300 | 1.76-1.77
ing
Polyvinyl fluoride Film - - - -
Regenerated Cellulose Cellulose Film, fiber - - - -
(Glucose-B~glucoside)
Polyurethanes Extrusion, film, 5-8 -- -- 1.2~1.26
fiber, molding
Ladders, Step Ladders Poly-bis(benzimidazo)- Film, molding - -- - -
benzodipyrrolidone
Polyheterocyclics Polyimide Film, molding 10.5 4.5 6-7 -
Polybenzimidazole Film, fiber - - - -
Polyaromatics Polyphenylene Molding -- - - -
Polyxylylene Film - - - -
Polypropylene ether#*¥ Extrusion, mold- 10-11 3.6-3.8 50-80 1.06
ing
Polyolefins Polypropylene Extrusion, film, 2.9-5.5 1.0-2.25| 200-700 |0.903-0.908
fiber, molding

* Range from flexible to rigid, depending on processing techniques,
Parenthetical values are for rigid materials.

%% Information from Reference 29.
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such as the polyamide, polyurethane, and polyolefin groups, are available in
all four forms. Other polymers, such as the aromatic polyamide and polyvinyl
fluoride, were developed as a specific form (fiber and film respectively).

The materials available in fiber or film form were compiled in Tables 6
and 7, respectively. The data in these tables represent the strength of the
various polymers as currently reported. The range of values in both tables
indicates the minimum and maximum values reported in literature. There 1is .
no direct correlation between the strength level, for example, and the process-
ing technique used for the material form. As a result, this information must

be regarded only as a trend.

The properties of the fibers, as presented in Table 6, includes the
strength, modulus, toughness, and elongation for the materials. All the
properties were for room temperature and standard environment.

The term toughness has been defined as that area under the load-deformation
curve. This value, while difficult to determine because of the lack of a
standard method of evaluation, appears to be an increasingly important property
for polymeric fibers. The toughness is a measure of the energy the fiber can
absorb before failure. The use of polymeric fibers in space vehicles may very
well depend on the toughness for a particular application. This discussion
will be expanded upon later.

Other parameters for the fibrous material, such as strength and modulus,
are normal in definition, and their importance in materials selection and
structural analysis are well known.

The film materials information compiled in Table 7 was also based on room
temperature and environment. In addition to the strength characteristics, the
permeability to water vapor and certain gases was reported. For the film mate-
rials, a dual function application was assumed. The material is (1) either
impervious, or at least has a low permeability to gases, and (2) the film mate-
rial is carrying a load. The film materials can react tensile loads due to
either pressure or axial conditions. Because of the inherent flexibility,
films cannot support compressive loads without stabilization.

Specific values were plotted to obtain comparative values for the tensile
strength and modulus of the various polymers. The specific tensile strength
and modulus are shown in Figures 1 and 2, respectively. The specific strength
was defined as the ultimate or breaking strength of the polymer divided by the
density. Similarly, the specific modulus was defined as the reported modulus,
usually in the elastic range of the material, divided by the density. For the
figures, the specific gravity was converted to density; hence, the units for
the values was the reciprocal of inches.

The shaded areas in Figures 1 and 2 represent the range of specific
strength and modulus values reported in literature. The three different
forms of molding compounds, film, and fiber are shown for each of the polymer
classes. The polyester materials clearly show the difference in strength
properties between the three different forms. The materials with only one .
form are also shown on the figures.
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Four polymers exhibited the greatest combined specific strength and
modulus values particularly in fiber form. The polymers included polyethylene-
terephthalate, aromatic polyamide, polypropylene, and polybenzimidazole. The
first three of these four materials are currently available while the last is
in the advanced development stage. It is interesting to note that the fibrous
form of the aromatic polyamide and polybenzimidazole materials have a small
spread in both strength and modulus when compared to the other two materials.
Aromatic polyamide has a slight advantage over polybenzimidazole for room
temperature applications; however, the latter material may be better for
elevated temperature space applications.

Some materials, particularly those in the regenerated cellulose and
polyamide classes, exhibit relatively high room temperature specific strength
but low modulus values. These two materials also had a wide range of reported
test values, indicating that the form of polymers is changed through the tech-
nique used by the processor when he draws the fibetr. This range may be attrib-
utable to different grades of the material, specifically formed for different
applications and on the basis of economic considerations.

The low moduli of regenerated cellulose and polyamide polymers are indica-
tive of the material's flexibility. These materials may be used to advantage

in applications where material flexibility is desirable, such as for decelerators.

Little information was available on the fibrous form of the remaining
materials. The materials are generally made in the bulk or film form and are
characterized by properties other than strength (e.g., films for gas retention).
The polyfluorolefins and polyaromatics classes fall in this category of mate-
rials. The ladder and step ladder class of materials has been produced only
in film form, with a rather unique characteristic of relatively high specific
modulus but low tensile strength. While data were not reported because the
polymer either has not been made in fibrous or film forms or is in very early
development stages, the materials may hold potential for structural applica-
tion because of the relatively high bulk strength and modulus values. The
selected polymers of the ladder and step ladder, polyheterocyclic, and poly-
aromatic classes fall within this potential application area.
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SECTION V

POTENTIAL OF THE SELECTED POLYMERS

Polymer applications will depend on the interplay of many factors,
including material properties, environment, design criteria, weight, and cost.
Because many polymeric or even composite materials may be tailored to a par-
ticular application, the interaction of material properties and design will
become increasingly important. For example, the design criteria determines
the basic loads, while the geometry is constrained by size limitation or
functional requirements. The composite material is then tailored to the
criteria to provide the required strength and stiffness of the part. This
same approach should be used to determine the potential of the various mate-
rials to space applications.

The usefulness of tailoring the polymeric materials to specific applica-
tions is also one of the reasons for such a wide variation in properties for
a given material. A slight change in chemical formulation for one polymer
may provide an entirely different compound with unique properties. This wide
variation of material characteristics complicated attempts to attain one of
the major objectives for this program: that of establishing a handbook of
information.

The material which can be readily formed into films or fibers will prob-
ably hold the most promise for space applications. The term readily formed
must also apply to the polymeric materials which are in the development stage
at this writing. The polymer in fiber or film stage has better specific
strength than the bulk form of the material; hence, lower structural weight
may ensue.

Each form of the material has some general unique properties. For
example, the fiber is unidirectional and must therefore be placed in the
direction of the maximum load component. For an orthotropic loading con-
dition, the fiber may be either laminated in sheets or woven into cloth in
order to orient the material in the two directions.

On the other hand, a film is considered to be biaxial in nature and
carries a lower load in any direction in the plane of construction. The film
carries load only in a tensile condition; that is, either by axial tension or
membrane action. The film is continuous and is used as a barrier for gas or
fluid.

The structural capabilities of the various polymers lie in the areas of
tension structures. The specific temsile strength of the various selected
polymers was found to be comparable with that of glass fibers or bulk aluminum,
whereas the specific modulus was much lower than that of glass fiber. The
tension structures generally do not require material stiffness to perform
their function.

Some of the polymers discussed in this report may, with further develop-
ment, meet some of these general requirements for Space structures. The
effect that space environment has on the polymer's structural potential will
have to be established.
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Some of the potential means for modifying polymers to improve properties
in the space environment, discussed in the preceding text, are summarized
below.

Polyester. Structural modification will not improve the thermal stability
of polyester. Improved resistance from ionizing radiation may be accomplished
by the use of cyclic diols.

Polyamides. The aromatic polyamides are probably close to the ultimate
molecular structure for temperature and radiation resistance.

Regenerated Cellulose. This material is also approaching the probable
limit for resistance to space environment, although improvement of room tem-
perature properties may be possible.

Polyurethane. Elevated temperature properties may be improved at the
expense of low temperature properties. The fluorinated polyurethane may have
greater heat and radiation resistance than conventional polyurethanes.

Polyimides. The polymer has features which make attractive for potential
space application; e.g., nuclear radiation resistance, self extinguishing
characteristics, and elevated temperature capability. In its present form,
the polymer degrades from ultraviolet radiation. The polymer may have potential
in a structural fiber form.

Polybenzimidazoles. Current efforts in the fiberization of this polymer
may yield fibers for potential space application. The polymer has character-
istics similar to the polyimides.

Polyfluorolefins. This polymer has the best potential as a coating mate-
rial. The polymer has moderate elevated temperature capability. The greatest
potential for space applications appears to rise from its low surface friction
characteristics.




SECTION VI

CONCLUSIONS

During this investigation, many interesting aspects of utilizing polymeric
materials for space application revealed themselves. They range from material
properties to methods of analysis for applying polymers to space applications.
The following items enumerate the pertinent points of the investigation:

1. The séecific fiber strength of the polyester, some polyamides, regenerated
cellulose, and polypropylene are in the same range as or exceed the fibrous
glass specific strength.

2. The newer polymer classes such as the polyheterocyclics, polyaromatics,
and ladders have the potential to match or exceed the specific strength of
fibrous glass. However, the polymers will have to be further developed in
order to draw experimental fibers. These materials, from the limited infor-
mation available have higher bulk strength than the other selected polymers.

3. The specific tensile modulus of all the polymers is much less than fiber-
glass. The polymer classes which had information available were on the order
of 50% the specific strength of the fiberglass. No conclusions could be made
on the newer material because of insufficient information. However, based
upon the strength characteristics an improvement in specific modulus may be
expected.

4, Minimal information was available on the effect of the space environment
upon the various polymer materials. The polyester, polyamide, and poly-
fluorolefins classes had most of the reported data on the effect of vacuum,
ultraviolet and particle radiations. At this time, the polymers with high-
temperature capabilities also appear to be structurally stable in the space
environment.

5. According to literature, the use of polymers for reinforcement is still
in very early stages. The use of polymer fibers in composite may present a
new group of engineering materials with high toughness characteristics.
Typical laminates of these materials may include combination of polyester,
polyamide, polyimide, polyheterocyclic, and polyaromatic polymers.

6. The use of polymeric materials for reinforcement requires improved methods
of analyzing the results of tests and also evaluating composites for various
applications. The use of toughness parameter of the polymer may provide a
means to evaluate the material and composite properties. The use of the area
under the load-deformation curve as the measure of toughness is a starting
point for this type of analysis.

The application of the polymeric material is dependent upon the loading
rate. For example, toughness or area under the load-deformation curve is much
greater for high loading rates than for low loading.

Through the knowledge of the 1oéding rate the amount of load capable of
being reacted by the composite will be established. This method of analysis
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will ‘be patterned after the strain energy methods of analysis. The use of the
toughness criteria will allow the material to be fully tailored to the applica-
tion. This approach will be particularly advantageous to polymeric materials
which have higher elongation than the materials currently in use. The possible
applications where the toughness analysis will be used include the structures
where elongation is either permissible or desirable.

7. The use of a greater variety of polymers for space application appear to
be feasible. Polymer fibers and films will be useful for both rigid and
flexible applications. The flexible material application would cover expand-
able structure and decelerators. The use of polymeric materials for rein-
forcement could include energy absorption structures and primary load-carrying
structures such as composite panels and filament-wound storage vessels.

8. The standardization of test techniques is required in order to better
correlate the test data from many sources.
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