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Preliminary tests of one-part frozen urethane powders exposed
in a high-altitude vacuum chamber operated at temperatures of
-50' and 70' F have shown that a new group of triol-free
branched polymers, esterified short of the critical degree of
esterification, are capable of producing rigid foams with
strength properties comparable to those obtained by high-tem-
perature curing at atmospheric pressure. Controlled, reduced
temperature, premixing of three categories of several two-part
urethane systems, before rapid freezing in liquid nitrogen,
was considered a significant factor in tr "ing sufficient
exotherm of isocyanate cross-linking reactions to initiate
foaming in a low-temperature and vacuum environment.
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NADC-EL-N6208

TECHNICAL NOTE
URETHANE FOAMS FOR AEROSPACE APPLICATION

Dr. H. R. Moore

INTRODUCTION

This study is the first phase of a more comprehensive development
program that should be undertaken to optimize materials and processing
techniques in the manufacture of one-part frozen urethanes of possible
use as rigidizing agents for low-cost, self-inflating, space vehicles.
Major emphasis has been given the role of temperature control in the
production of viscous urethane condensates before quick freezing in liq-
uid nitrogen, with the view toward accelerating their expansion in a
low-temperature and vacuum environment.

P R 0 P O S E D A P P L I C A T I 0 N S

Practically all the envisioned applications of one-part premixed
urethanes are based on heat-sealing the freeze-arrested powders in dou-
ble-wall, foldable, plastic film containers of widely varying configu-
ration. Stehling' and Osgooc have surmised that urethane powders car.
be maintained in a frozen or semi-solid state in such enclosures for
approximately 20 hours from the time of installation in the last stage
of a rocket carrier to ejection of the folded payload in outer space.
Voelke? has attributed the anticipated rapid inflation of heat-sealed,
double-walled structures to the instantaneous pressures exerted by re-
sidual air trapped in the heat-sealing operations, rather than to the
ultimately higher foaming pressures exerted by previously injected,
slow expanding, urethane powders in the hard vacuum of aerospace.

Figure 1 is a sectional view of a double-wall, heat-sealed, foam-
rigidized toroid of uniform mechanical strength., Figure 2 is an art-
ist's conception of the first and final stages in the outer-space
fabrication of a low-cost, manned, space station embodying this con-
struction. The astronaut ejected with the folded film package is
quickly enveloped by the inflated toroid.

Since this work was completed, several companies have initiated
programs on deep space applications of self-expanding polyarethanes.

I. Stehling, K. R. (Cn~oair Division of G@neral Dynancs, Space Acronattics Vol. 314.
No. 3, ". 36, 15-417, Sep 1960

2. Osgood, C. C. (Astroelectron-es Divsion of RCA), prctrirt 60-68 of paper Presented
at Yestern National meeting of the Amer-an Astrono i al Soc iet,, 8-11 Aug 1960

3. Voelker, W. D. (Ulrethane Systcns Engineering, Elkins Park, Pa.,', Patent Application
on materials and Processes for Producing Self-Fabricattng Space Stations
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NADC-EL-N6208

Goodyear Aircraft Corporation', has announced progress in utilizing one-
part frozen urethanes as inflating and rigidizing agents for manned space
stations 30 feet in diameter, light-weight solar concentrators to oper-
ate power systems in space, and various fabric structures with minimum
launch penalty. Under Air Force sponsorship, the Aeronutronic Division
of the Ford Motor Company is presently making a parametric survey of
the possible applications of premixed polyurethanes for expandable aero-
space structures. Stahler and Johnson have recommended their use for
outer-space inflation of passive lens communication satellites.

Bilow of Hughes Aircraft Company8 has pursued an alternate, novel
approach in synthesizing a wide variety of one-part "delayed action"
poly-urethanes not requiring freezing for deactivation. These linear
urethanes reportedly are capable of melting and rigidizing space vehicles
on exposure to the intensified ultraviolet radiation and heat of the sun
in deep spacez.

Reduction tc practice of these contemplated uses is based on the
assumption that the quantity of solar radiation transmitted through in-
flated plastic film enclosures is intense enough to counteract the in-
tense cold cf outer space and activate the frozen urethanes before
temperature equilibrium is established. The adequacy of solar radiation
in performing this task is supported by the maximum hot-spot temperatures,
3070 tc 3h90 F, calculated for the spherical, aluminized, Mylar satellite,
Echo I ° . Csgood2 has recommended prior application of heat-absorbing
surface coatings, heavily pigmented with carbon black or iron oxide, on
the outer surface of plastic sheeting to intensify the effectiveness of
transmitted solar ener r in melting and foaming the enclosed urethane
powder.

The feasibility cf ,he plastic film concept of deploying low-cost
orbiting vehicles in aerospace may well be resolved by tests of heat-
sealed tubular structures containing frozen urethanes in the newly con-
structed environmental space simulator chamber designed by the Missile
and Space Vehicle Department of the eneral Electric Compai-y. The out-
standing feature cf this facility is the cylindrical, double-wall capsule
shown in figure 3, 32 feet in diameter and 5h feet high, in which aero-
space prototypes 20 feet in diameter can be tested after lateral

2. See page 1
U. Government R&D Weekly, Vol. 19, No. 10. 8 Mar "962 tsur of F-:ea P-ocurenent Pub-

lications, Inc.. Long Island City, N Y

5. Gallow.ay, E. L. (Dow ChemtcaZ Co.,, Chemical Eng nee-Lng Prcg'e:L Vol 5?. No. 10
P 39, Oct 1961

6. Covernment R&D Weekly, Vol. 19, No. 3. 18 Jan 1961, Cont-act No AF33'616) -7775

7. stahler, Y. E and Johnson Lt. A. L. 'A-ronauti~a. Systoms n'Cmand. WAFB). Techns-

cal Note No. TN 60-100, Mar 196.

8. Bi low, N Hughes Aircraft Coipany) R:po't No. P6-04 15 Msy 7931. and succeeding
uarterly reports under Contract o. )AF33,616'-7925 spcmnoed by Ae-cnauticai

Systems Division, WPAFB

9. Chemical and Engineering Nevs. 29 Jan 1962. pp. 48-49

10. Wood, G. P. and Carter, A. F.. NASA Technical Note TN D-115, Ot 2959

'.-3--
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NADC-EL-N6208

displacement of the movable cap. Ducts in the side of the capsule are
for connecting to the vacuum pumping system and banks of xenon lamps
capable of irradiating test objects with a collimated light flux of the
same intensity, 120 to 140 watts per square feet, and wavelength distri-
bution of 0.25 to 3.0 microns, as solar radiation in outer space. Con-
tinued evacuation of the chamber with high-capacity pumps during pro-
gressive circulation of the liquefied gases, nitrogen and helium, through
the double-wall interspace, provides a vacuum pressure of 10-a mm of
mercury and temperatures as low as -420* F.

PRIOR ART

Unfortunately, little information is available in the technical lit-
erature on materials and methods of producing one-part frozen urethanes.
Several years ago, Durst and Face"1 obtained a patent on a method of
freezing an Llkyd resin-metatolylene diisocyanate (2,4-TDI) condensate,
previously reacted to the threshold of incipient foaming, by cooling the
outside surface of the reaction vessel with rapidly circulating acetone,
refrigerated with dry ice. The claims to this process have emphasized
the necessity of warming the outside surfaces of molds containing frozen
condensate to initiate melting and expansion of foamed structures sub-
stantially free of air voids. Fisher and Gurneyl2 evidently used this
mpthod in the foam encapsulation of closely spaced electronic components,
since outside heat was required to initiate the foaming process.

In 1959 Moore13 described a method of preparing "heat-locked" frozen
urethane briquettes capable of expanding spontaneously, within 45 to 60
minutes, to give rigid 8.0- to 12.0-pounds per cubic foot foams under
normal laboratory conditions without applying outside heat. The critical
factor in this low temperature control (LTC) process was the prolonged
mixing of alkyd-2,4-TDI condensates, similar to those used by Durst and
Pace, at reduced temperatures to imprison a large fraction of the total
exothermic heat subsequently released in the formation of multiple poly-
urethane-amide and-urea cross-linkages in the expanded foam. A secondary
factor was the sudden freezing of the viscous condensate accomplished by
pouring the material quickly over a bed of dry ice to minimize the loas
of exotherm.

EXPLORATORY S TUDY

This preliminary work was undertaken with the object, first, of eval-
uating the adaptability of three categories of two-part urethanes, com-
prising: water and halogenated hydrocarbon (Freon-ll) blown isocyanate

11. Durst, J. and Pace, f. A. (Goodyear Aircraft Corporation) u. S. Patent 2,?06,311.
19 Apr 1955

12. flsher, F. B. and Gurney. J. S. (Canadian Westinghouse Co.) Modem plastics,
Feb 1960, P. 218

13. Moore, ff. i. (A VAIRDO'CAIY) U. S,. patent 2.889,291, 2 Jun 1959

- 5 -



NADC-EL-N6208

pro-reacted prepolymer systems, 2,-TDI-resinous compositions containing
excess triol, and 2,9-TD-triol free branched polymer condensates, to
the low teperature and heat conservation process previously developed
to upgrade the physical strength properties of rigid foams. Condensates
responding favorably to low-temperature premixing schedules were frosen
quickly in liquid nitrogen and then placed in a high-altitude chamber
operated at a 2-centimeter pressure and a temperature of -50" F for ob-
servations of their free-foaming capability.

The role of low-temperature premixing was evaluated for three of the
five qualifying two-part systems by conventional methods of no tempera-
ture control (NTC) and the Goodear Aircraft Corporation process (G.C)
of constant temperature control at 800 to 830 F to the end point of
incipient foaming.

The environmental condition of a 2-centimeter vacuum at -50° F cor-
responds to an altitude of 80,000 feet and real kinetic temperatures of
31,000, 951,000, and 225,000 feet on the 1956 ARDC Model Atmosphere
Chart. Ideally, the foaming tests should have been performed in a hard
vacuum at much lover temperatures, both in the presence and absence of
an intense source of radiation. However, it was felt that the tests
without radiation might forecast a possible synergistic action of in-
areaed evolution of internal heat of cross-linking reactions in accel-
eating the expansion of surface-irradiated urethane powders in outerspaee.

PROCEDURES AND RESULTS

HATUZALI TNT

Anticipating markedly improved free-foaming capability of "heat-
looked" urethrae powders at a 2-centimeter pressure due to the absence
of the inhibittng force of atmospheric pressure, this study was limited
to condensate foulationa designed to give unrestrained, structural
fome of 10-pound per cubic foot density under normal laboratory condi-
tine, Listed in table I are seven two-part systeme comprising three
"piea water ad halogenated hydroarbon-blown isocyanate prepolymers
and e -prpo2M rs, two older type alkyd resin-7DI sytem,, and two
newly made triol-free branched pclyaer-TDI foraulations.

Restn 400 and 500-2,4-TDI condensates, items 6 and 7 of table I,
reeeived the highest ratings in vacuum foaming tests at a temperature of
-50° ]', These resins were the only two viscosity stable polymers, based
on the theoretical 1,-t0-1 hydrcWl-to-arboxyl starting molar func-
tional group ratio, which coule, be converted to frosen one-part urethanes
for reasons given in appendix A.

-.-
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TABLE I

IDENTIFICATION OF SEVEN TWO-PART URETHANE
WIMTT A IPTOUQ WT.rTFD FOR TEST

Parts by Weight of Reactants Type of Formulation Producer

1. Isofoam PE10A, 57.2 Polyether prepolymer, Isocyanate Products, Inc.
Isofoam PECW, 42.8 waterblown

2. Rigidthane R334, 69.3 Polyether prepolymer, Thiokol Chemical Corp.
Rigidthane C334, 30.7 water and Freon-li blown

3. Polylite 8625 50.5 Polyester semi-prepolymer, Reichold Chemicals, Inc.
Polylite 8605 49.5 water and Freon-li blown

4. Nopcofoam A21OR, 52 Branched polyester with Nopco Chemical Co.
Nopcofoam A21OT, 48 excess triol

5. Selectron 5922 53 Branched polyester with Pittsburgh Plate Glass Co.
2,I-TDI, 47 excess triol

6. Resin 400, 50 2,4-TDI, 50 Branched polyester, NALVAIRMEVCEN
triol-free

7. Resin 500, 55 2,4-TDI, 45 Branched polyester, NAVAIRDEVCEN
triol-free

LW-TEMPERATURE PROCESSING TECHNIQUE

The improvements in physical properties of structural foams obtained
by this LTC premixing process has been ascribed to the effectiveness of
low teigperatures In suppressing the reactivity of the free hydroxyl
groups in the resin to the degree required to permit a higher degree of
completion of polyurethane, polyamide, and polyurea cross-linking reac-
tions on cessation of cooling'. Exotherm was conserved at the pour
point by the simple expedient of reducing temperature in the mixing
process. This was done by maintaining temperatures only 1 to 2* F
above the crystallization temperature of 2,4-TDI, 70* to 730 F, for the
2,4-isomer herein used in attaining single-phase compatibility, and
thereafter continuing the mixing at preselected temperatures within the
range from 40* to 70* F until an abrupt increase in condensate viscosity
occurred. At this point, solid dry-ice additions were stopped and the
reaction was allowed to proceed on its own exotherm with stirring until
pour-point temperatures of 80* to 90° F were generated in the material,
with accompanying sharp reductions in viscosity.

It was decided in this work to discontinue mixing the condensates at
the instant of observing their characteristic abrupt viscosity increases,

ranging from 850 to 2600 poises for the five approved formulations,
rather than follow the usual procedure of sustained mixing, in the ab-
sence of temperature control, to obtain low pour-point viscosities of
100 to 400 poises. Theoretically, this departure from the standard pro-
cedure should conserve a higher fraction of the total potential heat of
cross linking reactions in the frozen foam.

14. Moore, 1. R., Office of fechnical Ser i'ces Report Io. P8 131,123, 30 Jn 1956,

86 %.
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The operator in figure 4 is carefully adding dry-ice powder to reduce
the temperature of a 600-gram batch of condensate in the 10-quart bowl
of a Hobart planetary mixer. A copper-constantan thermocouple wire was
soldered to the base of the bowl and connected to a potentiometer for in-
stant readings of condensate teperatures. Mixing was interrupted at
frequent intervals to determine condensate viscosities with a Brookfield
visconimeter, not shown.

Obviously this procedure, originally developed for the meta (2,4-)
TDI isomer, is subject to considerable variation, depending upon the
viscosity and diisocyanate reactivity of different branched resin formu-
lations. In some cases, it was necessary to add 2- to 4-percent acetone
on the weight of the batch to reduce excessively high pour-point viscos-
ities. Desirably lower TDI compatibility temperatures, 47" and 58" F,
can be obtained by substituting commercially available 65/35 and 80/20
2,4-/2,6-MI isomer blends, characterized by freezing points of 46.40
and 57.2" F, respectively, for the higher freezing 2,4-TDI isomer con-
taining not more than 2 percent of the 2,6-isomer.

REACTIVITY SCREENING TEST

Recent work'a has shown that highly viscous and extremely reactive
foaming resins of controlled branching characteristics cannot be proc-
essed suitably by low-temperature TDI condensation processes. These
tests have demonstrated a close parallelism between the time lag in the
first evidence of decarboxylation under normal laboratory conditions
without cooling, or by moderate temperature control at 85* F, and the
ease with which two-part systems can be mixed at temperatures of 60* to
75" F by direct internal cooling with pulverized dry ice. For this rea-
son, it was considered desirable to determine the threshold times of
mixing and exothermic temperatures of the seven two-part formulations
listed in table I before preparing sizeable batches for freezing and
conversion to foam blocks in closed molds. Table II data, thus obtained
without temperature control in mixing, show wide variations in elapsed
times corresponding to the first discernible evidence of foaming, attain-
ment of peak exotherm, and gradual cooling of the seven formulations to
an arbitrarily preselected temperature of 122* F.

In these tests, the two-part systems were rapidly hand-mixed with a
table knife stirrer to which a thermocouple, connected to the potentiom-
eter, was attached. At the end point of incipient foaming, the knife
was quickly removed and thermocouple readings recorded at successive 2-
minute intervals until the fully expanded foams cooled to 122" F. Peak
exotherm temperatures usually coincided with maximum expansion of the
foams. The Rigidthane and Polylite isocyanate prepolymer and semi-
prepolymer formulations were rejected for large scale processing as a
result of these tests, but the Isofoam water-catalyzed prepolymer was

15. Moore, I. R., 0.T.3. ReCort 10. PB 171,615, 22 Nov 1960, 73 op.
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considered a borderline case in view of its longer expansion threshold,
36 seconds, and 10-minute delay time in reaching a peak exotherm of
324 F.

TABLE II

EXOTHEMIC HISTORY OF 150-MM BTCHES OF URETHANE CONDENSATES
HAND MIXED WITHOUT TEMPERATURE CONTROL

Cnexaneion Threshold Peak Exotherm Elapsed Tide Density
CodrTse1IMw Tee Tim Te (min) Cooling (lb/cu ft)

Tests& (am) £2). (mm M' to 122' F _____

1. Ifeean 0.6 136 10.0 324 66 9.7

2. Rigidthan 0.3 10 1.5 249 3095
3. Po .te 0.3 198 3.2 354 62 9.2

4. No eofoan 1.8 167 4.5 284 43 9.6

5. Selectron 13.5 165 18.0 279 58 10.5

6. Resin UO 6.0 180 14.0 310 63 8.3

7. Resin 500 3.2 198 10.0 324 67 14.1

* Baed on prportions ot eactants given in table I.

CONVERSION OF CONDENSATES TO FROZEN FOAMS AND FOAMED LOCKS

Fixed amounts, 600 grams, of each of the five formulations, No. 1,
4, 5, 6, and 7, accepted by the reactivity screening test, were proc-

essed according to the time-temperature schedules listed by table III,

colun 2 and 3. This quantity made adequate provision for transfer
losses in pouring about 125 grams of condensate into a Dewar flask of

300-milliliter capacity and 6-inches inside diameter, half filled with

liquid nitrogen, and about 360 grams of the remaining material into a
dmountable aluminum old of 8 by 10 by 1-1/2 inches inside dimensions
with the ixpectation of obtaining restricted foams of 10-pound per cubic
foot density.

TABLE III

DENSITY AND COMPRESSION S71ENOTH OF HEAT CURED RESTRICTED FOAM3
OBTAINED BY LO TEMPEATURE PROCESSING

Coa..ate Robert LO Pour-Point Conditions Toan Properties
Mde TOP Viacomity Density Cop Strength

Teatedo ag 0p Tns (A) _ __ (F1 (Do) (lb/u ft) (pi

1. dectef, 4.0 60-70 90 850 8.5 210
4. mPeOfOrn 10.0 60-70 95 1200 9.9 375
5. saletron 30.0 68-70 90 1150 9.8 410
6. Resin 4W 23.0 60-70 100 2600 7.4 235

7. fteet 500 1.5 63-70 98 1950 12.7 385

SDaed on preportiof of reactants given In table I.

- 10 -
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Great care was required in the freezing operation shown in figure 5
to prevent undue sputtering and loss of liquid nitrogen. Condensate
temperatures increased from 78" to 91 ° F in the 2- to 3-minute intervals
required for freezing to appreciably higher temperatures, 90* to 100° F,
on pouring 355- to 365-gram quantities of the remaining viscous materials
into tared aluminum molds preheated to 150° F to avoid sudden chilling.

The same curing cycle of 1/2 hour at 1500 F, followed by 3 hours at
2750 F in an electrically heated air-circulated oven 4 was used in pre-
paring rigid foam blocks from which specimens were cut from center sec-
tions for density and compression strength determinations. The data
given in table III represent the arithmetical means of density and com-
pression strength given by five 1-inch cubes. A Tinius-Olsen electromatic
tester, operated at a speed of 0.05 inches per minute, was used in meas-
uring compression strengths of the cubes aligned perpendicular to the
direction of foaming. The recorded values correspond to a deformation of
0.1 inch, or breakage of the specimens at this deflection, whichever oc-
curred first.

It was noted that only two of the condensates, Nopcofoam and Selec-
tron, gave restricted foams of about 10-pound per cubic foot density,
while the Isofoam and Resin 400 condensates, in contrast, developed suf-
ficient foamine pressure to force large amounts of material through the
top channel member of the molds, with resultant low foam densities of
8.5 and 7.4 pounds per cubic foot respectively. Resin 500 condensate
showed limited expansion under these conditions.

VACUUM FOAMING CAPABILITY

After first crushing 115- to 130-gram quantities of the frozen foams
in cylindrical paper cartons, 3-1/4 inches in diameter and 6 inches high,
in the presence of liquid nitrogen to prevent melting, they were promptly
transferred to the high-altitude chamber shown in figure 6. Before
evacuating the chamber, two thermocouples were introduced through a side
opening and carefully inserted in the center area of each frozen powder.
The side opening of the chamber was then sealed with a Thiokol-based
elastomeric sealant.

The NAVAIRDEVCEN high-altitude chamber had a maximum vacuum and low-
temperature capability of 8.3 millimeters and -100* F. Because of the
difficulty in maintaining the urethane powders in the frosen state for
the time required to obtain the minimum vacuum pressure, the tests were
made at a substantially higher pressure, 2.0 centimeters, because of the
rapidity with which this pressure setting could be obtained after ar-
ranging the test specimens.

To expedite the -50" F temperature setting, the chamber was precooled
in advance. However, during the time interval required to attain a

14. See page 7
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FIGURE 6 -Inspecting Foams Expanded in Vacua
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vacuum of 2.0 centimeters, the temperatures of the frozen urethanes in-
creased from their initial temperature, -324" F, the boiling point of
liquid nitrogen, to temperatures ranging from -1600 to -1400 F.

Additional tests were made in vacuo at 700 F to determine the effect
of a 2.0-centimeters vacuum on the properties of the Nopcofoam and Selec-
tron powders previously found capable of expanding spontaneously, under
normal laboratory conditions, after freezing over a bed of dry ice.

The vacuum foaming response of the Isofoam, Nopcofoam, and Selectron
frozen condensates at 70o F, columns 9 and 10 of table IV, clearly es-
tablished the merit of the LTC premixing procedure relative to control
tests with condensates processed by NTC and GAC premixing methods of no
temperature control and constant temperature control (80-83 F) to the
end point of incipient foaming. The LTC-processed Nopcofoam and Selec-
tron one-part urethanes filled the containers to overflowing, in sharp
contrast to the negligible expansion given by other premixing methods.
LTC-premixed Isofoam powder expanded to a lesser degree, as expected
from the initial high loss of exotherm evolved in the manufacture of
Isofoam PElOA prepolymer and all other categories of TDI prereacted
polyols and hydroxylated resins'. The results obtained by LTC premix-
ing of theme three condensates clearly verified the prediction that con-
servation of a substantial fraction of the total exotherm of subsequent
foaming and rigidising cross-linking reactions in the frozen powder is
advantageous in promoting vacuum expansion in the absence of a simulated
source of solar radiation.

Table IV also shows that the rates of temperature increase given by
therimcuples embedded in the frozen or semi-solid condensates for a 75"
increment in teisperature, from -125* to -50o F, were five to eight times
as fast for condensates expanded in vacuo at 700 F as at -50* F. Three
of the frozen powders, Isofoam at 70" F, and Nopcofoam and Resin 400 at
-50 F, developed compression strengths only slightly less than the val-
ues recorded in table III in consideration of their differences in foam
density.

Intermittent viewing of the quart-size cardboard containers through
the double-wail glass window of the vacuum chamber disclosed wide varia-
tions in expansion times, ranging from 30 to 45 minutes for an environ-
mental teperature of 700 F to 120 minutes at -50 ° F. Definitive
measurements of the times and temperatures of initial expansion could
not be made because of the opacity of the cartons. However, pronounced
expansion of the LTC-processed Nopcofoam and Selectron frozen urethanes
occurred when exotherms of only 17' to 20' F had developed after 25 to
34 minutes residence times in the vacuum chamber operated at 70° F. Ex-
pansion was essentially complete after a time lapse of 45 minutes, when
foam temperatures had increased to 250 to 300 F.

16. cc lo*.4ia of Chemical fecthnology, First Supplementary Volume, Interscience
VN,2s60TS, few Fork, 1959, pp. 894-897
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TABLE IV

VACUUM FOAMING PERFORMANCE OF URETHANE CONDENSATES PULVERIZED
AFTER FREEZING IN LIQUID NITROGEN

Frozeo Condensate Preparation Rate Teep rncrease Tep Foam Properties
Condensate prce Mixing Pour -125 to -50" F per min Vacuum Dent ORP

TtdTime Te Time Rate Chamber Dity Strenth Texture
_ _d _ ) (cdn) (.F) ('•) (lb/cu ft) (psi)

la Iofoam WTC 0.40 110 12 6.3 70 no ex-
pansion

lb Isofosa LTC 4.0 85 6 12.5 70 6.3 105 ne.ug
friable

Ic Isofoam LTC 4.0 85 51 1.5 -50 no ax-
pension

2a Nopcofoa NTC 1.4 95 20 3.7 70 collapse@
2b Nopcofoam LTC 8.5 80 7 10.7 70 overflow@ large

1 voids
2c Mopoofoa LTC 10.0 80 30 2.5 -50 I4.9 230 Asawk

3a Seloctron DAC 26.0 95 15 5.0 70 collapose
3b Selectron LTC 30.0 86 6 12.5 70 overflows large

I voids
3c Selectron LTC 30.0 90 49 1.5 -50 no ez-

pansion

4 Reain 4o LTC 23.0 90 32 2.3 -50 6.6 160 mAsd

5 Resin 5O LTC 11.5 90 47 1.6 -50 11.3 s5O fine

a Proee Ooed

NTC - No tupoature ontrol in ixing to end point of incipient foamng.
LTC - Low taerature ooantrol br adding solid dr7 ice powder in -4-1m to end point of inoipient foming.

kC - Gooear Aircraft Corp. nethod of maintaining subetantially constant tmeratues of 10r to 8Y F to end
point of incipient foamng.

Table V data for tha final specimen exposure time and temperature
observations of the uretiane powders are only approximate because of the
difficulty in observing LTC-premixed condensates that failed to expand
above the tops of the containers. No expansion was noted for observa-
tions bearing asterisks.

TABLE V

FINAL TflE-TEMPERATURE READINGS OF ONE-FART URETHANES

Frozen Condensate +70 Chamber -50" Chamberroe Time (min) T (*F Time (min) Temp

Isofoam 60 77 90* -34*
Nopcofoam 65 75 110 23
Selectron 75 80 120* -15*
Resin 400 - - 90 25
Resin 500 - - 120 23
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The terminal exposure times in vacuo at 70" F required to develop
maximum exotherm of one-part frozen Nopcofoam and Selectron condensates,
65 and 75 minutes, were substantially greater than 45 to 60 minutes pre-
viously observed for the same LTC-premixed condensates expanding under
normal laboratory conditions after freezing over a bed of dry ice.

DISCUSSION

This preliminary study has indicated that LTC-premixed, freeze-
arrested, urethane powders should qualify as acceptable rigidizing media
for foldable, double-wall, plastic film structures, if the following
conditions are satisfied:

1. Rocket delivery and orbital launch of the payload before melting and
expansion of the enclosed powder.

2. Presence of a sufficient quantity of occluded air or lighter gas,
such as helium, in the heat-sealed plastic film structures to insure
rapid inflation without burst, on ejection from the last stage of a
rocket carrier.

3. Capacity of the frozen or semi-solid material to expand rapidly in
the gas-distended structure before temperature equilibrium is established
in the hard vacuum and intense cold of deep space.

Aerospace expansion times of frozen or semi-solid urethanes can be
markedly reduced by substituting higher melting refrigerants, such as
dry-ice, for liquid nitrogen used in the present research. However, the
use of higher melting refrigerants presupposes a marked reduction in the
time interval between installation of the folded package in the rocket
and blast-off, unless the payload itself is packaged in dry ice. In
this case, it is believed that time lapses of 6 to 47 minutes, herein
recorded for frosen condensates gradually increasing in temperature from
-129 to -5W F, would be reduced significantly.

Despite the lack of experimental data on the behavior of frozen ure-
thane powders in heat-sealed plastic tubes, it is believed that a corre-
lation can be demonstrated between their capacity to fully inflate and
rigidise the tubes, on the one hand, and their free-foaming capability
at identical vacuum pressures and temperatures, on the other. High free-
foaming capability is herein defined as the capacity of a given urethane
powder to produce foams of density not exceeding 1.0 pound per cubic
foot at tesperatures ranging downwards from -50 to -100* F in vacuo.

Low-denasity foams are derived from one-part urethanes possessing
high latent internal pressures. However, if the required internal pres-
sures cannot be generated with existing or envisioned formulations, the
deficiency can be readily overcome by injecting a sufficient excess of

- 16 -



NADC-EL-N6208

powder into the tubes to produce foams of appreciably higher density, 2
to 4 pounds per cubic foot. Urethane powders capable of low-density ex-
pansion in this range would provide the necessary rigidizing effect, as
high-strength properties obviously are not required in a weightless aero-
space environment.

The foregoing analysis indicates that further work should be directed
toward methods of developing high internal expanding pressures in frozen

6 condensates. Two approaches are suggested in reaching this objective:
(1) synthesis of new polyol-free branched polymers and branched polymer
compositions containing a high concentration of sterically unhindered
hydroxyl and carboxyl cross-linking sites, and (2) substitution of the
low-melting 65/35 and 80/20 blends of TI 2,4 and 2,6-isomers for the
higher melting, 70-73.4" F, meta-(2,4-) tolylene diisocyanate isomer in
producing LTC-premixed condensates capable of conserving still higher
quantities of exothermic heat in the frozen foams.

Although it is recognized that further work on synthesis of polymers
free from unesterified branching reactants is desirable, in view of the
encouraging results given by LTC-premixed Resins 400- and 500- TDI con-
densates, this approach presents considerable difficulties because of
the high initial viscosities of triol-free polymers. For this reason,
the unmodified "Class I" and modified "Class II" diol chain-extended low
viscosity, partially esterified, alkyd resin compositions, based on tri-
methylolprcpane and 1,2,6-hexanetriol branching reactants present in ex-
cess of the amounts prescribed by the theoretical 1.5-to-l.O hydroxyl-
to-carboxyl starting molar function group ratio, should be investigated15 .
The presence of unesterified branching reactants of this type, possessing
equal hydroxyl reactivity, is not believed deleterious in the light of
the much higher exothermic temperatures, 4250 to 5000 F, given by these
triols after 25 minutes of mixing with 2,4-TDI in equimolecular propor-
tions, as compared to 97* F for anhydrous glycerol.

Lastly, the results of this study have shown that no further work is
indicated for water and halogenated hydrocarbon-blown isocyanate prepoly-
mers or semi-prepolymers in consideration of the pronounced loss of exo-
therm released in the original manufacturing process'e. Nor can these
materials, stirred in vacuo at 70* F, be foamed satisfactorily unless
the aqueous catalyst is introduced at an extremely slow rate by desorp-
tion from silica gel. Allinikovl7 has concluded that elaborate arrange-
ments of this sort are impracticable for unrestrained free-foaming of
shelters and observatories on the moon, even if heating means were pro-
vided to overcome their excessive viscosities in an aerospace environment.

15. See page 8
16. See page 14
17. AIlinikov, S. (Aeronautical Systeis Cowmand, WPAFB), fechnical yesorandum VRCI

fM 60-4, 28 Jun 1960
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APPENDIX A

PREPARATION AND PROPERTIES OF TRIOL-FREE BRANCHED POLYMRS

INTRODUCTION

Triol-free branched polymers were produced for this research by con-
densing various triols (glycerol, trimethylolpropane, 1,2,6-Hexanetriol)
with dibasic organic acids in equimolecular proportions corresponding to
a 1.5-to-I hydroxyl-to-carboxyl starting functional group ratio. This
ratio corresponds to the maximum amount of triol that can be fully in-
corporated in a branched polymer depicted by the configuration

OCOROCOH ---

OCOROCO

-OH ---
-- HO

OH ----
-OCOROCO - OH---

OCOROCO
-OH - - -

FIGURE A-1 - Schematic Structure of Polymer Based on the Conden-
sation of Four Moles of Triol with Four Moles of
Dibasic Acid Bearing Only One-Terminal Carboxyl Group

The broken lines in the figure represent the sites for further condensa-
tion reactions terminated by cross-linking of adjacent molecules and
gelation of the mass when the acid number is reduced to a critical value.

VERIFICATION OF BRANCHED STRUCTURE

The decision to prepare a family of triol-free polymers containing
one terminal carboxyl group was based on the confirmation of previous
observations that two lots of Selectron 5922, characterized by acid
numbers 46 and 40, contained 8.3 and 7.7 percent unreacted glycerol.
These results represented the sunmation of the glycerol contents of 3
water extracts of 100-gram samples of the resins placed in a Waring
blendor. The glycerol assay of the extracts was determined by titrating
the formic acid liberated by oxidation with solium periodate in accord-
ance with the procedure developed by Dal Nogare and Oemler?. The

1. OIR Publication OIR-5; Materials Research in the lavy, by ff. R. Moore; fol. 1,
pp 19-67, Mar 1959

2. Dal logare and Oem ler, Analytical Chemistry, Vol. 24, P 902-904, 1952
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presence of glycerol was verified by expelling acrolein from concentrated
water extracts containing potassium hydrogen sulfate to aid the dehydra-
tion.

A compelling reason for synthesizing triol-free polymers was the ob-
servation that pure glycerol, water-free, generated a peak exotherm of
only 970 F after 25 minutes of hand-mixing, with 2,4-TDI added in equi-
molecular proportions. This result indicated that the relatively small
amounts, 8 to 9 percent of free glycerol present in Selectron 5922,
would reduce the effectiveness of LTC premixing in conserving the opti-
mum quantity of exothermic heat of cross-linking reactions in frozen
foams. This prediction was borne out by the lower peak exotherm of
279" F recorded for hand-mixing Selectron 5922-TDI condensates, as com-
pared to 324" F obtained for Resin 500-TDI mixtures. This may account
in part for the inferior vacuum-foaming performance of Selectron 5922
relative to Resins 400 and 500. It is likely, also, that Nopcofoam
A21OR branched resin composition is a "Desmophen" triol-containing
resin3 .

Selectron 5922 was made, as explained by Face , by condensing 3.8
moles of glycerol with 2.5 and 0.5 moles each of adipic acid and phthalic
anhydride at temperatures of 390 to 400* F, until resinous compositions
with acid numbers of 46 to 40 were obtained. In this work it was found
that continued polymerization of both the commercial product and a dup-
licate formulation, based on the same 1.9-to-l OH-to-COOH starting func-
tional group ratio, until acid numbers of 2 to 3 were attained, gave
extremely high viscosity resins containing less than 1 percent glycerol.
These results confirmed the statement in Groggint that free triol
present in partially esterified alkyds of this type eventually combines
with carboxyl end groups to give molecular structures similar to that
shown in figure A-2, wherein all the terminal groups are hydroxyl.

OCOROCO I OH---

--- HO -- -HO OCOROCO OH

OH-- -

OCOROCO OH

-OH---

FIGURE A-2 - Schematic Structure Containing No Free Carboxyl Groups
3. 3i, 1. md fthow, P. V.; U. S. Paten t 2,5"7,281, 4 Dec 1951
4. Pace, I. A.; Of7 Report No. PB 110Y97, Dec 1949

S. Grotins, P. I.; amit processes in orgoanc Synt/esis; McGraki-i . , Book Copany,
Inc, iew Fork, ?ifth Idition, 1958, p 863
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Figure A-2 configuration is an oversimplification of the actual and
more highly branched structures, containing at least 50 esterified triol
molecules, undoubtedly resulting from excessive polymerization of triol
and dibasic acids reacted in proportions corresponding to a 1.875-to-l
OH-to-COOH molar starting functional group ratio.

RESIN PREPARATION

Listed in table A-I, column 2, are the molar proportions of poly-
functional reactants used in producing 750- to 850-gram quantities of 6
triol-free polymers, Resins 100-600, inclusive.

A 2-liter beaker placed in an electrically heated fiberglas mantle
served as the reaction vessel in preparing the resins. Esterification
temperatures were controlled with a variac, and tank nitrogen was aspi-
rated continuously into the beaker during the progress of the condensa-
tion reactants. Reaction times and temperatures varied between the
limits of 3 to 13 hours and 180' to 370* F, respectively.

Columns 3 and 9 of the table give the final acid numbers and Brook-
field viscosities of samples removed for test while the resins were
still warm, but after stopping the condensation process. In this connec-
tion, it was noted that only two of the formulations, Resins 400 and 500,
gave stable acid values and viscosity readings; the remaining resins,
100, 200, 300, and 600, gelled within 24 to 168 hours from the time of
preparation. For this reason, the experimental observations and the
analytical criteria based on the initial acid numbers of these resins
have been enclosed in parentheses.

ANALYTICAL PARAMETERS OF TRIOL-FREE FOLYMRS

A significant difference between triol-free and triol-containing
polymers is the marked gelation tendencies of the former, which occurred
on attaining acid numbers as high as 50. However, the incidence of
gelation of triol-free polymers on approaching acid numbers correspond-
ing to 86.6 percent degree of polymerization is appreciably less than
75 to 79.5 percent reported by Kienle and co-workers , for similar for-
mulations based on a l-to-I starting functional group ratio. The l-to-l
function group analog of the polymer shown in figure A-1, herein depicted
as figure A-3, containing equal numbers of free hydroxyl and carboxyl
groups, cannot exist because the calculated degree of esterification,
80.6 percent, exceeds the maximum gelation threshold of 79.5 percent.

Figure A-4 represents a segment of the cross-linked gel evidently
obtained by excessive condensation of polyfunctional reactants in propor-
tions corresponding to functional group ratios both equal to, and less
thwn, 1.5-to-l.

6. rienle, R. 1. and co-t o rers; J. As. Chem. Soc. 61,2258,2268 (1939); 62,1053 (1941O);
63,481 (1941)
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OCOROCOH----

OCOROCO

OH----

--- HOCOROCO

OCOROCOH - - -

OCOROCO -- OH-- --

OCOROCO OH

FIGURE A-3 - Hypothetical Structure of Polymer Based on the Esterifi-
cation of 4 Moles of Triol by 6 Moles of Dibasic Acid

HOCOROCO OCOROCO OH---

L OCOROCO - C VROCO

- -- HO I OCOROCO - I OCOROCOH---

FIGURE A-4 - Segment of Gelled Polymer Based on Triol Branching Reactant

The foregoing discussion indicates that the critical factor in syn-
thesizing viscosity-stable and triol-free polymers is the degree of
polymerization and acid numbers corresponding to the incidence of gela-
tion reactions. The starting point in these calculations is Flory's
basic equation',

Pc/ r ()

for determining the branching probabilities, a, of unmodified, diol-free
polymers. Pc in this equation is the percent esterification of the car-
boxyl group equivalents initially present in the stirting formulation.

For the special case where r is 1.5 and a becomes ac, 0.500 for
triol-based polymers, Pc is equal to Pci, the critical degree of esteri-
fication corresponding to the gelation threshold. The numerical value

7. Flory, P. J.; Principes of Polymer Chemistry; CorneZ ffniersity Press, Ithaca,
lew Tork, 1953, pp, 348-356
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of P is then 0.866, or 86.6 percent, obtained by writing equation (1)
intel form

Pc /i (2)

This value of P0  is fixed and indepeadent of the total weight in
grams, Wj, of the reictants present in the initial charge.

The limiting vrlues of the acid numbers of the polymers correspond-
ing to the gelation threshold are inversely proportional to the weight
of initial charge, as shown by writing the generalized equations

(5000 N0/Wi) - 0.802 AN ()
Pc " ooo45000 NOAi

previously derived for calculating the percent esterification of alkyd
resinous compositions of controlled branching coefficients in the form

(1 - P) 45000 Nc
0.802 w ()

Substituting Peg for PC and ANg for ANp, equation (4) becomes

(0.134) 56100 N (5)A g -wi 5

The number of carboxyl equivalents, N0, is 6 for Resins 100-600, inclu-
sive, and 56100 is the number of milligrams of 0.1N KOH required to
neutralise one carboxyl equivalent.

In further reference to table A-I, it is evident that Resins 400 and
500 were the only two polymers condensed to a lesser degree than 86.6
percent. Their acid numbers also were appreciably higher than the AN
maximums, 53.6 and 63.2, corresponding to the start of network formula-
tion.

Due emphasis should be given the fact that the numerical values of
PeiA' g, and hp listed in columns 4, 6, and 8 of the table are inde-
pendn of any assumptions concerning the branched structure configura-
tions and average molecular weights of the polymers. However, the
computations of weight average molecular weights, Wp and Wpg, and the
corresponding average numbers of esterifled triol molecules ("branchpoints"), Xp ad X~g, tabulated in columns 5 and 7, are predicated on

figure A-l concept of triol-free branched structures bearing only one
terminal carboxyl group.

B. Moore, 1. It.; 07s New't Io. PB171615, 26 lov 190, 73 0
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Presuming on the validity of this concept, the acid numbers attained
from weight average and the acid numbers corresponding to gelation thresh-
olds were calculated from the equations

Wp 45oo x 1.245 (6)
p AN p

45000 x 1.245 (7)WpgANpg

where 1.245 is the KOH/COOH conversion factor, Equations (6) and (7) are
substantiated by the definitions of corresponding acid numbers given by
equations (4) and (5).

An alternate method of determining Wp and Wpg and the corresponding
average numbers of branch points, xp and xpg, is provided by curves of
the type shown in figure A-5 for Resin 500, wherein Wp values for whole
numbers of xp as ordinates are plotted against decreasing values of ANp
as abscissas. The numerical values of Wp for integral values of xp from
3 to 6 were obtained from the equation

Wp = Xp Wi - (2 xp - 1) 18.016 (8)

Equation (8) is consistent with figure A-1 which shows that the weight
of water evolved in producing polymers with a specified number of branch
points is equal to the product of twice the number of partially esteri-
fled triol molecules in the polymer, less one, and the molecular weight
of water. Acid numbers corresponding to increasing values of Wp were
then obtained from equation (6) written in the form

-6100 (9)
A~~p~

The fractional numbers of branch points, Xp and xpg, for the observed
and calculated values of ANp and Apg are given by the ordinate intercepts
of the curve obtained by plotting Wp against ANp for whole number values
of Xp.

Obviously, the broken line continuation of this curve beyond the
point given by the ANpg and xp intercepts of 63.2 and 4.3 cannot be
realized in practice because of the intervention of gelation cross-link-
ing reactions between polymers containing 4.2 and 4.4 partially esteri-
fied triols.

Tabulated in column 8 of the table are the hydroxyl numbers of the
polymers required, in addition to acid numbers and residual water con-
tent, for determining the minimum amounts 6f TDI needed for their con-
version to foams in accordance with stoichiometric principles. Here
again, the values given by the equation

- A-7 -
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(Nh - Pc NC) 17000 x 3.3
h = Wi - 18.016 (Pc Nc) (10)

are provisional for Resins 100, 200, 300, and 600, because of gelation
reactions that occurred at varying times after the resins were prepared.

The free hydroxyl group content of the polymers is clearly equal to
the number of unesterified hydroxyl equivalents per unit weight of prod-
uct. The term Nh - PcNc in the numerator of equation (10) represents the
number of unreacted hydroxyl equivalents in consideration of the identity

PhNh - PcNc (11)

where Ph is the percentage esterification of the number of hydroxyl equiv-
alents, Nh, initially present. Weight of product is given by the differ-
ence between the weight of the initial charge in grams, Wi, and the
product 18.016 PcNc, since 1 molecule of water is liberated for each es-
terified carboxyl equivalent.

The residual water of esterification present in Resins 400 and 500
was not determined. However, on the basis of previous results given by

Moorea, a reasonable value, 4 percent, was assigned the water content
of these resins. On this basis, the arbitrary 1-to-I and 0.82_-to-l TD:-.
to-resin ratios selected in converting Resins 400 and 500 to frozen foams
were 17 and 9 percent in excess of the theoretical values. An excess of
TDI was considered justifiable on the assumption that an excess is less
harmful than a deficiency in frozen condensates subjected to a low-tern-
perature vacuum environment.

Lastly, column 10 of th. table shows that the branching coefficients
of Resins 100, 200, 300, and 600, esterified in excess of the critical

value, 86.6 percent, were greater than 0.500, the critical value for
production of infinite networks, as expected.

CONCLUSION

In the further development of triol-free intermediates for the prep-

aration of LTC preprocessed condensates, care should be taken to limit
the degree of esterification of carboxyl group equivalents initially
present to 82 percent, or less, to obtain products of substantially lower
viscosity than 2600 poises recorded for Resin 400. Low viscosity resins
obviously would be more amenable to DI condensation reactions performed
at 48o to 580 F with the low melting point 80/20 and 65/35 2,4- and 2,6-
isomer blends.

An effort also should be made to expell all traces of the residual
water of condensation by aspir&ting nitrogen through the resins at

8. See 0afe A-6
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temperatures of 2000 to 225 F, believed to be incapable of further ad-
vancing the condensation reactions. Removal of residual water by vacuum
distillation at temperatures of 150" to 175* F might be found even more
effective.

The presence of water in triol-free and triol-containing resins ie
undesirable because of the preferential formation of linear polyureas in
TDI condensation reactions. Prior formation of polyureas in this way
causes an undesirable increase in the viscosity of the condensates at
low temperatures, thus aggravating the processing difficulties. More-
over, the presence of linear polyureas in the expanded foams depreciates
their mechanical strength properties to a marked degree' , 9 .

8. 3ee Oqe A-6
9. Moore, N. R.; OS Report Io. 131123, 30 Ja 1956, 86 p
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