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1571 ABSTRACT 
An ablative foam composition is formed of approxi- 
mately 150 to 250 parts by weight polymeric isocyanate 
having an isocyanate functionality of 2.6 to  3.2; approxi- 
mately 15 to  30 parts by weight reactive flame retardant 
having a hydroxyl number range from 200-260; approx- 
imately 10 to 40 parts by weight non-reactive flame 

U S .  PATENT DOCUMENTS retardant; approximately i0 to  40 parts by weight non- 
hydrolyzable silicone copolymer having a hydroxyl 

3,384,599 4/1968 Omietanski ......................... 252/352 number range from 75-205; and approximately 3 to 16 
parts by weight amine initiated polyether resin having 3,388,101 6/1968 Wismer 260/77.5 

3,399.247 8/1968 Windemuth ......................... 260/824 
3,642,646 2/1972 Marcus ................................ 252/182 an isocyanate greater than Or to 3*0 
3,647,724 3/1972 Doerge ........................... 260/25 AJ and a hydroxy1 number range from 4oo-800. 
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designed to be cost-competitive in broad commercial 

HIGH TEMPERATURE ABLATIVE FOAM 

CONTRACTUAL ORIGIN OF T H E  INVENTION 
The invention described herein was made in the per- 

formance of work under NASA Contract No. NAS 
8-33708 and is subject to the provisions of $305 of the 
National Aeronautics and Space Act of 1958 (72 Stat. 
435: 42 U.S.C. $2457). 

TECHNICAL FIELD 
The invention generally relates to the chemistry of 

carbon compounds and synthetic resins, especially to 
cellular products or processes of preparing a cellular 
product, such as foams, pores, channels, and the like, 
and more specifically to cellular products derived from 
silicon containing reactants. As a general matter, the 
invention relates to ablators and to  cellular polymers 
having reduced smoke or gas generation. The invention 
also generally relates to the chemistry of carbon com- 
pounds and synthetic resins, especially to processes of 
preparing a desired or intentional composition of at 
least one non-reactant material, i.e., an inert gas which 
fills the foam pores, and at least one solid polymer or 25 
specified intermediate condensation product, or prod- 
uct thereof that forms cell walls, and more specifically 
to a composition for contact with. hot propulsion or 
exhaust gas or a process for preparing such composi- 
tion. Further, such composition may be an organic 3o 
polyisocyanurate or derived from polyisocyanate. 
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BACKGROUND ART 
Ablative materials are employed as part of the ther- 

mal protection system (TPS) on space vehicles, such as 35 
in the formation of heat shields and insulating coatings. 
Several ablative foams presently are used in the TPS of 
the United States space shuttle and, in particular, are 
used in the TPS of the external tank (ET). Historically, 

markets. 
As a practical matter, the selection of new foams for 

space shuttle use is further constrained by the estab- 
lished facilities, production methods. and the like that 
have been designed around the currently used foam's 
process parameters. For  example, when a new foam is 
selected, it is significantly more efficient and reliable to 
continue to use the existing facilities and tooling re- 
quired to  apply the currently used foam. Therefore, any 
backup or replacement foam must be processable within 
constraints no tighter than those of the current foam if 
major tooling costs and facilities costs are to be avoided. 

The particular needs of the aerospace industry for 
ablative foams seldom are addressed by the commercial 
compounders since the quantity of materials used is 
small. Thus, in the past it has been necessary to start 
with a commercial foam and work with the com- 
pounder to  make minor modifications so that the foam 
meets certain minimum criteria. Such modifications can 
be quite challenging due to the nature and complexity 
of the material's chemistry. Thus, in spite of well known 
specific engineering criteria established for each type of 
foam used on the external tank, the ET foam needs 
continue to  be filled by modified commercial foams. 

The space shuttle and its external tank present spe- 
cific harsh conditions that must be met by any chosen 
ablative foam material. Similar requirements are associ- 
ated with other cryogenically fueled boosters, as well. 
The harsh conditions which are encountered can be 
best understood by reference to some of the specific and 
most difficult mission requirements. . One such requirement is that the foam be strain-com- 
patible with an aluminum substrate at cryogenic tem- 
perature. For example, foams that become brittle at 
minus 423" F. could fail by fracturing or delaminating 
from the external tank. 

Another requirement is that the foam have satisfac- 
tory strength at elevated temperature to  prevent explo- 

these materials have been selected from or modified 40 sive loss oT chunks. Such loss'may occur hue to inte& 
from commercially devised foams. Until now, no single cell pressure, when the foam is heated to 300" F. from 
foam has been found that meets both engineering and heat sources internal and external to the propellant 
manufacturing constraints for all ET applications, SO tanks, Compounding the situation is the near-vacuum 
several different foams must be used. external pressure that is encountered during portions of 

sary is that most foams are designed to meet the require- Additionally, a satisfactory foam must form a dimen- 
ments of the market's major users, which are the con- sionally stable char as a result of thermal decomposi- 
struction and refrigeration industries. Common com- tion. A part of the foam's thermal protective function is 
mercial urethane and isocyanurate foams are intended achieved when the surface of the foam forms a char. As 
for use as roof top insulation, piping insulation, refriger- 50 long as the char maintains a continuous surface and does 
ated container insulation, and the like. These commer- not, for example, form wide and deep cracks due to 
cia1 uses financially and technically dictate the types of excess char shrinkages, the char achieves the protective 
materials being manufactured by the compounders and function. In addition, the foam must be self-extinguish- 
processors. Thus, the design criteria for most foams are ing in air. 
based on pre-established industrial standards. The domi- 55 A satisfactory foam must also have low friability. It is 
nating commercial design factors are cost per pound, generally known that highly three-dimensionally cross- 
insulation value, strength, and flammability in place. In linked isocyanurate foams have been produced in the 
general, commercial foams are classified according to prior art. These foams may have excellent high temper- 
their flammability and smoke generation characteristics, ature properties and yield sturdy chars. However, they 
most commonly using the ASTM E-84 test, which com- 60 are very brittle and damage-prone, and therefore are of 
pares the material to  red oak. In this test, red oak arbi- little practical value. 
trarily is given a value of 100 both for smoke generation At least three different foams presently are used in the 
and for flammability. Class 1 foams, which have a 25 TPS for the external tank. The first, a high performance 
rating or less, generally are the only candidates that are isocyanurate-type spray foam (CPR 488 and NCFI-22- 
screened for usage on the shuttle's external tank. How- 65 65), is used for major acreage, high-performance appli- 
ever, without modification even these Class 1 foams cations. This foam is manufactured under highly restric- 
have little chance of meeting the engineering criteria for tive processes to assure the material's integrity and 
use on the external tank of a space shuttle, since they are performance for flight environments. A second foam 

A major reason that several foams have been neces- 45 the vehicle's flight. 
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(BX-250) is a more generic urethane spray foam, used 
for ice and frost protection and genera closeouts. This 
second type is relatively more easily processed and also 
meets certain design and flight criteria. A third type of 
foam (PDL-4034) is a pour foam utilized for manufac- 
turing molded parts and general repair of complex ar- 
eas. 

It would be desirable to have a single foam capable of 
meeting the engineering criteria for all foam uses on the 
external tank, thus simplifying logistics. Also, by its 
broad performance range, such single foam likely 
would provide improved performance in some or all 
application areas by meeting or exceeding the perfor- 
mance capabilities of the presently used materials. 

A number of patents are known to relate to either 
ablative compositions or to general foam compositions. 
U.S. Pat. No. 4,077,921 to Sharpe, et al. teaches a spray- 
able, low density ablative composition employing 
epoxy-modified polyurethane resins carrying microbal- 
loons. This patent is notable because the disclosed com- 
position is for use as an ablator on the solid fuel rockets 
of the space shuttle. However, the composition itself 
has little similarity to  the present invention. 

Other patents disclose isocyanate or isocyanurate 
foams, which are of the general type produced in the 
present invention. Polyisocyanurate foams, which are 
known to have high char resistance and low smoke 
values by commercial standards, are formed by trimer- 
izing polyisocyanates. The resulting foams, like ure- 
thane foams, also have low thermal conductivities. 
However, commercial versions are known to be brittle 
and highly friable. These undesirable characteristics 
have been modified by adding to the isocyanate a ure- 
thane polyol, such as a glycol, although the resulting 
modified foam has less favorable burning and smoke 
characteristics. 

The foams of other known patents are believed to be 
directed to the major commercial uses, such as con- 
struction and refrigeration. For the reasons set out 
above, these foams are most certainly inadequate for the 
performance criteria of TPS foams on the external tank 
of the space shuttle and other cryogenically fueled 
boosters. However, since in aerospace foams the com- 
mon commercial criteria are desired, although to a su- 
perior degree, these patents are noted for teaching the 
direction of the art. 

One such patent is US. Pat. No. 3,647,724 to Doerge, 
which discloses a polyurethane foam composition with 
reduced smoke levels, achieved by addition of chloren- 
dic acid. The foam is formed by reaction of an organic 
polyisocyanate with an active hydrogen-containing 
material, and a phosphorous fire retardant. The active 
hydrogen-containing material may be an organic 
polyol, preferably a polyether pol yo1 having hydroxyl 
value between 200 and 800. The organic polyisocyanate 
may be polymeric diphenylmethane-diisocyanate (poly- 
meric MDI), as well as’other polymeric polyisocyanates 
having a functionality greater than 2.0. The fire retar- 
dant phosphorus may be contributed by either a reac- 
tive or non-reactive compound and supplies from 0.5 to  
2.0 percent phosphorus. Optionally, about 0.10 to about 
3 weight percent silicon base surfactant may be used in 
less dense foams and may be omitted entirely in foams 
weighing 5 to 6 pounds per cubic foot. The foam is 
formed in conventional manner by use of a blowing 
agent and a catalyst, such as a tertiary amine or  an 
organic salt of tin. The resulting foam is stated to  be 
self-extinguishing under a commercial ASTM standard. 

4 
US. Pat. No. 4,426,461 to Smith describes the prepa- 

ration of a diisocyanurate foam by reaction of a low- 
functionality methylene diisocyanate with a polyol and 
a silicone surfactant in the presence of a fluorocarbon 

5 blowing agent and a catalyst, such as a quaternary am- 
monium salt. The resulting product is stated to be suited 
for use in the construction and insulation field. 

U S .  Pat. No. 3,384,599 to Omietanski et al. teaches 
preparation of an organic poly01 modified with organo- 

10 siloxane groups. The dimers and trimers of isocyanates 
are identified as suitable reactants with polyol-siloxane 
compositions. The resulting polyurethane foams are 
stated to have uniform cell structures. 
US. Pat. No. 3,399,247 to Windemuth et al. teaches a 

15 method of producing polyurethane foam by reaction of 
a polyether with an organic polyisocyanate and an or- 
ganosiloxane. The resulting foams are stated to have 
utility as upholstery, insulation, sponges and the like. 
US. Pat. No. 3,642,646 to Marcus describes the use of 

20 carboxy-bearing adduct polyols, formed by reactiori of 
a poly01 and the anhydride of a polyfunctional aromatic 
carboxylic acid or chlorendic anhydride. The aromatic 
carboxylic acid anhydride may include tetrachloroph- 
thalic anhydride or tetrabromophthalic anhydride. The 

25 adduct polyols are reacted with a polyphenylisocya- 
nate, a fluorocarbon blowing agent, and a catalyst to  
produce a foam, which the disclosure states will meet 
commercial standards for fire-resistant foams. 
US. Pat. No. 4,133,781 to Ashida et al. discloses a 

30 polyisocyanurate foam that is stated to have low smoke 
generation, low friability, high heat-resistance and high 
flame-retardance, and no bursting property. This result 
is achieved by adding to the polyisocyanurate foam 
from 2 to 30 weight percent of an organosilicate having 

35 hydroxypolyoxyalkylene groups. As expected, the per- 
formance of this foam is measured against ASTM and 
other common commercial standards. 

U.S. Pat. No. 3,388,101 to  Wismer et a]. discloses the 
formation of polyurethanes by combination of a poly- 

Therefore, it would be desirable to develop an abla- 
tive foam suited to the needs of the aerospace industry, 
yet that is suited for use with established facilities, pro- 
duction methods, and tooling. 

To achieve the foregoing and other objects and in 
accordance with the purpose of the present invention, 
as embodied and broadly described herein, the ablative 
foam and method of manufacture of this invention may 
comprise the following. 

DISCLOSURE OF INVENTION 
Against the described background, it is therefore a 

general object of the invention to provide an improved 
class of foam formulations that readily can be custom- 

55 ized to  the thermal environment of the external tank and 
other vehicles. 

A more specific object is to provide a polyisocyanu- 
rate foam that is characterized by strain compatibility 
with aluminum alloy at cryogenic temperatures. 

Another specific object is to provide a polyisocyanu- 
rate foam that is characterized by high char yield and 
high char stability. 

A further specific object is to  provide a 
polyisocyanurate foam that is characterized by high 

An important object is to  provide a polyisocyanurate 
foam that is characterized by high foam strength at 
elevated temperatures due to internal and external heat 

40 isocyanate and an organosilane. 

45 

50 

I 

60 

65 flame retardancy. 
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BEST MODE FOR CARRYING OUT T H E  

INVENTION 

sources in conjunction with rapid pressure change from 
one atmospheric down to hard vacuum. 

A more detailed object is to provide a rigid, closed 
cell, thermally stable, urethane-modified isocyanurate According to the invention, a class of foams has been 
foam capable of meeting the specific harsh requirements 5 developed wherein the foams are readily customized to  
associated with cryogenically fueled boosters in general the thermal environments of the external tank of the 
and with the external tank of the space shuttle in partic- United States space shuttle and are likewise useful with 
ular. other vehicles. These are rigid, closed cell, thermally 

Additional objects, advantages and novel features of stable, urethane-modified isocyanurate foams produced 
the invention shall be set forth in part in the description 10 by reacting a polyo] mixture with a polymeric diphenyl 
that follows, and in Part Will become apparent to those methane diisocyanate (polymeric MDI) in the presence 
skilled in the art upon examination of the following or of a catalyst system and a fluorocarbon blowing agent. 
may be learned by the practice of the invention. The In particular, a class of high-temperature ablative 
object and the advantages of the invention may be real- foams has been formulated using constituents which are 
ized and attained by means of the instrumentalities and 15 selected to enhance perfomance in the low-tempera- 

pended claims. with external tank (ET) insulation. The material system 
alloys one or high temperature and high char 

in combinations particularly pointed Out in the ap- ture and high-temperature environments associated 

According to the invention, an ablative foam compo- 
sition is formed Of formation reactive polymers with a highly flexible and 
weight polymeric isocyanate having an isocyanate func- 20 reactive inorganic polymer that is relatively tempera- 

weight reactive flame retardant having a hydroxy1 Ilum- 

l o  to 40 parts by 

150 to 250 parts by 
, 

tionality of 2.6 to 3.2; approximately 15 to 30 parts by ture insensitive, 
The foam is produced from a two part. liquid material range from 200-26@ system. The first or “A” component may be a weight non-reactive flame retardant; approximately 10 merit isocyanate, for example polymeric diphenyl 

mer having a hydroxyl number range from 75-205; and tionality of 2.6 to 3.2. This polymeric MDI may consti- approximately 3 to 16 parts by weight amine initiated tute 100 weight percent of the “A” component. In the pol yether resin having an isocyanate functionality presence of a blowing agent such as CFC-11, the poly- greater than or equal to 3.0 and a hydroxyl number 

flurocarbon or hydroch~orofluorocar~on blowing percent of component “A.” In other formulations of the 
foam, such as for spray forming, the “A” component agent, Le., CFC-I 1, HCFC 141b, or HCFC-123. 

According to another aspect of the invention, the may include additional materials, including fire retar- 
foam is formed of a component liquid system, dant and silicone surfactant, such that the polymeric 
wherein the first component contains approximately 85 35 MD1 is approximately 85 weight percent of this compo- 
to 100 weight percent polymeric isocyanate having an nent. 
isocyanate functionality of 2.6 to 3.2; and a blowing The second or “B” component includes poly01 co- 
agent. The second component is formed of approxi- polymers, flame retardants, crosslinker and catalyst 
mately 15 to 30 parts by weight reactive flame retardant system. It is preferred to employ the combination of 
having a hydroxyl number range from 200-260; approx- 40 both a reactive flame proofing agent and a non-reactive 
imately 10 to 40 parts by weight non-reactive flame agent. The reactive flame proofing agent should have a 
retardant; approximately 10 to 40 parts by weight non- hydroxyl number range from 200-260 and weight Per- 
hydrolyzable silicone copolymer having a hydroxyl cent range approximately from 15-30. The non-reactive 
number range from 75-205; approximately 3 to 16 parts flame proofing agent should have weight percent range 
by weight amine initiated pol yether resin having an 45 approximately from 10-40. Further, the “B” component 
isocyanate functionality greater than or equal to  3.0 and includes at least one POlYOl as a major reactant. This 
a hydroxyl number range from 400-800, and a blowing POlYOl iS a reactive inorganic polymer such as a non- 
agent. A catalyst system having at least two elements hydrolyzable silicone copolymer having hydroxyl num- 
selected from the group consisting of tertiary amines, ber range from 75-205 and weight Percent range aP- 
alkali metal salt of organotin compounds, and quater- 50 Proximately from 10-40- Typically a mixture OfpolYols 
nary ammonium salts is in the presence of the second is employed, with the additional polyols including an 
component. The two components are reacted by mixing aromatic diol polymer with halogen substituents on the 
them in a ratio of approximately from 1.5-2.5 to  1 to ring structure. This additional poly01 may serve as the 
form the foam. reactive flame retardant. In some applications, such as 

One important aspect of the invention is the use of a 55 for spray forming, its weight percent may be substan- 
silicone polymer as a major reactant for polyisocyanu- tially increased, such as to  35-40 weight percent. The 
rate foam modification, for flexibility at cryogenic tem- “B” component further includes a cross-linker such as 
peratures. Another aspect of the invention is the use of an amine initiated polyether resin having hydroxyl 
halogenated aromatic diol as a secondary reactant to  functionality greater than or  equal to  3.0, hydroxyl 
produce a foam with high char yield and especially high 60 number range from 400-800 and weight percent range 
char stability. A third aspect of the invention is the use approximately from 3-16. The catalyst system in the 
of organic phosphate, incorporated into the foam sys- “B” component has two catalyst components selected 
tem to achieve high flame retardancy. Another impor- from tertiary amines, alkali metal salt organotin com- 
tant aspect is the use of tri-functional, highly reactive, pounds, and quaternary ammonium salts. Also, a blow- 
relatively low molecular weight cross-linking agent to 65 ing agent is present in component “B.” The reactants 
increase cross-linking density of the macromolecular are employed in quantities such that the NCO or  hy- 
network within the foam, thereby creating exceptional droxyl equivalent ratio is from 3.0 to 5.0 (an isocyanate 
foam strength at the upper temperature limit. index of 3.0 to 5.0 range). 

to 40 parts by weight non-hydrolyzable cOPOIY- 25 methane diisocyanate (MDI) having an isocyanate func- 

range from 400-800; and 5 to 50 parts by weight chloro- 30 merit MD1 may 90 weight 
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The “A” and “B” components are reacted by mixing 
them. The relative proportions of the two components 
can be selected and altered according to the type of 
application, such as pour forming versus spraying. 
Commonly, the “A” component is the major compo- 
nent, in at least an A:B ratio of approximately from 
1.5-2 to  1. However, when spraying these components, 
the ratio may increase, such as to approximately 2.5 to 
1. 

Foams made in accordance with this material system 
formulation have been tested according to ET engineer- 
ing requirements. Test results are summarized below: 

SUMMARY OF FOAM TESTS - ET ENGINEERING 
STANDARDS 

~~ ~ 

Density (Ib/ft”) 
CUP 2.4 to 2.1 
Panel 2.8 to 3.5 
Flatwise Tensile Strength (psi) 65-85 
Room temperature (“F.) 
Bond Tension Smngth  (psi) 
Room temperature ( O F . )  50-70 
+2W F. 40-50 
-320” F. 40-65 
Oxygen index (oxygen 7r by volume) 30 
Thermal gradient cryoflex No foam debonding 
(-423‘ F. i 10” F.. 60 ksi) or delamination 
Immersion cryoflex No foam debonding 
(-423” F., 60 ksi. 100 in. radius) or delamination 
Simulated ascent aeroheating Good (Better than 
environment test. NCF1-226.5) 
Representative re-entry aeroheating Good (Better than 
environment test. NCFI-2265) 
Processability: 
Equipment: “Little Big Shot“ 
Processing Temperature 104-1 10’ F.  
Conditions: 

Gusmer Foam Machine Model No. FF3 

Pressure 1100 psi (Component A) 
900 mi (Comoonent B) 

All of the constituents are commercially available 
materials, although some are proprietary to certain 
manufacturers. In most cases, an equivalent product can 
be procured from another vendor. In greater detail, 
these constituents and equivalent selections are  as fol- 
low. 

“A” Component 
The polymeric MDI may be E-489 (Mobay), which is 

a polymeric isocyanate having NCO o/c of 30.5 and 
NCO functionality of 2.9. This polymeric isocyanate 
has the molecular formula 

NCO NCO NCO 

where n=an arbitrary number. It was selected for its 
high NCO functionality for crosslinking. Equivalent 
polymeric isocyanates are PAP1 580 (Dow Chemical), 
Rubinate HF-185 (Rubicon), Suprasec VM90 (ICI) and 
Mondur MR (Mobay). 

“B” Component 
One of the polyols is a non-hydrolyzable polymeric 

silicone (e.g., Union Carbide L5420) that copolymerizes 
with the isocyanurate structure. The preferred L5420 
material is a silicone copolymer of type having the 
structural formula 

5 

10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

(CH;);-Si-(O-Si).,-(O-Si),-O-Si(CH;)~ 
\ \ 

CH; R 

where x,y are arbitrary numbers; 

where m,n are arbitrary numbers; the linkage between 
siloxane and the polyether block that is R is -Si-C-; 
the molecules are capped with hydroxyl group; and the 
molecular weight depends upon the values of x,y,m,n 
and is approximately 840. In addition, the L5420 has a 
hydroxyl functionality of 3 and is non-ionic. This mate- 
rial provides the following properties: chemical and 
mechanical stability at elevated temperatures; formation 
of a stable char; good flame resistance; flexibility at 
cryogenic temperatures due to -Si-0- bond; and 
low friability. This silicone polymer has been used as a 
surfactant, is useful to stabilize rigid urethane foam and 
is designed to be added via the resin component. In such 
known uses, the application is about 0.5 to 2.0 parts by 
weight per 100 parts by weight of resin, which is nota- 
bly small usage as compared to the present application. 
In the high temperature ablative foam, possible alter- 
nates for the Union Carbide L5420 silicone include 
DC193 silicone (Dow Corning) and DC5103 silicone 
(Dow Corning}. 

A second polyol and reactive flame retardant that can 
be used in combination with the polymeric silicone is an 
aromatic diol polymer such as tetrabromophthalate 
diol, or PHT 4-diol (Great Lakes Chemical Corp.). This 
material is known as a reactive organic bromine inter- 
mediate used to  produce flame retardant rigid urethane 
foam. Thus, the aromatic diol polymer also is a reactive 
flame retardant and is especially suited for replacement 
of chlorinated polyols. Chlorendic diol (Vesilco Chem.) 
is an alternate choice for the Great Lakes PHT 4-diol. 
In the high temperature ablative foam, an aromatic diol 
polymer with halogen substitution on the ring structure, 
such as chlorendic diol or PHT-4 diol, provides a num- 
ber of favorable properties. They include good flame 
resistance due to  the halogen substitution; high char 
yield, which makes the foam ablative in nature; chemi- 
cal stability at elevated temperature due to the presence 
of the aromatic ring structure; mechanical strength and 
low friability due to formation of a long polymer chain; 
and formation of an especially stable char due to  the 
aromatic structure. These diols have good flame retard- 
ancy due to  high bromine content and have good flexi- 
bility at cryogenic temperature due to  presence of an 
ether linkage in the molecule. Other possible similar 
polyol selections include Pluragard C-133 (BASF Wy- 
andotte), nadic methyl anhydride (NMA) (Buffalo 
Color), amino-S-triazine (American Cyanamid), and 
Fyrol 6 (Stauffer). 

With respect to the flame retardants, a combination of 
a reactive flame retardant and a nonreactive flame retar- 
dant is employed. A suitable non-reactive retardant is 
tris (Zchloropropyl) phosphate ( C H 3  CH C1 C H l O ) 3 .  
P S ,  which has a P%=9.5%. This material is selected 
for its flame retardancy and compatibility with other 
system components. Other preferred non-reactive retar- 
dants are tris (B-chloro-isopropyl) phosphate, sold as 
Fyrol PCF by Stauffer Chemical, or Fyrol DMMP. 
These nonreactive retardants yield a phosphorous con- 
tent of approximately 1 molar percent, which provides 

R = -(CH~XCH~XCH~)(CH~XCH~O)~(C~H~O)~CH~, 
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good flame resistance. Possible substitutes for the non- The material system as described per formulation is 
reactive flame retardant include diethyl N,N bis (2 hy- suited for pour-in-place or molding foam. This foam 
droxyethyl) amino methylphosphate, sold as Fyrol G system is characterized by unique properties including 
by Stauffer; Fyrol CEF (Stauffer), TPP (triphenpl having excellent char formation and char stability, cry- 
phosphate) (Monsanto), phosphorous tribromide 5 ogenic flexibility at -423“ F., and flame retardance 
(White), FR-2000 (Dow) and FR-2024 (Dow). (limiting oxygen index=29 to 30). However, this mate- 

The reactive flame retardant could be an additive rial system can be converted into a fast reacting, spraya- 
such as Dow XNS. Alternatively, the aromatic diol ble foam system by increasing catalyst concentration, 
polymer mentioned above, such as PHT 4-dio1, can changing catalyst system or both. Common catalysts 
serve as the reactive retardant. In addition to contribut- 10 used for trimerization reaction are 2,4,6 tris (dime- 
ing to flame resistance, the reactive flame retardant thylaminomethyl) phenol; dimethylaminomethyl phe- 
provides good foam strength especially at the interface nol; N,N‘,N” tris (dimethylamino propyl) sym. hexahy- 
with the substrate. drotriazine/diglycidy ether of bisphenol A; benzyl tri- 

The “B” component includes a suitable cross-linking methylammonium hydroxide in dimethyl sulfoxide; 
agent. Foam strength at the temperature limit is 15 benzyl trimethylammonium methoxide; sodium meth- 
achieved by increasing the cross-linking density of the oxide in dimethyl formamide; alkali metal carboxylates 
macromolecular network of the foam. It is preferred to such as potassium acetate; epoxides, such as vinyl cyclo- 
use a tri-functional reactant that is highly reactive hexane dioxide; N-hydroxyl-alkyl quaternary ammo- 
toward polymeric di-isocyanate. In addition, the reac- nium carboxylates; and N-substituted aziridine. Com- 
tant should be of relatively low molecular weight. The 20 mon catalysts used for urethane reaction are triethylene 
cross-linking agent may be a polyether polyol of di- diamine; N-alkyl morpholines; N, N, N’,N’ tetramethyl 
ethylene triamine base. NIAX Polyether Poly01 LA- ethylene diamine; N, N, N’,N’ tetramethyl -1, 3 
700 (Union Carbide Corp.), which has a hydroxyl num- butanediamino; N, N‘ substituted piperazines; dialkyl 
ber of 700 mg/KOH/g, molecular weight of 400, and akanolamines; N, N diethyl cyclohexylamine; N, N, 
hydroxyl functionality of 5, is a preferred material. This 25 N’,N’ tetramethyl methane diamine; dimethyl ethanol- 
cross-linking agent has high reactivity because it is a amine; diethyl ethanolamine; methyl diethanolamine; 
triamine base. Also, it has high cross-linking efficiency stannous octoate; stannous oleate; dimethyltin dilaurate; 
because of high hydroxyl functionality, Le., 5, with dibutyltin dilaurate; dibutyltin di-2-ethyl hexoate; so- 
relatively low molecular weight An increase in cross- dium octoate; sodium acetate; potassium acetate; cal- 
linking of the macromolecular network means an in- 30 cium octoate; tetrabutyl titanate; and stannous salt of 
crease in foam strength. Possible substitutes for the fatty acids with more than 18 C-atoms. Phosphorous 
LA-700 crosslinker are Quadro, which is a tetra-func- containing flame retardants include phosphate esters; 
tional polyol sold by Wyandotte Chemical; 1,2,4 butane tricresyl phosphate; halogenated organic poly phos- 
triol (BASF Wyandotte); and Isonol C-100, a phenyl-di- phate; chlorinated di and poly phenyls; tris (B-chloro- 
isopropanolamine sold by Dow Chemical. 35 ethyl) phosphate; phosphonate esters; and tris (2,3 di- 

A combination of catalysts including a cross-linking bromopropyl) phosphate. 
agent (e.g. Union Carbide LA-700) also is used to con- Depending on the shape and size of the component to  
trol the isocyanurate trimerization reaction. The use of be protected, foam application can be by one of several 
the crosslinker promotes dimensional stability, tempera- techniques: a) spraying; b) pourfoaming using a free 
ture resistance, and char stability, while maintaining 40 foam technique; c) pourfoaming using a restricted cav- 
adequately low friability. Foam strength at the tempera- ity technique; or d) RIM (reaction injection molding). 
ture limit is achieved by increasing cross-linking density Foam reactivity must be matched to the application 
of the macromolecular network of the foam by using technique. Spraying requires a high reactivity since the 
tri-functional, highly reactive (toward polymeric diiso- foam must harden as soon as it has expanded so as to 
cyanate) and relatively low molecular weight reactant. 4: prevent slumping. Pourfoaming, on the other hand, 

The catalyst employed preferably is a mixture of two requires a low reactivity since time is required to  mix 
catalysts selected from a tertiary amine, an alkali metal the foam components in a container and distribute the 
salt organotin compound and a quaternary ammonium mix over the area to be foamed before the foaming 
salt. One such catalyst is M&T Catalyst T-45 (M&T action commences. RIM molding is an automated pro- 
Chemicals), which is a potassium salt catalyst, having 50 cess and requires an intermediate reactivity. Foam reac- 
about 14% potassium content. It catalyzes the trimeri- tivity can be controlled by the type and quantity of 
zation of isocyanates as well as the polyol-isocyanate catalysts used and by the temperature of the liquid foam 
reaction for the production of rigid urethanes, rigid components. 
spray foam, urethane-modified polyisocyanurates and Foam properties are also dependent on foam density 
polyisocyanurate foams. It also has applications in flame 55 (i.e. foam porosity). For  areas requiring cryogenic insu- 
retardancy and smoke reduction in urethane foams. lation but where ascent heating is low, lightweight 
This catalyst was selected for use in the high tempera- foams of 2.0 to 2.4 Ib/ft3 are preferred. Areas subject t o  
ture ablative foam because of its ability to catalyze trim- higher heating would require foam densities of 3 to  4 
erization reaction of the polymeric isocyanates such as lb/ft3. Foam density is governed by the amount of 
E489. Other similar catalysts are Dabco X554 (Air 60 blowing agent, by foam reactivity, and by the process- 
Products), Polycat 8 (Air Products), Dabco 33LV (Air ing technique (e.g. free foam or  closed mold foam). 
Products), Dabco 798 (Air Products) and T-12 (M&T). Many criteria may be used to  evaluate the foams 
A mixed tertiary amine catalyst is TMR 4, which also is produced. For  commercial purposes, rigid spray foams 
useful for catalyzing the trimerization reaction of poly- are typically evaluated against industrial design require- 
meric isocyanate. 65 ments such as the following generic foam design crite- 

A standard blowing agent is a low boiling, fluorocar- ria: 
bon solvent, stabilized with styrene monomer. Freon 1. Processability-good adhesion for a variety of appli- 
1 I C  (Dupont) may be used. cations; 
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2. Cost-competitive in market; 
3. Low thermal conductivity-highest R rating per -continued 

Parts by Weight inch; 
4. Good dimensional stability; and TPP - - - 125.0 

60.0 60.0 60.0 60.0 
6.0 4.5 4.5 4.5 

E-84 requirements for a specific class. Dabco X554 14.0 10.5 10.5 10.5 
50.0 50.5 100.0 100.0 The engineering criteria for ET foams are significantly 

different, as follow: 830.0 825.5 875.0 875.0 
1.  Processability-meet engineering requirements FORMULA NO. 708 709 710 711 

5. Flammability and smoke generation-meet ASTM 5 ~ ~ ~ O 0  

---- Freon 11C 

within manufacturing constraints, e.g. existing facili- 10 
ties, tooling, etc.; 

strate-60 ksi at -423" F.; 

The physical properties of the foams of this example 
2. Cryogenic strain compatibility with aluminum sub- 

3. Thermal properties-meet radiant/aero thermal max 

were evaluated and found to be as follows: 

recession for worst-case design requirements; 15 FORMULA NO. 
4. Mechanical properties-meet RT, +300" F. and 708 709 710 71 1 

-423" F. design requirements; Density Ibs/ft3, 4.2 4.2 3.2 3.4 
panel 
Flatwise Tensile 69 55 59 51 

5. Weight-Low density for major acreage use; 
6. Low thermal conductivity-0.19 BTU-in/hr-ft?-"F. 2o Strength 

8. Non-flammable-self extinguishing in air-per (psi) at 

at r.t. max.; at (r.t.) 
7. Non-corrosive-within ET shelf life; Bond Tensile 48 42 50 42 

r.t. 
+200' F. 50 46 62 40 

9. Toxicity-no toxic products (with precautions); -320" F. 64 80 68 83 
10. Shelf life of liquid components-6 months minimum. 25 Oxygen index (Q 30 30 30 30 

volume) 
EXAMPLE 1 Immersion No No No No 

cryoflex foam foam foam foam 
Molding Foam System (-423' F.. 60 ksi, debond debond debond debond 

100" radius) 

NHB--8060.1B; 

No No No No 
tive foam was established with the following formula- cryoflex (-410" F. foam foam foam foam 
tion. 60 ksi. 100" debond debond debond debond 

A preliminary version of the high temperature abla- 30 Thermal gradient 

radius) 
WA test Pass' Pass* Pass' Pass. 
Plasma arc test Pass* Pass' Pass' Pass' 
'Loner reces51on raw than CPR-488 and NCFI-2265 

Parts by Weight 
35 

Component "A" 

EXAMPLE 3 
Preferred Forhulation 

Papi 580 220 
Component "B" 
Silicone Surfactant L5420 60 
PHT 4-diol 40 
Triphenyl phosphate 36 40 
Dabco 798 
Freon 1 IC 

8 
5 

Based upon the results of testing in Example 2, the 
following formulation, derived from formula 708, is 

149 preferred for use with the standard mix ratio of 
A:B=2:1. A high temperature ablative pour foam com- 

45 position is formed as a two-component system, as fol- The foam having this composition was found to be 
non-flammable by propane flame testing, to form a sta- lows: 
ble char, and to be tough. 

With the success of the foam system of Example 1, it 
was possible to modify and evaluate the system and 

Pans by Weight 
Corn onent "A' 

90.83 ~ - 4 8 ;  Polymeric MDI (Mobay) 
Freon 11C 9.17 

100.00 
Component " B  
L5420 Silicone (Union Carbide) 34.50 

EXAMPLE 2 55 PHT 4-Diol (Great Lake) 23.00 
LA-700 Crosslinker (Union Carbide) 6.90 

Foam System Comparisons Fyrol P C F  Flame Retardant (Stauffer) 23.00 
T-45 Catalyst (M & T) 0.46 
Dabco X554 Catalyst (Air Products) 1.14 

develop initial molding process parameters. The physi- 50 
cal properties of derivative ablative foams formed from 
various of the materials mentioned above have been 
evaluated in the following tests. 

Parts by Weight Freon 1 IC 11.00 
COMPONENT A: 60 100.00 

Papi 580 90 
Freon 11C 

COMPONENT B: Pressure: 1100 psi (Component A) 
L5420 surfactant 300.0 300.0 300.0 300.0 65 900 psi (Component B) 
PHT 4-diol 200.0 - 200.0 60.0 

200.0 - 140.0 Chlorendic diol - 
Fyrol PCF 200.0 200.0 - 75.0 Significantly, the level of concentration of the L5420 
Fyrol C E F  - - 200.0 - silicone is shown as 34.5% of the "B" component of 

Equipment: Gusmer Foam Machine, Model No. FF3 
"Little Big Shot" - 10 Conditions: Components 104' F.-110" F. 

100 Temperature: 
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-continued Example 3. Typical commercial foams contain from 1 
to 3% of this material (or generic alternate) to control 
cell size formation. The extremely high concentration in Parts by Weight 

the present formulation serves to fulfill a number of 49.78 
specific ET design requirements: 5 195.54 

Freon 

1) Significantly increased char formation and char sta- MIA Ratio: A:B = 2.s:i.o 

2) High temperature stability, necessary for upper ogive It may be noted that the nonreactive flame retardant, as 
well as a small quantity of silicone surfactant, have been 

3) Excellent cryogenic flexibility through the unique 10 added to  the "A" component for purposes of spray 
forming. In addition, the quantity of reactive flame 
retardanthecond poly01 is higher than in previous ex- 
amples, and a third catalyst is added to the catalyst 
system. 

Test results of physical properties for this foam sys- 
tem were as follows: 

bility unique to Aft Dome environments. 

heating environments. 

combination of trimer-urethane-silicone linkages, a 
property necessary for high cryostrain LH2 areas. 

The composition is formulated for an A:B ratio of two- 
to-one which is standard for automated mixing or spray- 
ing. 

Wind tunnel and plasma arc tests show that the abla- 
tion performance of the high temperature ablative 
foams is significantly better than that of other isocyanu- 
rate foam systems used on the ET. This is primarily due 
to  the formation of a stable and sturdy char. Also, the 20 
flame resistance as determined from Oxygen Index mea- 
surements is very high. This makes these foams a poten- 

15 

Test Method 
Physical Property (ASTM) 

Density (lb/ft3) 2.6-3.2 D1622 
Bond Tensile (psi) Dl621 
at 300' F. 35-55 
200" F. 35-60 
r.t 40-65 

-423' F. 35-45 
Flatwise Tensile (psi) D1621 
at 300' F. 40-55 

formula 708, the following experimental formulations 200" F. 50-65 
were developed for further evaluation. r.t 70-90 

-423' F. 35-55 
Compression (psi) 45-60 D1621 

COMPOKEKT "A" Flammability 29-30 D2863 
E-489 90.83 (Oxygen Index) 
Freon 11C 9.17 35 Wind Tunnel Test Passed (better 

COMPONENT "B" 
15420 surfactant 34.50 34.50 34.50 34.50 
PHT 4-diol 23.00 23.00 11.50 11.50 
Chlorendic diol - - 
LA-700 6.90 6.90 6.90 6.90 
Fyrol PCF 23.00 - 23.00 - 
Fyrol DMMP - 23.00 - 23.00 The disclosed class of foam material has the potential 
T-45 0.46 0.46 0.46 0.46 to replace every material of the thermal protective 
Dabco X554 1.14 1.14 1.14 1.14 system now in localized uses on the external tank of the 

100.00 100.00 100.00 100.00 E)(P Exp EXP the ablator material used on small areas of high aerody- 
namic heat. Also replaced would be the material cur- 
rently used for closeouts, repairs, ramps and the like. 
This new foam material provides increased perfor- 

50 mance and reliability plus significant reduction in manu- 
facturing operations and has the potential to  be a uni- 
versa1 material in the thermal protective system. Addi- 
tionally, the foam might be used on other cryogenic 
booster systems and in aircraft interiors and cabins. 

Further uses might be in the construction and refrig- 
eration industries, in which this class of foam material 
far exceeds typical industrial standards. In addition, the 
foams could be used to insulate hot and cold pipelines, 

tial candidate for use in aircraft interiors and cabins. 

EXAMPLE 4 25 -320' F. 35-55 
Experimental Formulations 

Due to  the success of the foam formed in Example 3, 

30 -320' F. 35-60 

. at r.1. PART BY WEIGHT 

at IO BTU/ft? ~ sec. 
'The foam currently used. 
Useful processing conditions: 
( 1 )  Component temperature: 110-140' F. 
(21 Substrate temperarure: 90-135' F. 

than NCFI 22-65 foam. 100.00 

11.50 11.50 40 (3) Environment: 10-305 relative humidity 90-140' F. 

---_.__ ".O0 ".O0 ".O0 ".O0 45 United States space shuttle, from the acreage, foam to Freon 1 IC 

FORMULA NO. 

EXAMPLE 5 

Spray Foam 
A high temperature ablative foam composition, 

suited for application by spray, may be formulated by 
the following foam system: 

55  

Pans by Weight 

Component "A" 
Polymeric isocyanate E489 
Fyrol PCF 
Silicone surfactant DCIW (Dow Chemic 
Freon 11C 

Component " B  
Surfactant 15420 
PHT-4 diol 
LA700 
T-45 
T-12 
Polycat 8 

420.6 
45.4 

:al) 4.2 
18.66 

488.86 

45.40 
68.06 
20.42 

8.38 
0.06 
3.44 

as in the chemical industry or  on the Alaska pipeline. In 
60 the automotive industry, the foams would provide supe- 

nor fire wall insulation; and in the transportation indus- 
try, improved insulation of refrigerants and cryogenic 
liquids could be achieved with the foams. Therefore, 
the scope of the invention includes the use of the foam 

65 as an ablative heat shield on many types of structures 
and components to be protected. The method of appli- 
cation may be any of those previously mentioned, in- 
cluding by way of example spraying, pour foaming on 
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the structure. pour foaming in a closed mold, and reac- 
tion injection molding (RIM) in a closed mold. 

The foregoing is considered as illustrative only of the 
principles of the invention. Further, since numerous 
modifications and changes will readily occur to those 
skilled in the art, it is not desired to limit the invention 
to the exact construction and operation shown and 
described, and accordingly all suitable modifications 
and equivalents may be regarded as falling within the 
scope of the invention as defined by the claims that 
follow. 

I claim: 
1. An ablative foam composition, comprising: 
approximately 150 to  250 parts by weight polymeric 

isocyanate having an isocyanate functionality of 
2.6 to 3.2; 

approximately 15 to 30 parts by weight reactive flame 
retardant having a hydroxyl number range from 

approximately 10 to 40 parts by weight non-reactive 
flame retardant; 

approximately 10 to 40 parts by weight non-hydro- 
lyzable silicone copolymer having a hydroxyl num- 
ber range from 75-205; 

approximately 3 to 16 parts by weight amine initiated 
polyether resin having an isocyanate functionality 
greater than or equal to 3.0 and a hydroxyl number 
range from 400-800. 

2. The ablative foam composition of claim 1, wherein 

200-260; 

said silicone copolymer having the structural formula 

CH3 CH3 

CH3 ‘R 

/ / 
\ 

(CH3)3-Si-(O-Si).~-(O-Si),.-O-Si(CH3)2 

where x,y are arbitrary numbers; 

where m,n are arbitrary numbers; 
the linkage between siloxane and R is -Si-C-; 
the molecules are capped with hydroxyl group; and 
the molecular weight depends upon the values of 

3. The ablative foam composition of claim 1, wherein 
said polymeric isocyanate consists essentially of poly- 
meric diphenyl methane di-isocyanate. 

4. The ablative foam composition of claim 1, wherein 
said polymeric isocyanate has NCO % of 30.5 and NCO 
functionality of 2.9 and the molecular formula 

R = -(CH~XCH~XCH~)(CH~XCH~O)~(C~H~O)~~CH~ 

x,y,m,n and is approximately 840. 

NCO NCO NCO 

where n=an arbitrary number. 
5. The ablative foam composition of claim 1, wherein 

said reactive flame retardant consists essentially of an 
aromatic diol polymer with halogen substituents on the 
ring structure. 

6. The ablative foam composition of claim 5, wherein 
said reactive flame retardant consists essentially of tet- 
rabromophthalate diol. 

7. The ablative foam composition of claim 5, wherein 
said reactive flame retardant consists essentially of chlo- 
rendic diol. 
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8. The ablative foam composition of claim 1, wherein 

said non-reactive flame retardant is selected from the 
group consisting of tris (2-chlorop?opyl) phosphate; tris 
(B-chloro-isopropyl) phosphate; diethyl N, N bis (2 
hydroxyethyl) amino methylphosphate; triphenyl phos- 
phate and phosphorous tribromide. 

9. The ablative foam composition of claim 1, wherein 
said amine initiated polyether resin consists essentially 
of a polyether pol yo1 of di-ethylene triamine base. 

10. The ablative foam composition of claim 9, 
wherein the polyether pol yo1 has a hydroxyl number of 
700 mg/KOH/g, molecular weight of 400 and hydroxyl 
functionality of 5. 

11. The ablative foam composition of claim 1, 
wherein said foam is formed by mixing said components 
in the presence of a catalyst system having at least two 
elements selected from the group consisting of tertiary 
amines, alkali metal salt of organotin compounds, and 
quaternary ammonium salts. 
12. The ablative foam composition of claim 1, 

wherein said polymeric isocyanate has NCO % of 30.5 
and NCO functionality of 2.9. 

13. The method of forming an ablative foam composi- 
tion suited for high temperature use, comprising: 

formulating a first component comprising approxi- 
mately 85 to 100 weight percent polymeric isocya- 
nate having an isocyanate functionality of 2.6 to  
3.2; and a blowing agent; 

formulating a second component comprising approxi- 
mately 15 to 30 parts by weight reactive flame 
retardant having a hydroxyl number range from 
200-260; approximately 10 to 40 parts by weight 
non-reactive flame retardant; approximately 10 to 
40 parts by weight non-hydrolyzable silicone co- 
polymer having a hydroxyl number range from 
75-205; approximately 3 to 16 parts by weight 
amine initiated pol yether resin having an isocya- 
nate functionality greater than or equal to 3.0 and a 
hydroxyl number range from 400-800; and a blow- 
ing agent; 

placing in the presence of said second component a 
catalyst system having at least two elements se- 
lected from the group consisting of tertiary amines, 
alkali metal salt of organotin compounds, and qua- 
ternary ammonium sats; and 

reacting said first and second components by mixing 
them in a ratio of approximately from 1.5-2.5 to 1 
to form a foam. 

14. An ablative heat shield for use in combination 
with a structure to be protected, wherein said heat 
shield is formed of an ablative foam composition, com- 
prising: 

approximately 150 to 250 parts by weight polymeric 
isocyanate having an isocyanate functionality of 
2.6 to 3.2; 

approximately 15 to  30 parts by weight reactive flame 
retardant having a hydroxyl number range from 
200-260: 

60 approximately 10 to  40 parts by weight non-reactive 
flame retardant; 

approximately 10 to 40 parts by weight non-hydro- 
lyzable silicone copolymer having a hydroxyl num- 
ber range from 75-205; 

approximately 3 to  16 parts by weight amine initiated 
polyether resin having an isocyanate functionality 
greater than or equal to 3.0 and a hydroxyl number 
range from 400-800; 

65 
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formed by spraying the foam composition of claim 1 

15. The ablative heat shield of claim 14, wherein said 

17. The ablative heat shield of claim 14. wherein said 
heat shield is formed by the method of pour foaming 
said foam composition in a closed mold around the 
component to be protected. 

heat shield is formed by the method of reaction injec- 
tion molding (RIM) said foam composition in a closed 
mold around the Structure to be protected. 

on the structure to be protected. 

heat is formed by the method Of spraying said 5 18. The ablative heat shield of claim 14, wherein said 
foam composition on the structure to be protected. 
16. The ablative heat shield of claim 14, wherein said 

heat shield is formed by the method of pour foaming 
said foam composition on the structure to be protected. * * * * *  
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