PCT

WORLD INTELLECTUAL PROPERTY ORGANIZATION
International Bureau

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(51) International Patent Classification 6 : (11) International Publication Number: WO 95/22437
B24D 11/00, B29C 71/00, B65H 81/00, Al . L.
C08J 5/24, COSL 63/00 (43) International Publication Date: 24 August 1995 (24.08.95)
(21) International Application Number; PCT/US95/01855 | (81) Designated States: CA, JP, European patent (AT, BE, CH, DE,

(22) International Filing Date: 13 February 1995 (13.02.95)

(30) Priority Data:

08/198,615 18 February 1994 (18.02.94) Us

(71) Applicant: THIOKOL CORPORATION {US/US]J; 2475 Wash-
ington Boulevard, Ogden, UT 84401 (US).

(72) Inventors: CHEN, Cheng-Chi; 1203 Baybrook Lane #504,
Arlington, TX 76017 (US). LLOYD, Ben, A.; 830 East 300
South, Brigham City, UT 84302 (US). MUMFORD, Neal,
A.; 315 South 600 East, Brigham City, UT 84302 (US).
JOHNS, Rolf, M.; 279 Westland Drive, Brigham City, UT
84301 (US).

(74) Agents: MADSON, Craig, J. et al.; Madson & Metcalf, Suite
950, 170 So. Main Street, Salt Lake City, UT 84101 (US).

DK, ES, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE).

Published
With international search report.

(54) Title: MATRIX RESIN FORMULATIONS CONTAINING ANHYDRIDE CURING AGENTS AND SURFACE-ACTIVE AGENTS

(57) Abstract

Composite pressure vessels having improved fiber strength translation of the unidirectional, axial, impregnated strand are obtained by
a process in which chemorheologically viscosity tailored matrix resin formulations containing surface-active agents or compounds acting as
surface-active agents are employed. The use of chemorheologically viscosity tailored matrix resin formulations containing surface-active |
agents reduces the strength variation of pressure vessels produced from prepregs of the disclosed matrix resin formulations.




applications under the PCT.

AT
AU
BB
BE
BF
BG
BJ
BR
BY
CA
CF
cG
CH
CI
CcM
CN
Cs
cz
DE
DK
ES
FI
FR
GA

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing international

Austria
Australia
Barbados
Belgium
Burkina Faso
Bulgaria

Benin

Brazil

Belarus
Canada
Central African Republic
Congo
Switzerland
Cote d’Ivoire
Cameroon
China
Czechoslovakia
Czech Republic
Germany
Denmark
Spain

Finland

France

Gabon

United Kingdom
Georgia

Guinea

Greece

Hungary

Ireland

Italy

Japan

Kenya

Kyrgystan
Democratic People’s Republic
of Korea

Republic of Korea
Kazakhstan
Liechtenstein

Sri Lanka
Luxembourg
Latvia

Monaco

Republic of Moldova
Madagascar

Mali

Mongolia

Mauritania
Malawi

Niger

Netherlands
Norway

New Zealand
Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Slovenia

Slovakia

Senegal

Chad

Togo

Tajikistan
Trinidad and Tobago
Ukraine

United States of America
Uzbekistan

Viet Nam




10

15

20

25

30

35

WO 95/22437 PCT/US95/01855

"MATRIX RESIN FORMULATIONS CONTAINING ANHYDRIDE CURING AGENTS
AND SURFACE-ACTIVE AGENTS"

BACKGROUND OF THE INVENTION
1. The Field of the Invention
This invention relates to a method for making composite

pressure vessels of improved delivered tensile strength. The
invention further relates to the use of surface-active agents,
surfactants or compounds acting as surface-active agents to
improve the fiber strength translation in composite pressure
vessels and to improve prepreg uniformity by reducing the
variation in strength of the composite pressure vessels.

2. Technical Background
Solid propellant rocket motor cases for missile systems,

spacecraft boosters and other types of large and small high
performance, lightweight pressure vessels are commonly made
from fiber reinforcement and various formulations of poly-
epoxide resins (epoxy resins) by a filament winding process.
Similarly, filament winding with both polyesters and epoxy
resins has made possible production of lightweight tanks,
poles, piping and the like. Historically, fiberglass has been
the most common reinforcement fiber. Recently other fibers
such as carbon filaments, boron filaments, and high modulus
organic polymer filaments, most significantly aramid filaments,
have become increasingly useful in these composite structures
to take advantage of their differing and sometimes unique
physical properties.

The resins utilized are typically epoxy formulations based
on diglycidyl ether-bisphenol A (DGEBA), reactive low molecular
weight epoxy diluents, and curing agents such as aliphatic and
aromatic amines and carboxylic acid anhydrides. Both
flexibilized and rigid epoxy resins have been used as matrix
resins for filament wound composite structures.

In providing composite articles, such as pressure vessels,
either wet winding or prepreg processes have been employed. 1In
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wet winding process, the fiber is run through a resin bath
containing the resin composition whereby the fiber is coated
with the composition. The resulting resin-fiber combination is
then wound directly into the desired structure. The structures
are then cured by polymerization initiated by heat or
radiation. On the other hand, if a prepreg is to be used, the
fiber or "tape" is impregnated with a curable resin composition
and then wound on a spool. This prepreg is stored for winding
at a future time. When the prepreg is converted into a
composite article, the ©prepreg is typically cured by
polymerization initiated by heat or radiation.

One drawback encountered in the production of composite
pressure vessels has been the reduction in pressure vessel
tensile strength compared to the unidirectional, axial
impregnated tow tensile strength. A common measure of
performance in composite pressure vessels is fiber strength
translation of such tow strength to delivered tensile strength
of the hoop fibers of the composite pressure vessel. Improved
fiber strength translation of even a few percent is significant
and valuable since fiber strength translation directly effects
the design, weight, strength and cost of such pressure vessels.
Thus, a highly desirable object would be to increase the tow or
fiber strength translation into delivered tensile strength of
hoop fibers of composite pressure vessels expressed as a
percent of the tow strength.

A further drawback resides in the variation of the
material from which the composite pressure vessels are
produced. For pressure vessels the material strength used in
designing (or design allowable strength) is the average
strength of the test pressure vessels less three times the
standard deviation (or coefficient of variation when expressed
as a percent). For example, if the average strength is 90% of
the tow strength and the standard deviation is 3%, the design
allowable strength is 82% of the tow strength
(i.e., 90(100-3(3))/100=82%). Historical precedent suggests
that composite pressure vessels fabricated by wet-winding have
standard deviations of about 4 to 8% while pressure vessels
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fabricated from prepregs have standard deviations of approxi-
mately 2-4%. It would therefore be highly desirable to provide
matrix resin formulations and methods capable of significantly
reducing the standard deviations to below these values.

Such resin formulations and methods are disclosed and
claimed herein.

, SUMMARY OF THE INVENTION

Composite pressure vessels having improved fiber strength
translation into delivered tensile strength of hoop fibers are
obtained using a process in which matrix resin formulations
contain surface-active agents or compounds acting as surface-
active agents. As used herein, the term surface-active agent
is inclusive of both surface-active agent and compounds acting
as surface-active agents. The matrix resin formulations are
based upon chemorheologically viscosity tailored matrix resins.
The use of chemorheologically viscosity tailored matrix resin
formulations containing surface-active agents also reduces the
strength variation of pressure vessels produced from such resin
formulations.

As used herein, the term chemorheologically viscosity
tailored matrix refers to a matrix resin formulation in which
the material processing viscosity is controlled by chemical
formulation (chemorheologically tailoring) rather than by the
use of solvents or heated impregnation equipment. The matrix
resin formulation contains both a reactive curing agent and a
latent curing agent. The reactive curing agent is one which is
reactive (either alone or in the presence of a catalyst) at
room temperature. The reactive curing agent functions as a
viscosity builder to raise the viscosity of the matrix resin
formulation after impregnation on a fiber to a plateau viscosi-
ty greater than about 50,000 cps. This produces a 1long-
working-life prepreg composition whose handling properties do
not change significantly over at least about thirty days or
more at room temperature.

The reactive curing agent includes an anhydride functional
group. It has been found that the use of an anhydride reactive
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curing agent permits the chemorheologically viscosity tailored
matrix resin formulations to have a long impregnation pot-life
with a quick viscosity build-up. A wide range of plateau
viscosities is available using anhydride reactive curing agents
in various amounts.

The latent curing agent in the matrix resin formulation is
relatively unreactive at room temperature, but causes rapid
curing of the matrix when heated or radiated. The latent
curing agent is sufficiently unreactive that the matrix resin
formulation will, upon heating, allow the viscosity of the
prepreg composition to decrease sufficiently to cause the resin
to flow. This eliminates voids during winding and formation of
a wound composite article. The viscosity is not so 1low,
however, as to cause excessive resin bleed from the composite
article, i.e. generally to a viscosity of from about 500 to
about 500,000 cps. This provides for good knitting between
plies of the wound prepreg strands, plies of tape, or plies of
fabric and combinations thereof. The viscosity of the matrix
material increases to the resin gelling or setting state, (i.e.
becoming fully cured as a cured composite article), during the
thermal cure sequence typically employed in filament winding of
composite articles.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
Improved fiber strength translation and reduction in the

strength variation in composite pressure vessels is obtained
according to this invention. Composite pressure vessels are
prepared from chemorheologically viscosity tailored matrix
resin-fiber prepregs in which the matrix resin formulation has
present an effective amount of a surface-active agent or
compound acting as a surface-active agent. Especially
preferred chemorheologically viscosity tailored matrix resin
formulations are disclosed in United States Patent No.
5,011,721 to Decker, issued April 30, 1991, which is incorpo-
rated herein by reference.

Such chemorheologically viscosity tailored resin formula-
tions are those which comprise a curable matrix resin and an
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effective amount of a reactive resin curing agent reactive at
room temperature and a latent resin curing agent substantially
nonreactive at room temperature but activated upon heating or
radiation. The reactive curing agent includes an anhydride
functional group.

The matrix resin formulation has a viscosity sufficiently
low enough to enable the matrix resin to impregnate fibers at
room temperature. The viscosity of the matrix resin increases,
upon standing at room temperature, due primarily to the action
of the reactive curing agent, until the viscosity plateaus.

The plateau viscosity is high enough to prevent bleeding
of matrix resin from the prepreg due to winding tension, yet
low enough to allow tack and drape in the prepreg so that it
nestles and seats during its subsequent use in winding a
composite article. The plateau viscosity is preferably greater
than 50,000 cps, and usually from about 50,000 cps to about
800,000 cps, although in some cases very high plateau
viscosities (>800,000) may be preferred.

The matrix resin in the prepreg experiences a reduction in
viscosity upon heating the prepreg composition, to allow the
matrix resin to flow and substantially eliminate formation of
voids in the winding of a composite article. With the
continued application of heat or radiation to the composite
article, the matrix resin cures to a hardened or gelled state.

As examples of such preferred chemorheologically viscosity
tailored matrix resin formulations to which a surface-active
agent of this invention may be added are those containing an
epoxy resin based on a glycidyl ethers or esters and aliphatic
epoxides. A reactive curing agent is included, selected from
aliphatic, cycloaliphatic, and aromatic anhydrides such as, for
example, nadic methyl anhydride, methyltetrahydrophthalic
anhydride, methylhexahydrophthalic anhydride and maleic
anhydride, mixtures of anhydrides, and the like. A latent
hardener is added and may be selected from a blocked Lewis acid
such as boron trifluoride monoethylamine, or tertiary amines,
and the like and mixtures thereof.
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An especially preferred matrix resin formulation for use
in the process of this invention comprises a resin based on
novolac and cycloaliphatic epoxies, an anhydride viscosity
builder, and a catalytic latent hardener, boron trichloride
amine complex, and a surface-active agent selected from N-octyl
pyrrolidinone, neopentyl (diallyl)oxytri(p-amino)benzoato
zirconate or a fluorinated alkyl ester surfactant.

Any suitable matrix resin capable of being formulated into
a chemorheologically viscosity tailored matrix resin
formulation may be employed in the process of this invention.
Examples of such suitable curable matrix resins include, but
are not limited to epoxy resins, bismaleimide resins, poly-
urethanes, polyesters and the like. The matrix material is
preferably an epoxy resin and most preferably an epoxy resin
formulation based on epoxy functional novolacs and cyclo-
aliphatic. Further examples of suitable epoxy matrix resins
include alicyclic diepoxide carboxylate resins such as
Ciba-Geigy’s CY-179 epoxy resin; diglycidyl ether bisphenol A
epoxy resins such as Dow Chemical 332, DER 383 and DER 661 and
Shell Chemical Co.’s EPON 826 and EPON 828; 1,4-butanediol
diglycidylether such as Celanese Chemical Co.’s Epi-Rez 5022;
polyglycol diepoxide resin such as Dow Chemical Co.’s DER 732;
a bisphenol F/epichlorohydrin epoxy resin such as Shell
Chemical Co.’s DPL 862; an epichlorohydrin/tetraphenylol ethane
epoxy resin such as Shell Chemical Co.’s EPON 1031 and mixtures
thereof.

Similarly, any suitable fiber or filament material,
including tapes and broad goods, in a form suitable for forming
composite pressure vessels may be employed in the process of
this invention. Examples of suitable fiber or filament
materials include but are not limited to glass fibers, boron
filaments, boron nitride, silicon carbide, graphite (carbon)
filaments and high modulus organic filaments such as organic
filaments of the polyethylene and aramid type. Examples of
high modulus organic filaments include, but are not limited to,
poly(benzothiazoles) and poly(aromatic amides) which are
commonly referred to simply as "aramids". Aramids include
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poly(benzamides) and family of aramid fibers sold by E.I.
DuPont under the trademark KEVLAR®. KEVLAR® fibers show
improved fiber stress performance in pressure vessels and
generally allow a lower weight fraction of resin to be used
compared to other fibers. As an example of carbon filaments
useful in this invention, there may be mentioned, for example,
Amoco Chemical Corp.’s T-40 and Toray’s T-800H and T1000G
carbon fibers. Carbon filaments are the preferred fiber or
filament materials. '

The matrix resin formulation employed in the process of
this invention will contain sufficient surface-active agent to
permit wetting of the reinforcing fiber or filament by a matrix
resin but not too much so as to adversely interfere with the
bond between the resin and fiber or filament. Generally, the
surface-active agent will be present in the formulation in an
amount of up to about 1% by weight, generally from about 0.01%
to about 0.5% and preferably from about 0.05% to about 0.2% by
weight based on the weight of the matrix resin formulation.
Although it may be possible to include more surface-active
agent than 1% by weight, any significantly greater amount may
lead to an undesirable lessening or absence of bond strength.

Conventionally, when a fiber surface has been oxidized to
obtain better bonding between fiber and matrix resin, transla-
tion of fiber strength to tensile strength of a pressure vessel
has been found to decrease, i.e. the tensile strength of the
hoop fibers is lowered compared to the tensile strength of the
hoop fibers in a similarly prepared pressure vessel but where
the fiber surface has not been oxidized. Lowering of the
oxidized level of the fiber surface has produced lower bond
strength between matrix resin and fiber and produced better
pressure vessel strength. It has been shown that in highly
oriented organic fibers such as DuPont’s Kevlar 49 that release
agents such as Dow Corning’s DC-20 applied to the filaments to
prevent resin matrix bonding reduce shear strengths by an order
of magnitude while increasing hoop tensile strength by about
25%. Thus, greater bond strength does not necessarily lead to
greater pressure vessel tensile strength.
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While the mode of action of the surface-active agents in
the process of the present invention is not completely
understood, it is believed that the surface-active agents
contribute to the unexpected enhancement of fiber strength by
producing fewer voids and a more even distribution of matrix
resin within the fiber bundles thereby possibly reducing stress
concentrations.

Any suitable surface-active agent or compound acting as a
surface-active agent may be employed in the process of this
invention, that is, surface-active agents, wetting agents,
surfactant and coupling agents acting as surface-active agents
may be employed. Any such agent or compound which promotes the
wetting of a reinforcing fiber or filament by a matrix resin
may suitably be employed.

Examples of such suitable surface-active agents or
compounds acting as surface-active agents include but are not
limited to N-octyl pyrrolidinone; FLUORAD® surfactant such as
potassium fluoralkyl carboxylates, fluorinated alkyl polyoxy-
ethylene ethanols and fluorinated alkyl ester surfactant from
3M; cationic quaternary ammonium chloride derivatives of
polypropoxy tertiary amines sold by Witco Chemical Corp. under
the Trademark EMCOL®, for example, EMCOL® CC36; a fatty
imidazolene salt sold by Witco Chemical Corp. as Witcamine
PA-78B; wetting agents such as alkylated silicone siloxane
copolymer from Byk-Chemie and sold as BYK A-525 and BYX W-980;
neoalkoxy zirconate and neoalkoxy titanate coupling agents such
as Ken React LZ-37, Ken React LZ-97 and LICA 44 sold by Kenrich
Petrochemicals, Inc.; a copolyacrylate wetting agent sold by
Henkel Corporation as Perenol F-40; oleiamide of tri- and
tetraethylene amines and an oleic acid salt of oleimide of
N,N-dimethylpropyldiamine sold as Pave 192 by the carstab
division of Morton International, Inc.; decyl alcohol ethox-
ylate (~4 moles ethylene oxide) and decyl alcohol ethoxylate
(~6 moles ethylene oxide) sold as DeTHOX DA-4 and DeTHOX DA-6,
respectively by DeForest, Inc.; sodium dioctyl sulfosuccinate;
nonylphenoxypoly (ethaneoxy)ethanol sold as Igepal CO-430 by GAF
Corp., and the like. Especially preferred as surface-active
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agents for use in the process of this invention are N-octyl
pyrrolidinone, neopentyl(diallyl)oxy tri(p-amino) benzoato
zirconate (LZ-37), and fluorinated alkyl ester surfactant
(FLUORAD® FC-430).

Examples
The following examples are given to illustrate various

embodiments which have been made in accordance with the present
invention. These examples are given by way of example only,
and it is to be understood that the following examples are not
comprehensive or exhaustive of the many types of embodiments of
the present invention which can be prepared in accordance with

the present invention.

Example 1
A 30 g portion of DY-9577 in a 2 liter beaker was heated

at 40-50°C for 20 minutes to produce a liquid. To the 1liquid
was added 600 g of CY-184, 84 g of nadic methyl anhydride, and
6 g of 2-ethyl-4-methylimidazole at room temperature with
subsequent mixing. A prepreg tow was made using T-1000G carbon
fiber (manufactured by Toray Industries) by the pressure-roller
method with resin contents of 29.5 to 30.9 weight percent.
After being stored at room temperature for 11 days, the prepreg
tow was used to wind three 7.5-inch long, 5.75-inch diameter
pressure vessels. Burst-testing of the three bottles showed
that this formulation gave a tow strength translation of 80.6%
and a coefficient of variation (C.V.) of 4.9%.

Example 2
A 30 g portion of DY-9577 was heated in a 2 liter beaker

at 40-50°C for 20 minutes to produce a liquid. To the liquid
was added 600 g of CY-184, 84 g of nadic methyl anhydride,

6 g of 2-ethyl-4-methylimidazole, and 1.44 g of LP-100 (1-
octyl-2-pyrrolidinone), a surfactant, with subsequent mixing.
A prepreg tow was made using T-1000G carbon fiber by the
pressure-roller method with resin contents of 28.9 to 29.8
weight percent. After being stored at room temperature for 8

- Qg -



10

15

20

25

30

35

WO 95/22437 PCT/US95/01855

days, the prepreg tow was used to wind three 7.5 inch 1long,
5.75-inch diameter pressure vessels. Burst-testing of the
three bottles showed that this formulation gave a tow strength
translation of 91.3% and a C.V. of 1.9% (compare to Example 1
with no surfactant).

Example 3
A 30 g portion of DY-9577 was heated in a 2 liter beaker

at 40-50°C for 20 minutes to produce a liquid. To the liquid
were added 600 g of CY-184 and a 140 g solution of 97%
methyltetrahydrophthalic anhydride and 3% triphenylphosphine at
room temperature with subsequent mixing. A prepreg tow was
made using T-1000G carbon fiber by the pressure-roller method
with resin contents of 26.9 to 33.5 weight percent. After
being stored at room temperature for 12 days, the prepreg tow
was used to wind three 7.5-inch long, 5.75-inch diameter
pressure vessels. Burst-testing of the three bottles showed
that this formulation gave a tow strength translation of 90.0%
and a C.V. of 1.6%.

Example 4
A 30 g portion of DY-9577 was heated in a 2 liter beaker

at 40-50°C for 20 minutes to produce a liquid. To the liquid
were added 600 g of CY-184, 1.5 g of LP-100, and a 140 g
solution of 97% methyltetrahydrophthalic anhydride and 3%
triphenylphosphine at room temperature with subsequent mixing.
A prepreg tow was made using T-1000G carbon fiber by the
pressure-roller method with resin contents of 26.8 to 31.3
weight percent. After being stored at room temperature for 11
days, the prepreg tow was used to wind three 7.5-inch long,
5.75-inch diameter pressure vessels. Burst-testing of the
three bottles showed that this formulation gave a tow strength
translation of 92.9% and a C.V. of 1.5% (compare to Example 3
with no surfactant).

- 10 -
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Example 5
A 38.5 g portion of DY-9577 was heated in a 2 liter beaker

at 40-50°C for 20 minutes to produce a liquid. To the liquid
were added 500 g of CY-184, 100 g of DEN-431, and a 140 g
solution of 97% nadic methyl anhydride and 3% triphenyl
phosphine at room temperature with subsequent mnixing. A
prepreg tow was made using T-1000G carbon fiber by the
pressure-roller method with resin contents of 27.6 to 32.3
weight percent. After being stored at room temperature for 11
days, the prepreg tow was used to wind three 7.5-inch 1long,
5.75-inch diameter pressure vessels. Burst-testing of the
three bottles showed that this formulation gave a tow strength
translation of 83.8% and a C.V. of 3.4%.

Example 6
A 38.5 g portion of DY-9577 was heated in a 2 liter beaker

at 40-50°C for 20 minutes to produce a liquid. To the liquid
were added 500 g of CY-184, 100 g of DEN-431, 1.5 g of LP-100,
and a 140 g solution of 97% nadic methyl anhydride and 3%
triphenylphosphine at room temperature with subsequent mixing.
A prepreg tow was made using T-1000G carbon fiber by the
pressure-roller method with resin contents of 25.9 to 33.1
weight percent. After being stored at room temperature for 11
days, the prepreg tow was used to wind three 7.5-inch long,
5.75-inch diameter pressure vessels. Burst-testing of the
three bottles showed that this formulation gave a tow strength
translation of 88.3% and a C.V. of 0.7% (compare to Example 5
with no surfactant).

Table 1, below, sets forth the chemorheologically
viscosity tailored matrix resin formulations of Examples 1-6.

- 11 -
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Table 1

Composition of Examples, parts by weight

1 2 3 4 5 ]
DY-9577 30 30 30 30 38.5 38.5
DEN-431 - - - : - 100 100
CY-184 600 600 600 600 _ 500 500
MTHPA - - 136 136 - -
NMA 84 84 - - 136 136
Ph,P - - 4 4 4 4
2,4-EMI 6 6 - - - -
LP-100 - 1.44 - 1.5 - 1.5

DY-9577: boron trichloride-amine complex (Ciba-Geigy)
DEN-431: novolac epoxy (Dow Chemical)

CY-184: cycloaliphatic epoxy (Ciba-Geigy)

MTHPA: methyltetrahydrophthalic anhydride (Anhydride & Chem)
NMA: nadic methyl anhydride (Anhydride & Chem.)
Ph,P: triphenylphosphine (Aldrich Chemicals)
2,4-EMI: 2-ethyl-4-methylimidazole (Air Products)
LP-100: 1-octyl-2-pyrrolidinone (GAF Corp.)

Table 2, below, compares hoop fiber performance of
pressure vessels fabricated from prepregs described in Examples
1-6. The tow strength translation and coefficient of variation
are given. 1In each of the three sets of resins the surfactant

both increase the translation and reduced the variation.

Table 2
Tow Strength Translation and C.V. of Examples

Translation c.V.

Example {%) (%)

1 80.6 4.9

2 91.3 1.9

3 90.9 1.6

4 92.9 1.5

5 83.8 3.4

6 88.3 0.7

- 12 -
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Summary

From the foregoing, it will be appreciated that the
present invention provides methods and compositions for
improving composite pressure vessel strength (as measured by
higher translation and lower C.V.).

The invention may be embodied in other specific forms
without departing from its essential characteristics. The
described embodiments are to be considered in all respects only
as 1illustrative and not restrictive. The scope of the
invention is, therefore, indicated by the appended claims
rather than by the foregoing description.

What is claimed is:

_13..
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1. A method for improving composite pressure vessel
strength comprising:

(a) providing a chemorheologically viscosity tailored
resin formulation comprising a curable matrix resin and an
effective amount of a reactive curing agent reactive at room
temperature and a latent curing agent substantially nonreactive
at room temperature but activated upon heating or radiation,
said reactive curing agent including at least one anhydride
functional group;

(b) adding to said resin formulation an amount of surface-
active agent sufficient to permit interaction between a fiber
or filament and the resin formulation such that the pressure
vessel tensile strength is enhanced and variation in
performance is reduced;

(c) impregnating a fiber or filament strand or tow with
the mixture of resin formulation and surface-active agent;

(d) allowing the reactive curing agent to partially cure
the resin formulation and increase its viscosity, thereby
forming a prepreg composition;

(e) winding a pressure vessel from said strand or tow
prepreg composition; and

(f) activating the latent curing agent to further cure the

resin formulation and form a composite pressure vessel.

2. A method as defined in claim 1, wherein the surface-
active agent is present in the matrix resin formulation in an

amount up to about 1% by weight.

3. A method as defined in claim 1, wherein the surface-
active agent is present in the matrix resin formulation in an
amount of from about 0.01% to about 0.5% by weight.

4. A method as defined in claim 1, wherein the surface-

active agent is present in the matrix resin formulation in an
amount of from about 0.05% to about 0.2% by weight.

- 14 -
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5. A method as defined in claim 1, wherein the fiber is
a carbon fiber and the curable matrix resin is an epoxy resin.

6. A method as defined in claim 3, wherein the fiber is
a carbon fiber and the matrix resin is an epoxy resin.

7. A method as defined in claim 1, wherein the surface-
active agent is selected from the group consisting of N-octyl
pyrrolidinone, a fluorinated alkyl ester surfactant, and a
neoalkoxy zirconate coupling agent.

8. A method as defined in claim 3, wherein the surface-
active agent is selected from the group consisting of N-octyl
pyrrolidinone, a fluorinated alkyl ester surfactant, and a
neoalkoxy zirconate coupling agent.

9. A method as defined in claim 5, wherein the surface-
active agent is selected from the group consisting of N-octyl
pyrrolidinone, a fluorinated alkyl ester surfactant, and a
neoalkoxy zirconate coupling agent.

10. A method as defined in claim 6, wherein the surface-
active agent is selected from the group consisting of N-octyl
pyrrolidinone, a fluorinated alkyl ester surfactant and a
neoalkoxy zirconate coupling agent. '

11. A method as defined in claim 1, wherein the reactive
curing agent viscosity builder is selected from the group
consisting of aliphatic, cycloaliphatic, and aromatic anhy-

drides.

12. A method as defined in claim 1, wherein the reactive
curing agent is selected from the group consisting of methyl-
tetrahydrophthalic  anhydride, nadic methyl anhydride,
methylhexahydrophthalic anhydride, and maleic anhydride.

- 15 -
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13. A method as defined in claim 1, wherein the latent
resin curing agent is selected from the group consisting of a
boron trifluoride complex, a boron trichloride complex,
tertiary amines and their salts, and imidazoles dicyandiamide,
and 2,4-toluene-1,1’-bis(3,3-dimethylurea).

14. A method as defined in claim 1, wherein the latent

resin curing agent is a blocked Lewis acid epoxy curing agent.

15. A composite pressure vessel formed by winding said
composite pressure vessel from a fiber-based prepreg
composition containing a chemorheologically viscosity tailored
resin formulation comprising:

a curable matrix resin;

an effective amount of a reactive curing agent
reactive at room temperature and a latent curing agent
substantially nonreactive at room temperature but
activated upon heating or radiation, said reactive curing
agent including at least one anhydride functional group;
and

a surface-active agent.

16. A composite pressure vessel as defined in claim 15,
wherein the surface-active agent is selected from the group
consisting of N-octyl pyrrolidinone, a fluorinated alkyl ester
surfactant and a neoalkoxy zirconate coupling agent.

17. A composite pressure vessel as defined in claim 15,
wherein the curable matrix resin is an epoxy.

18. A composite pressure vessel as defined in claim 15,
wherein the fiber is a carbon fiber.

19. A composite pressure vessel as defined in claim 15,

wherein the surface-active agent is present in the matrix resin
formulation in an amount up to about 1% by weight.
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20. A composite pressure vessel as defined in claim 15,
wherein the surface-active agent is present in the matrix resin
formulation in an amount of from about 0.01 to about 0.5% by
weight.

21. A composite pressure vessel as defined in claim 15,
wherein the surface-active agent is present in the matrix resin
formulation in an amount of from about 0.05 to about 0.2% by
weight.

22. A composite pressure vessel as defined in claim 15,
wherein the reactive curing agent is selected from the group
consisting of aliphatic and aromatic anhydrides.

23. A composite pressure vessel as defined in claim 15,
wherein the reactive curing agent is selected from the group
consisting of methyltetrahydrophthalic anhydride, nadic methyl
anhydride, methylhexahydrophthalic anhydride, and maleic
anhydride.

24. A composite pressure vessel as defined in claim 15,
wherein the latent resin curing agent is selected from the
group consisting of a boron trifluoride complex, a boron
trichloride complex, tertiary amines and their salts, and
imidazoles dicyandiamide, and 2,4-toluene-1,1’-bis(3,3-
dimethylurea)

25. A composite pressure vessel as defined in claim 185,

wherein the latent resin curing agent is a blocked Lewis acid
epoxy curing agent.
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