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BOROHYDRIDE FUELS IN GAS GENERANT COMPOSITIONS

Field of the Invention
The present invention relates to gas generating composi-
tions. More particularly, the present gas generant composi-
tions comprise a borohydride fuel mixed with an appropriate
oxidizing agent which, when combusted, generates a large
quantity of water vapor.

Background of the Invention
Gas generating chemical compositions are useful in a

number of different contexts. One important use for such
compositions is in the operation of "air bags." Air bags are
gaining in acceptance to the point that many, if not most, new
automobiles are equipped with such devices. ' Indeed, many new
automobiles are equipped with multiple air bags to protect the
driver and passengers.

In the context of automobile air bags, sufficient gas must
be generated to inflate the device within a fraction of a
second. Between the time the car is impacted in an accident,
and the time the driver would otherwise be thrust against the
steering wheel, the air bag must fully inflate. As a conse-
quence, nearly instantaneous gas generation is required.

There are a number of additional important design criteria
that must be satisfied. Automobile manufacturers and others
have set forth the required criteria which must be met in
detailed specifications. Preparing gas generating compositions
that meet these important design criteria is an extremely
difficult task. These specifications require that the gas
generating composition produce gas at a required rate. The
specifications also place strict limits on the generation of
toxic or harmful gases or solids. Examples of restricted gases
include carbon monoxide, carbon dioxide, NO,, SO,, and hydrogen
sulfide. For example, carbon dioxide is limited to about 20 to
30 volume percent of the final gas volume produced.

The gas must be generated at a sufficiently and reasonably
low temperature so that an occupant of the car is not burned
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upon impacting an inflated air bag. If the gas produced is
overly'hot, there is a possibility that the occupant of the
motor vehicle may be burned upon impacting a deployed air bag.
Accordingly, it is necessary that the combination of the gas
generant and the construction of the air bag isolates automo-
bile occupants from excessive heat. All of this is required
while the gas generant maintains an adequate burn rate. 1In the
industry, burn rates in excess of 0.5 inch per second (ips) at
1000 psi (pounds per square inch), and preferably in the range
of from about 1.0 ips to about 1.2 ips at 1000 psi are general-
ly desired. As used herein, 1 pound equals 453.593 grams and
1 inch equals 0.0254 meters.

Another related but important design criteria is that the
gas generant composition produces a limited quantity of
particulate materials. Particulate materials can interfere
with the operation of the supplemental restraint system,
present an inhalation hazard, irritate the skin and eyes, or
constitute a hazardous solid waste that must be dealt with
after the operation of the safety device. In the absence of an
acceptable alternative, the production of irritating particu-
lates is one of the undesirable, but tolerated aspects of the
currently used sodium azide materials.

In addition to producing limited, if any, quantities of
particulates, it is desired that at least the bulk of any such
particulates be easily filterable. For instance, it is
desirable that the composition produce a filterable slag to
prevent the reaction products from escaping into the surround-
ing environment. This 1limits interference with the gas
generating apparatus and the spreading of potentially harmful
dust in the vicinity of the spent air bag which can cause lung,
mucous membrane, and eye irritation to vehicle occupants and
rescuers.

Both organic and inorganic materials have been proposed as
possible gas generants. Such gas generant compositions include
oxidizers and fuels which react at sufficiently high rates to
produce large quantities of gas in a fraction of a second.
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At present, sodium azide is the most widely used and
currentiy accepted gas generating material. Sodium azide
nominally meets industry specifications and guidelines.
Nevertheless, sodium azide presents a number of persistent
problems. Sodium azide is relatively toxic as a starting
material, since its toxicity level as measured by oral rat LDy,
is in the range of 45 mg/kg. Workers who regularly handle
sodium azide have experienced various health problems such as
severe headaches, shortness of breath, and other symptoms.

In addition, no matter what auxiliary oxidizer is em-
ployed, the combustion products from a sodium azide gas
generant include caustic reaction products such as sodium oxide
or sodium hydroxide. Molybdenum disulfide or sulfur have been
used as oxidizers for sodium azide. However, use of such
oxidizers results in toxic products such as hydrogen sulfide
gas and corrosive materials such as sodium oxide and sodium
sulfide. Rescue workers and automobile occupants have com-
plained about both the hydrogen sulfide gas and the corrosive
powder produced by the operation of sodium azide-based gas
generants. _

Increasing problems are also anticipated in relation to
disposal of unused gas-inflated supplemental restraint systems,
e.g. automobile air bags, in demolished cars. The sodium azide
remaining in such supplemental restraint systems can leach out
of the demolished car to become a water pollutant or toxic
waste. 1Indeed, some have expressed concern that sodium azide
might form explosive heavy metal azides or hydrazoic acid when
contacted with battery acids following disposal.

Sodium azide-based gas generants are most commonly used
for air bag inflation, but with the significant disadvantages
of such compositions many alternative gas generant compositions
have been proposed to replace sodium azide. Most of the
proposed sodium azide replacements, however, fail to deal
adequately with all of the criteria set forth above.

One group of chemicals that has received attention as a
possible replacement for sodium azide includes tetrazoles and
triazoles. These materials are generally coupled with conven-
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tional oxidizers such as KNO; and Sr (NO3),. Some of the
tetrazoles and triazoles that have been specifically mentioned
include S5-aminotetrazole, 3-amino-1,2,4-triazole, 1,2,4-
triazole, 1H-tetrazole, bitetrazole and several others.
However, because of poor ballistic properties and high gas
temperatures, none of these materials has yet gained general
acceptance as a sodium azide replacement.

It will be appreciated, therefore, that there are a number
of important criteria for selecting gas generating compositions
for use in automobila.supplemental restraint systems. For
example, it is important to select starting materials that are
not toxic. At the same time, the combustion products must not
be toxic or harmful. In this regard, industry standards limit
the allowable amounts of various gases produced by the opera-
tion of supplemental restraint systems.

It would, therefore, be a significant advance to provide
compositions capable of generating large quantities of gas that
would overcome the problems identified in the existing art. It
would be a further advance to provide a gas generating composi-
tion which is based on substantially nontoxic starting materi-
als and which produces substantially nontoxic reaction prod-
ucts. It would be another advance in the art to provide a gas
generating composition which produces very limited amounts of
toxic or irritating particulate debris and limited undesirable
gaseous products. It would also be an advance to provide a gas
generating composition which forms a readily filterable slag
upon reaction.

Such compositions and methods for their use are disclosed

and claimed herein.

Summary and Objects of the Invention
The present invention relates to a novel gas generating

composition which is based on borohydride fuels and inorganic
oxidizing agents which produce water vapor as the primary
gaseous reaction product. The present composition comprises a
mixture of finely divided borohydride fuel and an oxidizing
agent containing oxygen and a metal comprising at least one
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member from the group consisting of a metal oxide, a metal
oxide hydrate, a metal oxide hydroxide, a metal hydrous oxide,
a metal hydroxide, and mixtures thereof, provided that the
borohydride fuel and the oxidizing agent are selected such that
water vapor is produced when the composition is combusted.

The combustion reaction involves an oxidation-reduction
reaction between the fuel and oxidizing agent. Under the
exothermic conditions produced by the reaction, hydrogen from
the borohydride reacts with oxygen from the oxidizing agent to
produce water vapor and any water precursors in the oxidizing
agent are also converted to water vapor. The water vapor is
then available for use in deploying supplemental safety
restraint devices such as inflating automobile air bags and the
like.

It will be appreciated from the foregoing that the
compositions of the present invention can generate large
quantities of gas while avoiding some of the significant
problems identified in the existing art. The gas generating
compositions of the present invention are based on starting
materials that produce substantially nontoxic reaction prod-

- ucts.

These compositions produce only limited, if any, undesir-
able gaseous products. In addition, upon reaction, the gas
generating compositions of the present invention produce only
a limited amount, if any, of toxic or irritating debris while
yielding a filterable slag.

These compositions combust rapidly and reproducibly to
generate the substantially nontoxic gaseous reaction products
described above.

Detailed Description of the Invention
The compositions of the present invention include a

borohydride fuel, in a fuel-effective amount and an oxidizing
agent containing a metal and oxygen, in an oxidizer-effective
amount. The fuel and the oxidizing agent combination is
selected with the proviso that water vapor is the major gaseous
product produced upon reaction between the fuel and the
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oxidizing agent and that essentially no, if any, hazardous
gaseousv reaction products are produced by that reaction. The
fuel and the oxidizer are selected so that the combination of
oxidizer and borohydride fuel exhibits reasonable thermal
compatibility and chemical stability, that is, the combination
of fuel and oxidizer does not begin reacting below about 225°F
(107°C). The borohydride fuel, oxidizer, or the combustion
products therefrom, are preferably not highly toxic.

In the operation of a supplemental restraint device or
related safety device according to the present invention, other
gases, if any, are produced in concentrations that are low
relative to the desired gaseous combustion product, water
vapor.

The oxidizable borohydride fuel is selected from known and
novel borohydrides, including, for example, BH,, B;Hy, BgH;"B.Hs,
ByoHyu, ByHi>, ByH4, BpH,>, etc., and salts, complexes, and
mixtures thereof. Currently preferred borohydride fuels
include compounds based on BH,, such as LiBH,, NaBH,, KBH,,
RbBH,, CsBH,, Mg(BH,),, Ca(BH,),, Ba(BH,),, Al(BH,);, Zn(BH,);, and
transition metal complexes of BH,. Other preferred borohydride

- fuels are based on B,H;,>, such as Li,B,H;;, K,Bj,H;,, Cs,B,H;;, and

[ (CH3) sN]1;BpoHy,.

Both the oxidizable borohydride fuel and the oxidizer are
incorporated into the composition in the form of a finely
divided powder. Particle sizes typically range from about
0.001 u to about 400 u, although the particle sizes preferably
range from about 0.1 g to about 50 u. The composition is
insertable into a gas generating device, such as a conventional
supplemental safety restraint system, in the form of pellets or
tablets. Alternatively, the composition is insertable in such
devices in the form of a multi-perforated, high surface area
grain or other solid form which allows rapid and reproducible
generation of gas upon ignition.

An oxidizing agent containing a metal and oxygen is paired
with the borohydride fuel. In the present context, an oxidiz-
ing agent used herein has the following characteristics:
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(a) It is a compound or solid state phase containing at
least 6ne type of metal and oxygen.

(b) One or more of the metals contained therein can act
as an oxidizing agent for the borohydride fuel found in the gas
generant formulation. .

Given the foregoing, the class of suitable inorganic
oxidizers possessing the desired traits includes a metal oxide,
a metal oxide hydrate, a metal oxide hydroxide, a metal hydrous
oxide, a metal hydroxide, or mixtures thereof wherein the metal
species therein can be at least one species selected from
elements from among Groups 5, 6, 7, 8, 9, 10, 11, 12, 14 and 15
as listed in the Periodic Table of the Elements according to
the IUPAC format (CRC Handbook of Chemistry and Physics, (72nd
Ed. 1991)). Examples of metal oxides include, among others,
CuO, Co,0;, Coy0,, Bi0;, Fe,0,, and CoFe,0,. Examples of metal
hydroxides include, among others, Fe(OH);, Co(OH);, Co(OH),,
Ni(OH),, Cu(OH),, and Zn(OH),. Examples of metal oxide hydrates
and metal hydrous oxides include, among others, Fe,0;:xH,0,
Sno0,-xH,0, and Mo0O,+H,0. Examples of metal oxide hydroxides
include, among others, MnO(OH), MnO(OH),, FeO(OH), and MnO (OH),.
In certain instances it will also be desirable to use mixtures
of such oxidizing agents in order to enhance ballistic proper-
ties or maximize filterability of the slag formed from combus-
tion of the composition. A preferred oxidizing agent is cuoO.

In some cases, supplemental oxidizers such as alkali,
alkaline earth, or ammonium perchlorates, chlorates, and
peroxides in amounts up to about 40% by weight may be combined
with the inorganic oxidizer to completely oxidize the fuel or
enhance the burn rate.

The gas generant compositions of the present invention
comprise a fuel-effective amount of borohydride fuel and an
oxidizer-effective amount of at least one oxidizing agent. The
present composition, in general, contains about 5 weight
percent to about 40 weight percent borohydride fuel and from
about 60 weight percent to about 95 weight percent oxidizing
agent, and preferably from about 10 weight percént to about
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30 weight percent fuel and from about 65 weight percent to
about 90 weight percent oxidizing agent. These weight percent-
ages are such that at least one oxidizing agent is present in
an amount from about 0.5 to about 3 times the stoichiometric
amount necessary to completely oxidize the borohydride fuel
present.

Small quantities of other additives may also be included
within the compositions if desired. Such additives are well
known in the expldsive, propellant, and gas generant arts.
Such materials are conventionally added in order to modify the
characteristics of the gas generating composition. Such
materials include ballistic or burn rate modifiers, ignition
aids, coolants, release agents or dry lubricants, binders for
granulation or pellet crush strength, slag enhancers, anti-
caking agents, etc. An additive often serves multiple func-
tions. The additives may also produce gaseous reaction
products to aid in the overall gas generation of the gas
generant composition.

Ignition aids/burn rate modifiers include metal oxides,
nitrates and other compounds such as, for instance, Fe,0;,
K,B,H,*H,0, BiO(NO;), Co,0,, CoFe,0,, CuMoO,, BiMoO;, MnO,,
Mg (NO;),, Fe(NO;);, Co(NO;),, and NH,NO;. Coolants include
magnesium hydroxide, cupric oxalate, boric acid, aluminum
hydroxide, and silicotungstic acid. Coolants such as aluminum
hydroxide and silicotungstic acid can also function as slag
enhancers. Small amounts of polymeric binders, such as
polyethylene glycol or polypropylene carbonate can, if desired,
be added for mechanical properties reasons or to provide
enhanced crush strength. Examples of dry lubricants include
MoS,, graphite, graphitic-boron nitride, calcium stearate and
powdered polyethylene glycol (Avg. MW 8000). The solid
combustion products of most of the additives mentioned above
will also enhance the filterability of the slag produced upon
combustion of a gas generant formulation.

Illustrative examples of reactions involving compositions
within the scope of the present invention are set forth in
Table 1.
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4 Table 1
KBH, + 2Cu0 + %KC1l0, - 2Cu + %KCl + KBO, + 2H,0
KBH, + 2Cu(OH), + %KC10, - 2Cu + KBO, + %KCl + .4H26
3KBH, + 2Bi,0, + 1%KC1l0, = 4Bi + 3KBO, + 1%KCl + 6H,0

Computer modeling was performed for gas generant systems based
on the reaction of Bi,0, oxidizer, KBH, or NaBH, fuel, and KC1lO,
supplemental oxidizer. The results are set forth below in
Table 2.

Table 2

Ingredient Weight Percent

Bi,0, 90 92 94 80 70 60 60 70 70
NaBH, 10 8 6 10 10 10 - - -
Kclo, - - - 10 20 30 30 20 15
KBH, - - - - - - 10 10 15
T(°K) 1828 1819 1805 2026 2197 2147 1768 1773 1984
TP 0.77 0.67 0.55 0.66 0.58 0.62 0.64 0.59 0.58

Where T is the flame temperature and TP is the theoretical
performance relative to a typical sodium azide based gas
generant. Theoretical performance (gas volume and quantity)
for a composition according to the present invention is
comparable to those achieved by a conventional sodium azide-
based gas generant composition. The theoretical performance
for a typical sodium azide-based gas generant (68 weight
percent NaN;; 30 weight percent of MoS,; 2 weight percent of S)
is arbitrarily set equal to 1.0 and is about 0.85 g gas/cc NaN;
generant.

Computer modeling was performed for gas generant systems
based on the reaction of Cu(OH), oxidizer, KBH, fuel, and KC1O,
supplemental oxidizer. The results are set forth below in
Table 3.
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Table 3
Ingredient Weight Percent
Cu(OH), 90 85 80 80 75 70 70 65 60 60 55 50
KBH, 10 15 20 10 15 20 10 15 20 10 15 20
KClo, - - - 10 10 10 20 20 20 30 30 30
T(°K) 1035 1227 1305 1389 1534 1549 1504 1648 1664 1540 1814 2394
TP 1.06 1.01 1.01 0.89 0.92 0.93 0.86 0.84 0.88 0.82 0.78 0.69

Computer modeling was performed for gas generant systems
based on the reaction of CuO oxidizer, KBH, fuel, and KC1o0,
supplemental oxidizer. The results are set forth below in
Table 4.

Table 4
Ingredient Flame
Weight Percent Temp. Theoretical
Cuo KBH, KC1l0, ( °K) Performance
90 5 5 1381 0.23
85 10 5 1555 0.39
80 15 5 1710 0.55
75 20 5 1680 0.65
85 5 10 1512 0.23
80 10 10 1613 0.40
75 15 20 1766 0.54
70 20 10 1740 0.64
80 5 15 1560 0.26
75 10 15 1618 0.45
.70 15 15 1873 0.52
65 20 15 1899 0.63
75 5 20 1571 0.32
70 10 20 1622 0.49
65 15 20 1989 0.50
60 20 20 2073 0.60

The theoretical flame temperatures of the reaction between
the fuel and the oxidizing agent are in the range of from about
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1000°K to about 2200°K, with the more preferred range being
from about 1500°K to about 1800°K. This is a manageable range
for application in the field of automobile air bags and can be
adjusted to form non-liquid (e.g., solid) easily filterable
slag.

With the reaction characteristics, the compositions and
methods of the present invention can produce a sufficient
volume and quantity of gas to inflate a supplemental safety
restraint device, such as an automobile air bag, at a manage-
able temperature. The reaction of the compositions within the
scope of the invention produce significant quantities of water
vapor in a very short period of time. At the same time, the
reaction substantially avoids the production of unwanted gases
and particulate materials, although minor amounts of other
gases may be produced. The igniter formulation may also
produce small amounts of other gases.

The present gas generant compositions can be formulated to
produce an integral slag to limit substantially the particulate
material produced. This minimizes the production of solid
particulate debris outside the combustion chamber. Thus, it is
possible to substantially avoid the production of a caustic
powder, such as sodium oxide/hydroxide or sodium sulfide,
commonly produced by conventional sodium azide formulations.

The compositions of the present invention are ignited with
conventional igniters. Igniters wusing materials such as
boron/potassium nitrate are usable with the compositions of the
present invention. Thus, it is possible to substitute the
compositions of the present invention in state-of-the-art gas
generant applications.

The gas generating compositions of the present invention
are readily adapted for use with conventional hybrid air bag
inflator technology. Hybrid inflator technology is based on
heating a stored inert gas (argon or helium) to a desired
temperature by burning a small amount of propellant. Hybrid
inflators do not require cooling filters used with pyrotechnic
inflators to cool combustion gases, because hybrid inflators
are able to provide a lower temperature gas. The gas discharge

- 11 -



10

15

20

25

30

35

WO 95/18779 PCT/US95/00202

temperature can be selectively changed by adjusting the ratio
of inert gas weight to propellant weight. The higher the gas
weight to propellant weight ratio, the cooler the gas discharge
temperature.

A hybrid gas generating system comprises a pressure tank
having a rupturable opening, a pre-determined amount of inert
gas disposed within that pressure tank; a gas generating device
for producing hot combustion gases and having means for
rupturing the rupturable opening; and means for igniting the
gas generating composition. The tank has a rupturable opening
which can be broken by a piston when the gas generating device
is ignited. The gas generating device is configured and
positioned relative to the pressure tank so that hot combustion
gases are mixed with and heat the inert gas. Suitable inert
gases include, among others, argon, and helium and mixtures
thereof. The mixed and heated gases exit the pressure tank
through the opening and ultimately exit the hybrid inflator and
deploy an inflatable bag or balloon, such as an automobile air
bag. The gas generating device contains a gas generating
composition according to the present invention which comprises
an oxidizable borohydride fuel and an oxidizing agent selected
from basic metal carbonates and basic metal nitrates. The
oxidizable borohydride fuel and oxidizing agent being selected
so that substantially nontoxic gases are produced such as
mixtures of water vapor and either carbon dioxide or nitrogen.

The high heat capacity of water vapor produced is an added
advantage for its use as a heating gas in a hybrid gas‘generat-
ing system. Thus, less water vapor, and consequently, less
generant is needed to heat a given quantity of inert gas to a
given temperature.

Hybrid gas generating devices for supplemental safety
restraint application are described in Frantom, Hybrid Airbag
Inflator Technology, Airbag Int’l Symposium on Sophisticated
Car Occupant Safety Systems, (Weinbrenner-Saal, Germany, Nov.
2-3, 1992).

An automobile air bag system can comprise a collapsed,
inflatable air bag, a gas generating device connected to the
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air bag for inflating the air bag, and means for igniting the
gas genérating composition. The gas generating device contains
a gas generating composition comprising an oxidizable boro-
hydride fuel and an oxidizing agent, wherein said oxidizing
agent comprises at least one member selected from the group
consisting of a metal oxide, a metal oxide hydrate, a metal
oxide hydroxide, a metal hydrous oxide, a metal hydroxide, or
mixtures thereof, and wherein water vapor is the major gaseous
reaction product generated by reaction between said oxidizable
borohydride fuel and sa?d oxidizing agent.

EXAMPLES
The present invention is further described in the follow-
ing nonlimiting examples. Unless otherwise stated, the
compositions are expressed in weight percent.

Example 1
A gas generant composed of 85.5% CuO, 10.0 % NaBH,, and

5.0% KC1l0, was mixed in hexane at low shear. The hexane was
removed under vacuum. The powder was pressed into 0.25 inch by
0.5 inch diameter pellets which exhibit a burning rate of 0.84
ips at 1000 psi. Based on computer modeling, the theoretical
performance of this composition was 0.60 with a combustion
temperature of 1915°K. The major combustion products were 43.5
mole % liquid Cu, 30.2 mole % H,0, 15.2 mole % borates, 8.9
mole % liquid Cu,0, and 1.54 mole % KC1 and NacCl.

Example 2
A gas generant composed of 70.0% CuO, 10.0 % NaBH,, and

20.0% KCl0, was mixed in hexane at low shear. The hexane was
removed under vacuum. The powder was pressed into 0.25 inch by
0.5 inch diameter pellets which exhibit a burning rate of 1.21
ips at 1000 psi. Based on computer modeling, the theoretical
performance of this composition was 0.52 with a combustion
temperature of 2015°K. The major combustion products were 37.1
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mole % H,0, 28.5 mole % Cu,0, 18.7 mole % borates, 5.6 mole %
liquid Cu, and 6.0 mole % KCl and NacCl.

Example 3
A gas generant composed of 75% CuO, 15.0 % NaBH,, and

10.0% KCl0, was mixed in hexane at low shear. The hexane was
removed under vacuum. The powder was pressed into 0.25 inch by
0.5 inch diameter pellets which exhibit a burning rate of 1.27
ips at 1000 psi. Based on computer modeling, the theoretical
performance of this composition was 0.54 with a combustion
temperature of 1766°K. ‘i‘he major combustion products were 41.2
mole % liquid Cu, 32.0 mole % H,0, 14.7 mole % borates, 7 mole
% liquid Cu,0, and 4.0 mole % KCl.

Example 4
A gas generant composed of 55.0% Cu(OH),, 15.0% KBH,, and

30% KClo, was mixed in hexane under low shear. The hexane was
removed under vacuum at ambient temperature. The powdered
generant was pressed into 0.5 inch pellets which exhibit a
burning rate of 0.48 ips at 1000 psi. Based on computer
modeling, the theoretical performance of this composition was
0.78 with a combustion temperature of 1814°K. The major
combustion products were 58.5 mole % H,0, 14.9 mole % 1liquid
Cu,0, 14.1 mole % KBO,, 8.83 mole % liquid KCl, and 1.63 mole %
KC1l vapor.

Example 5
A gas generant composed of 65.0% Cu(OH),, 15.0% KBH,, and

20% KC10, was mixed in hexane under low shear. The hexane was
removed under vacuum at ambient temperature. The powdered
generant was pressed into 0.5 inch pellets which exhibit a
burning rate of 0.55 ips at 1000 psi. Based on computer
modeling, the theoretical performance of this composition was
0.85 with a combustion temperature of 1648°K. The major
combustion products were 56.3 mole % H,0, 18.9 mole % liquid
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Cu, 9.0 mole % KBO,, 6.2 mole % liquid Cu,0, 1.0 mole % liquid
X,B,0,, and 6.0 mole % KCl.

Example 6
A gas generant composed of 64% Cu(OH),, 1% Fe,0;, 15% KBH,,

and 20% KCl0, was mixed in hexane at low shear. The hexane was
removed under vacuum at ambient temperature. The powdered
generant was pressed into 0.5 inch pellets which exhibit a
burning rate of 0.28 ips at 1000 psi. Based on computer
modeling, the theoretical performance of this composition was
0.84 with a combustion temperature of 1649°K. The major
combustion products were 56 mole % H,0, 19.2 mole % liquid Cu,
9.2 mole % KBO,, 5.8 mole % 1liquid Cu,0, 1.0 mole % 1liquid
K,B,0;,, 1.4% KOH, and 6.0 mole % liquid KCl.

Example 7

A gas generant composed of 63.5% Cu(OH),, 15.0% KBH,, 1.5%
LiB;,H;;, and 20% KCl0, was mixed in hexane at low shear. The
hexane was removed under vacuum at ambient temperature. The
powdered generant was pressed into 0.5 inch pellets which
exhibit a burning rate of 0.72 ips at 1000 psi. Based on
computer modeling, the theoretical performance of this composi-
tion was 0.86 with a combustion temperature of 1876°K. The
major combustion products were 48.7 mole % H,0, 28.1 mole %
liquid Cu, 8.9 mole % KBO,, 5.4 mole % H,, 1.7 mole % liquid
K;B,0;, 2.9 mole % liquid KCl, and 2.0 mole % KC1l vapor.

Example 8
A gas generant composed of 63.5% Cu(OH),, 15.0% KBH,, 1.5%

( (CH;) [N),B,H;,, and 20% KC1l0, was mixed in hexane at low shear.
The hexane was removed under vacuum at ambient temperature.
The powdered generant was pressed into 0.5 inch pellets which
exhibit a burning rate of 0.53 ips at 1000 psi. Based on
computer modeling, the theoretical performance of this composi-
tion was 0.90 with a combustion temperature of 1842°K. The
major combustion products were 49.4 mole % H,0, 27.7 mole %
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liquid Cu, 8.6 mole % KBO,, 5.4 mole % H,, 1.6 mole % liquid
K;B40;, 3.5 mole % liquid KCl1l, and 1.7 mole % KCl vapor.

Example 9
A gas generant composed of 70% Bi,0;, 10% NaBH,, and 20%

KC10, was mixed in hexane at low shear. The hexane was removed
under vacuum at ambient temperature. The powdered generant was
pressed into 0.5 inch pellets which exhibited a burning rate of
2.3 ips at 1000 psi. Based on computer modeling, the theoreti-
cal performance of this composition was 0.58 with a combustion
temperature of 2197°K. The major combustion products were 39.8
mole % H,0, 20.1 mole % liquid Bi, 7.0 mole % KBO,, 5.7 mole %
NaCl, 4.4 mole % Bi vapor, 3.9 mole % KCl, and 2.3 mole % H,.

Example 10
Theoretical calculations were conducted on the reaction of

KBH,, Bi,0,, and KCl1l0,, as listed in Table 1, to evaluate its use
in a hybrid gas generator. If this formulation is allowed to
undergo combustion in the presence of 1.5 times its weight
argon gas, the flame temperature decreases from 2123°K to
1440°K, assuming 100% efficient heat transfer. The output
gases consist of 87% by volume argon and 10% by volume water
vapor.

From the foregoing, it will be appreciated that the
present invention provides compositions capable of generating
large quantities of gas which are based on substantially
nontoxic starting materials and which produce substantially
nontoxic reaction products. The gas generant compositions of
the present invention also produce very limited amounts of
toxic or irritating particulate debris and limited undesirable
gaseous products. 1In addition, the present invention provides
gas generating compositions which form a readily filterable
solid slag upon reaction.

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

What is claimed is:
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1. A solid gas-generating composition comprising an
oxidizable borohydride fuel and an oxidizing agent, wherein
said oxidizing agent comprises at least one member selected
from the group consisting of a metal oxide, a metal oxide
hydrate, a metal oxide hydroxide, a metal hydrous oxide, a
metal hydroxide, or mixtures thereof, and wherein water vapor
is the major gaseous reaction product generated by said solid-
gas-generating composition, wherein said oxidizing agent is
present in an amount from about 0.5 to about 3 times the
stoichiometric amount of oxidizing agent necessary to
completely oxidize the borohydride fuel present.

2. A solid gas-generating composition according to claim
1, comprising from about 5 weight percent to about 40 weight
percent borohydride fuel and from about 95 weight percent to
about 60 weight percent oxidizing agent.

3. A solid gas-generating composition according to claim
1, wherein said oxidizing agent is present in an amount from
about 0.5 to about 3 times the stoichiometric amount of
oxidizing agent necessary to completely oxidize the borohydride
fuel present.

4. A solid gas-generating composition according to claim
1, wherein the oxidizable borohydride fuel is selected from
salts or complexes of BH,, B;Hy, BgH®, BgH;s, BiHi, BioHio®, BuHu,
B,H;,”, and mixtures thereof.

5. A solid gas-generating composition according to claim
1, wherein the oxidizable borohydride fuel is based on BH,.

6. A solid gas-generating composition according to claim
5, wherein the oxidizable borohydride fuel is selected from
LiBH,, NaBH,, KBH,, RbBH,, CsBH,, Mg(BH,),, Ca(BH,),, Ba(BH,),,
Al(BH,);, 2Zn(BH;);, transition metal complexes of BH,, and
mixtures thereof.

7. A solid gas-generating composition according to claim
1, wherein the oxidizable borohydride fuel and the oxidizer are
in the form of a finely divided powder.

8. A solid gas-generating composition according to claim
7, wherein the particle size range of the powder is from about
0.001 4 to about 400 u.
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9. A solid gas-generating composition according to claim
1, whefein the oxidizing agent is a metal oxide selected from
CuO, Co,0,, Co;0,, Bi0;, Fe,0;, CoFe,0,, and mixtures thereof.

10. A solid gas-generating composition according to claim
1, wherein the oxidizing agent is a metal hydroxide selected
from Fe(OH);, Co(OH);, Co(OH),, Ni(OH),, Cu(OH),, 2Zn(OH),, and
mixtures thereof.

11. A solid gas-generating composition according to claim
1, wherein the oxidizing agent is a hydrated metal oxide
selected from Fe,0,°xH,0, SnoO,*xH,0, MoO;*H,0, and mixtures
thereof.

12. A solid gas-generating composition according to claim
1, wherein the oxidizing agent is a metal oxide hydroxide
selected from MnO(OH), MnO(OH),, FeO(OH), MnO(OH);, and mixtures
thereof. '

13. An automobile air bag system comprising:

a collapsed, inflatable air bag;

a gas-generating device connected to the air bag for
inflating said air bag, said gas-generating device containing
a gas-generating composition comprising an oxidizable
borohydride fuel and an oxidizing agent, wherein said oxidizing
agent comprises at least one member selected from the group
consisting of a metal oxide, a metal oxide hydrate, a metal
oxide hydroxide, a metal hydrous oxide, a metal hydroxide, or
mixtures thereof, and wherein water vapor is the major gaseous
reaction product generated by said solid gas-generating
composition, wherein said oxidizing agent is present in an
amount from about 0.5 to about 3 times the stoichiometric
amount of oxidizing agent necessary to completely oxidize the
borohydride fuel present; and

means for igniting said gas-generating composition.

14. An automobile air bag system according to claim 13,
wherein said gas-generating composition comprises from about 5
weight percent to about 40 weight percent oxidizable
borohydride fuel and from about 95 weight percent to about 60
weight percent oxidizing agent.
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15. An automobile air bag system according to claim 13,
wherein the oxidizing agent of said gas-generating composition
is present in an amount from about 0.5 to about 3 times the
stoichiometric amount of oxidizing agent necessary to
completely oxidize the borohydride fuel present.

16. An automobile air bag system according to claim 13,
wherein the oxidizable borohydride fuel is selected from salts
or complexes of BH;, BjHy, BjHy", BsH;s, BiHy, ByHy”, ByHi, BpHp®,
and mixtures thereof.

17. An automobile air bag system according to claim 13,
wherein the oxidizable borohydride fuel is based on BH,.

18. An automobile air bag system according to claim 17,
wherein the oxidizable borohydride fuel is selected from LiBH,,
NaBH,, KBH,, RbBH,, CsBH,, Mg(BH,),, Ca(BH,),, Ba(BH,),, Al(BH,),,
Zn(BH,);, transition metal complexes of BH,, and mixtures
thereof.

19. An automobile air bag system according to claim 13,
wherein the oxidizing agent is a metal oxide selected from CuO,
Co,0;,, Co,0,, Bi0;, Fe,0;, CoFe,0,, and mixtures thereof.

20. An automobile air bag system according to claim 13,
wherein the oxidizing agent is a metal hydroxide selected from
Fe(OH);, Co(OH);, Co(OH),, Ni(OH),, Cu(OH),, Zn(OH),, and mixtures
thereof.

21. An automobile air bag system according to claim 13,
wherein the oxidizing agent is a hydrated metal oxide selected
from Fe,0,°xH,0, SnO,*xH,0, Mo0O;*H,0, and mixtures thereof.

22. An automobile air bag system according to claim 13,
wherein the oxidizing agent is a metal oxide hydroxide selected
from MnO(OH) , MnO(OH),, FeO(OH), MnO(OH),;, and mixtures thereof.
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23. An automobile air bag system having a hybrid gas-
generating system comprising:

a collapsed, inflatable air bag;

a pressure tank having a rupturable opening, said pressure
tank containing an inert gas;

a gas-generating device for producing hot combustion gases
and capable of rupturing the rupturable opening, said gas-
generating device being configured in relation to the pressure
tank such that hot combustion gases are mixed with and heat the
inert gas and wherein said gas-generating device and the
pressure tank are connected to the inflatable air bag such that
the combustion gases and inert gas are capable of inflating the
air bag, said gas-generating device containing a gas-generating
composition comprising an oxidizable borohydride fuel and an
oxidizing agent, wherein said oxidizing agent comprises at
least one member selected from the group consisting of a metal
oxide, a metal oxide hydrate, a metal oxide hydroxide, a metal
hydrous oxide, a metal hydroxide, or mixtures thereof, and
wherein water vapor is the major gaseous reaction product
generated by said solid gas-generating composition, wherein
said oxidizing agent is present in an amount from about 0.5 to
about 3 times the stoichiometric amount of oxidizing agent
necessary to completely oxidize the borohydride fuel present;
and

means for igniting the gas-generating composition.

24. An automobile air bag system according to claim 23,
wherein said inert gas is argon or helium. |

25. An automobile air bag system according to claim 23,
wherein said gas-generating composition comprises from about 5%
to about 40% borohydride fuel and from about 95% to about 60%
oxidizing agent.

26. An automobile air bag system according to claim 23,
wherein the oxidizing agent of said gas-generating composition
is present in an amount from about 0.5 to about 3 times the
stoichiometric amount of oxidizing agent necessary to
completely oxidize the borohydride fuel present.
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27. An automobile air bag system according to claim 23,
wherein’the oxidizable borohydride fuel is selected from salts
or complexes of BH,, BjHy, ByHy”, BgHis, BiHy, BiHy”, BuHy, BpHp',
and mixtures thereof.

28. An automobile air bag system according to claim 23,
wherein the oxidizable borohydride fuel is based on BH;.

29. An automobile air bag system according to claim 28,
wherein the oxidizable borohydride fuel is selected from LiBH,,
NaBH,, KBH,, RbBH,, CsBH,, Mg(BH,),, Ca(BH,),, Ba(BH,;),, Al(BH,),
Zn(BH,);, transition metal complexes of BH,, and mixtures
thereof.

30. An automobile air bag system according to claim 23,
wherein the oxidizing agent is a metal oxide selected from CuO,
Co,0;, Co0;0,, Bi0;, Fe,0;, CoFe,0,, and mixtures thereof.

31. An automobile air bag system according to claim 23,
wherein the oxidizing agent is a metal hydroxide selected from
Fe(OH);, Co(OH);, Co(OH),, Ni(OH),, Cu(OH),, Zn(OH),, and mixtures
thereof.

32. An automobile air bag system according to claim 23,
wherein the oxidizing agent is a hydrated metal oxide selected
from Fe,0,*XH,0, SnO,-xH,0, MoO;-H,0, and mixtures thereof.

33. An automobile air bag system according to claim 23,
wherein the oxidizing agent is a metal oxide hydroxide selected
from MnO(OH),, MnO(OH),, FeO(OH), MnO(OH);, and mixtures
thereof.
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34. A vehicle containing a supplemental restraint system
having an air bag system comprising:

a collapsed, inflatable air bag,

a gas-generating device connected to said air bag for
inflating said air bag, said gas-generating device containing
a gas-generating composition comprising an oxidizable
borohydride fuel and an oxidizing agent, wherein said oxidizing
agent comprises at least one member selected from the group
consisting of a metal oxide, a metal oxide hydrate, a metal
oxide hydroxide, a metal hydrous oxide, a metal hydroxide, or
mixtures thereof, and wherein water vapor is the major gaseous
reaction product generated by said solid gas-generating
composition, wherein said oxidizing agent is present in an
amount from about 0.5 to about 3 times the stoichiometric
amount of oxidizing agent necessary to completely oxidize the
borohydride fuel present; and

means for igniting said gas-generating composition.

35. A vehicle as defined in claim 34, further comprising
a pressure tank having a rupturable opening, said pressure tank
containing an inert gas; wherein the gas-generating device
produces hot combustion gases capable of rupturing the
rupturable opening, and wherein the gas-generating device is
configured in relation to the pressure tank such that hot
combustion gases are mixed with and heat the inert gas and
wherein the gas-generating device and the pressure tank are
connected to the inflatable air bag such that the mixture of
combustion gases and inert gas are capable of inflating the air
bag.
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