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Abstract

Experimental work has been carried out in search for the potential of 5,5’-azobis-tetrazole aminoguanidine (ABAG) /
strontium nitrate Sr(NOs), mixture as a gas generating agent for airbag inflators. Altering the reducer/oxidizer ratio, linear
burning rate, closed vessel test, 60-liter tank test, thermal analysis and qualitative and quantitative analyses of the combus-
tion gases of the mixtures have been carried out, and the results have been compared with those of 5-amino-1H-tetrazole
(5-ATZ) / St(NO3), mixture. The linear burning rate of ABAG / Sr(NOs), mixture reached its maximum when the mixture
was ABAG rich. Internal pressure of the closed vessel reached its maximum when the mixture was ABAG rich, but the
combustion temperature reached its maximum at a stoichiometric ratio. According to 60-liter tank test, the internal tank
pressure of ABAG / Sr(NOs), was greater than that of 5-ATZ / Sr(NOs), and the hazardous gases such as HCN, CO, and
NO, were found in the combustion gases of ABAG / Sr(NOs), but the concentration of CO and NO, gases were less than

those of 5-ATZ / Sr(NOs).. A new decomposition reaction of Sr(NO;), was suggested.
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1. Introduction
In the past, sodium azide had been used as the main

component of gas generating agents for automobile air-
bag inflators, but because it is highly toxic and harmful
to dispose, reducer component has shifted from sodium
azide to non-azide chemical compound, and at present, a
mixture of 5-amino-1H-tetrazole (5-ATZ) and oxidizer has
been commercialized. The authors are searching for new
tetrazole compounds that are superior to 5-ATZ. In this
study, we selected ABAG which contains two tetrazole
rings in one molecule and which is expected to produce
large amount of gas as the reducer; and selecting Sr(NOs),
as the oxidizer, we have studied on the combustion char-
acteristics of the mixture. Here, linear burning rate, closed
vessel test, 60-liter tank test, qualitative and quantitative
analyses of products have been examined to study on the
burning characteristics of the mixture. Comparing such
characteristics of ABAG / Sr(NOs), mixture with those of
the already-commercialized 5-ATZ / Sr(NOs), mixture, we
have examined the practicality of ABAG / Sr(NOs), mix-
ture as a potential gas generating agent.

2. Experimental
2.1 Samples

As a reducer of the non-azide gas generating agent, non-
toxic ABAG (Toyo Kasei Kogyo Co., Ltd.), as shown in
Fig. 1, was used. Sr(NOs), (Kanto Chemical Co., Inc.,
JIS special grade reagent, purity > 98 %) was used as an
oxidizer. Sr(NQO;), was crushed in a ball mill (Irieshokai
Co., Ltd., V-2, 100 r.p.m, 900 ml pot, 15 mm diameter por-
celain balls) for approximately one hour and the particle
diameter of Sr(NOs), was controlled within 75 — 149 um
by using Japanese Industrial Standard (JIS) sieves. The
particle diameter of ABAG was controlled under 45 pum.

The mixtures were mixed at a designated mixing ratio
for 30 minutes at 80 r.p.m. through a rotary mixer (Tsutsui
Scientific Instruments Co., Ltd., S-3) and were coated
with 0.2 wt% polyvinyl alcohol (PVA, Kanto Chemical
Co., Inc.) to produce mixtures as given in Table 1.
The mixtures were then dried through a vacuum dryer
(Kuramochikagaku Co., Ltd., RG-501) at 333 K and 10
Pa for 24 hours. Table 1 gives the oxygen balance, density,
porosity, together with the estimated gas volume and the



96

K. lwakuma et al.

||\\ A

/ \ P
H,N NHNH,
H H
Fig. 1 Chemical structure of ABAG.
Table 1 Physical and theoretical properties of ABAG / Sr(NOs3), mixtures.

ABAG (wt%) 30 33.11 40 50 60

St(NO3), (Wt%) 70 66.89 60 50 40
Oxygen balance™ (g) +3.55 0 -7.87 -19.28 -30.70

Apparent density (g cm?) 2.37 2.32 2.21 2.08 —

Porosity (%) 5.72 3.24 3.67 5.59 —
Generated gas™ (cm? g!) 330.8 335.1 488.9 685.0 816.2
T: (K) 2742.0 2938.0 2769.7 2354.8 1974.2

*I' The amount of oxygen per 100 g mixture.
“2 It is assumed that H>O is liquid.

Table 2 Theoretical amount of generated gas of stoichiometric ABAG / Sr(NOs), and 5-ATZ / Sr(NOs), mixtures.

Density With HO™! Without H,O*

(g cm™) (mol cm™) (mol g (mol cm?3) (mol g)
ABAG / Sr(NOs), 2.32 4.90x107? 2.11x1072 3.17x10? 1.37x1072
5-ATZ / St(NOs), 2.15 4.60x107? 2.14x1072 3.22x10? 1.50x107

“I'Tt is assumed that H,O is gas.
“2 It is assumed that H>O is liquid.

adiabatic flame temperature (7y) from ICT chemical equi-
librium calculation V. The heats of formation of Sr(NO;),
and ABAG employed for the calculation were -978.22 and
598.73 kJ mol”, respectively. Table 2 gives the theoreti-
cal amount of generated gas for stoichiometric ABAG /
Sr(NOs3), and 5-ATZ / Sr(NO3), mixtures. There was
relatively small difference between ABAG and 5-ATZ in
terms of theoretical amount of generated gas. The strands
(5§ x5 x 70 mm) were prepared by compressing 4 grams
of mixture at approximately 0.6 GPa for 5 minutes. Each
strand was restricted with epoxy resin (Semedain Co.,
Ltd., 1500). The weight percentages of ABAG (¢) were 30,
33.11 (stoichiometric ratio), 40, and 50 wt%.

2.2 Measurement of linear burning rate

The combustion tests were performed by using a chim-
ney-type strand burner (Kyowagiken Co., Ltd., SCTA-50),
under 1 - 4 MPa nitrogen atmosphere at approximately
298 K. The strand was ignited with a heated nichrome
wire (diameter 0.6 mm). Pressure (P) was measured
through a strain-gauge pressure transducer (Kyowa
Electronic Instruments Co., Ltd., PG-100 KU) and after
amplification through a signal conditioner (Kyowa
Electronic Instruments Co., Ltd., CDV-230 C), the output

was recorded on a digital data recorder (Keyence Co.,
Ltd., GR-3000). The testing apparatus is described else-
where 2. The linear burning rate (r) was obtained from the
duration of burning time by observing the pressure change
inside the burner. The pressure started rising when the
strand started burning and the pressure rise ceased at the
termination.

2.3 Measurement of burning pressure and
burning temperature in the closed vessel

The orifice of the chimney-type strand burner was closed
to act as a 4-liter closed vessel ¥ ¥, and the pressure-time
change was measured at an initial pressure of 2 MPa
helium gas and at an initial temperature of 298 K. The pro-
cedures for the ignition of the strand and the measurement
of the pressure within the chamber (p,) were the same as
those of the linear burning rate measurement. The gas tem-
perature in the vessel was obtained with K-type thermo-
couple (diameter 1 mm). The output of the thermocouple
was recorded on a recorder (Keyence Co., Ltd., GR-3000).

2.4 60-liter tank test
Fifteen of 1 g cylindrical pellets, each pressed at approxi-
mately 10 MPa for 1 minute, were installed in a simulated



Sci. Tech. Energetic Materials, Vol.68, No.4, 2007 97

inflator which was mounted inside the 60 liter tank ¥ 9.
After purging the atmosphere inside the tank with N, the
pellets were ignited by using a primer (Nihon Kayaku
Co., Ltd.) and 1 g of B / KNOs igniter (Nihon Koki Co.,
Ltd.), at an initial tank temperature of 296 K. The inter-
nal pressure of the tank (pr) was measured by a strain
gage pressure transducer (Kyowa Electronic Instruments
Co., Ltd, PGM-10 KC). The temperature inside the tank
(Tr) was measured by using a 50 pm K-type thermo-
couple. After amplification by using a signal conditioner
(Kyowa Electronic Instruments Co., Ltd., CDV-230C),
the data were recorded on a recorder (Keyence Co., Ltd.,
NR-2000).

2.5 Qualitative and quantitative analyses of
combustion products

Solid combustion products that resulted from the burn-
ing of the strand were analyzed by a wide angle X-ray
diffractometer (XRD) (Mac Science Co., Ltd., M21-SRA)
and the spectra were compared with standard samples for
identification. Gaseous products of 4-liter closed vessel
test and 60-liter tank test were analyzed by gas chroma-
tography (GC) (Shimadzu Corp., GC-8A) and FT-IR gas
analyzer (Temet Co., Ltd., DX-4000). In GC analysis,
WG-100 (GL Science Co., Ltd.) was used as the column
packing, and using helium at a flow rate of 40 ml min! as
the carrier gas, and the column temperature and injection
temperature both set at 323 K, N,, CO,, and O, gases
were analyzed. In the FT-IR analysis, helium was used as
the carrier gas, and CO,, CO, NO,, NO, NHs, CHy4, and
HCN were analyzed. H,O evolved in the combustion gas
was assumed to be in liquid state. The concentration of
each gas measured by FT-IR was calibrated assuming that
the concentration of CO, measured by GC was equal to
that measured by FT-IR gas analyzer.

2.6 Thermal analysis

Under the heating rate of 20 K min™!' in helium atmo-
sphere (flow rate 20 ml min™'), thermogravimetry (TG)
and differential thermal analysis (DTA) were conducted by
using DTG-50H (Shimadzu Corp.). The mass spectrom-
etry (MS) was conducted by using QP-5000 (Shimadzu
Corp.) connected with DTG-50H to perform qualitative
analysis of gaseous products of the pyrolysis.

3. Results and discussions
3.1 Linear burning rate

Observed values of r at various & are given in Fig. 2. r
have followed Vielle’s formula r = a P*, where a is a con-
stant and n is the pressure exponent of P. n was within the
range of 0.55 — 0.73 and it was 0.58 for the stoichiometric
mixture. In comparison with 5-ATZ / Sr(NO3), mixture
whose n varied within the range of 0.2 — 0.8 %, it was found
that the variation of n was smaller and less dependent on
pressure. Although there was almost no difference at low
pressure region, r for 5-ATZ / Sr(NOs), was larger at high-
er pressure region because of its larger n. Figure 3 shows
the relationship between r at 3 MPa, the heat of explosion
(AH) estimated by the chemical equilibrium calculation "

20
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Fig.2 Linear burning rates of ABAG / Sr(NOs), mixtures.
Numbers indicate the content of ABAG.
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Fig. 3 Relation between linear burning rates at 3 MPa,
estimated heat of explosion, and content of ABAG.

and &. Although AH reached its maximum at the stoichio-
metric ratio (£ = 33.11 wt%), r were higher at ABAG rich
composition &€ = 40 and 50 wt% as compared to the stoi-
chiometric ratio. This suggests that the combustion reac-
tions did not proceed ideally. This may be because ABAG
decomposes at a lower temperature than Sr(NOs), , as can
be seen in Fig. 9a and 9b. For the stoichiometric mixture, it
is suggested that the decomposed products of ABAG have
escaped from the reaction phase, causing the gas phase
near the burning surface to be reducer lean so that the stoi-
chiometric reaction could not take place. Detecting a large
amount of unreacted oxygen gas (Table 3) confirmed this
theory. It suggests that reaction which leads to the fastest »
is obtained at a reducer rich region.
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Fig. 4 Pressure-time history of ABAG / Sr(NOs), and
5-ATZ / Sr(NOs), mixtures for the closed vessel test.
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Fig. 6 Pressure-time history of ABAG / Sr(NOs), and
5-ATZ / Sr(NOs), mixtures for the 60 L tank test.

3.2 Closed vessel test

The net pressure increase (Ap,) — time (At,) history
inside the closed vessel is shown in Fig. 4. The reducer
rich mixture (¢ = 40 and 50 wt%) had a higher rate of
pressure increase (Apy, max/ Aty, max) and the maximum
pressure (Apy, max) than those of the stoichiometric mix-
ture. Here, Aty max 1s the time difference between ignition
and the time when Apy, m.x Was observed. Apy, max / Aty, max
increased for high reducer content because of an increase
in the volume of the generated gas (Table 1) and r (Fig.
2). The net temperature rise inside the closed vessel (AT,)
is shown in Fig. 5. The maximum temperature (A7, max)
was found to be the highest for the stoichiometric mixture.
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Fig. 5 Temperature-time history of ABAG / Sr(NOs), and
5-ATZ / St(NOs), mixtures for the closed vessel test.
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Fig.7 Temperature-time history of ABAG / Sr(NOs), and
5-ATZ / Sr(NOs), mixtures for the 60 L tank test.

For the stoichiometric mixture, gas generating properties
of 5-ATZ / Sr(NOs), were slightly better than those of
ABAG / St(NO3)s. Apy, max and Apy, max / Aty, max of ABAG /
Sr(NOs3), were 0.533 MPa and 62 kPa s!, respectively,
and those of 5-ATZ / Sr(NO3), were 0.563 MPa and
60 kPa s’!, respectively. On the other hand, 7, m. of ABAG /
Sr(NOs;), was higher than that of 5-ATZ / Sr(NOj3)s,.
Theoretically, Tt of ABAG / Sr(NOs), was 2938 K which
is higher than 2788 K for 5-ATZ / Sr(NOs),. T; decreased
with an increase in ¢ as shown in Table 1 because of an
incomplete combustion, which caused decrease in AT, max
for £ =40 and 50 wt%.
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Table 3 Combustion gases detected in the closed vessel test and calculated values for stoichiometric

ABAG / Sr(NO;), mixtures.

Combustion COz Nz 02 NO NH; CH4 HCN CO NOz
gas (mol%) (mol%) (mol%) (ppm)  (ppm)  (mol%) (ppm) (mol%)  (ppm)
Found 7.9 7.5x10 1.3x10  1.4x10> 2.8x10> 1.4x103 2.2x10? 4.0 4.0
Theoretical” 7.7 9.2x10 6.5x10°3 2.5 9.8x1073 0.0 0.0 3.4x103 3.1x10*
* It is assumed that H,O is liquid.
Table 4 Concentration of harmful gases detected in the 100 ] ' ' ' '
60-liter tank test of stoichimetric ABAG / Sr(NOs), |
and 5-ATZ / Sr(NOs), mixtures. %0 !
L | i
CcO HCN NO, |
(mol%)  (ppm)  (ppm) S |
o) | N,
ABAG / S1(NOs), 0.4 8.4x10  7.1x10 E 60 - ! —
5-ATZ / St(NO3), 0.6 1.5x10  5.7x10% 5 ! . i
= I Stoichiometric
% 10 : ratio
Q
g | H
3.3 60-liter tank test o ‘
Each example of typical pressure-time history within the 20 L CO, : |
60-liter tank for ABAG / Sr(NOs), and 5-ATZ / Sr(NOs), \\ CO
at stoichiometric ratio is shown in Fig. 6. For ABAG / O, )
Sr(NO3), mixture, Apr has reached 0.1 MPa at 120 ms 0 | ‘ | |

and the maximum pressure inside the 60-liter tank (Apr,
max) Was approximately 0.12 MPa at 220 ms after ignition.
As for 5-ATZ / Sr(NOs), mixture, Apr, max Was 0.09 MPa
at 220 ms after ignition. In spite of the theoretical volume
of generated gas of 5-ATZ / Sr(NOs), being larger than
that of ABAG / Sr(NOs)2, Aprt, max Of ABAG / Sr(NOs), was
larger than that of 5-ATZ / St(NOs),.

The possible explanation for this could be that  of ABAG /
Sr(NOs), is larger than that of 5-ATZ / Sr(NOs), so that
the generated gas is more efficiently heated in the case of
ABAG / Sr(NOs), mixture. The superiority of gas generat-
ing ability of ABAG / Sr(NOs), as compared with 5-ATZ /
Sr(NOs), was also confirmed in 60-liter tank test as well as
in the closed vessel test.

Figure 7 shows the temperature-time histories for 5-ATZ /
Sr(NOs), and ABAG / Sr(NO3),. At Apr, max, the net maxi-
mum temperature (ATr, max) for 5-ATZ / Sr(NOs3), and
ABAG / Sr(NOs), were 337 K and 340 K, respectively.

3.4 Combustion products

Table 3 gives the observed concentrations of gases gener-
ated by the closed vessel test at 298 K and the calculated
concentrations of the main products at 298 K that were
derived from the chemical equilibrium calculation P, for
stoichiometric ratio of ABAG / Sr(NOs3), mixture. Main
difference between the observed value and the calculated
value was that 13 mol% of oxygen was observed. This
indicates that the reaction was not stoichiometric. Harmful
HCN was also observed, even though it was not found in
the calculated products.

Figure 8 shows the calculated concentrations of N,, CO,,
O,, H,, and CO gases at 298 K for ABAG / Sr(NOs), mix-
tures.

20 30 40 50 60 70 8 90 100
& 1 wt%

Fig. 8 Predicted combustion products of ABAG /
Sr(NO;), mixtures at 298 K.

Table 4 shows the observed concentrations of harmful
gases in 60-liter tank test. The concentration of HCN was
larger but those of CO and NO, for ABAG / Sr(NOs), were
less than those of 5-ATZ / Sr(NOs),.

An X-ray analysis of the solid combustion products has
shown that the solid product was identified as SrCOs,
in spite of the expected SrO. Probably SrO may have
absorbed CO; to produce SrCOs.

3.5 Thermal analysis

TG-DTA curves for ABAG are shown in Fig. 9a. The
exothermic decomposition of ABAG was observed at 509
K and approximately 90 % of ABAG decomposed.

TG-DTA curves for Sr(NOs), are shown in Fig. 9b. The
small endothermic peak of the DTA curve that peaked at
at approximately 860 K was probably related to the melt-
ing of Sr(NOs), (melting point: 843 K ©). The decomposi-
tion of Sr(NO3), started at approximately 800 K, peaked at
approximately 920 K, and ended at approximately 930 K
which agreed with the generation of O,, and NO, as shown
in Fig. 9c. The percentage of mass loss of the TG curve
was approximately 50 %, which agreed with the theoreti-
cal value of 51.0 %. According to MS analysis (Fig. 9c¢),
0O,, and NO were found but NO, was not detected. The
suggested decomposition reaction would be
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Fig. 9 Thermal analyses of ABAG and Sr(NOs),

(a) TG-DTA curves of ABAG
(b) TG-DTA curves of Sr(NO;),
(c) mass fragmentogram of Sr(NOs),
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Sr(NO3), = SrO + 2NO + 1.50; (1)
Conkling ” mentioned that near its melting point,
Sr(NOs), decomposes according to

Sr(NOs3), — SrO + NO + NO, + O, 2)
and at higher temperature, the decomposition is
Sr(NO3), —> SrO + N + 2.50, 3)

The observed result did not agree with the reactions (2)
and (3) .

4. Conclusions

Selecting ABAG as the reducer and Sr(NOs), as the oxi-
dizer for gas generator mixture, the following conclusions
were obtained.
1) Linear burning rates depended on pressure, following
Vielle’s law.
According to 60-liter tank test, generated gas pressure
of ABAG / Sr(NOs), was greater than that of 5-ATZ /
SF(NO3)2.
The main gaseous products were N,, CO,, O, and CO.
Harmful gases such as CO, NO,, and HCN were found
but the volumes of CO, NO, gases were less than those
of 5-ATZ / St(NOs),.
The solid product was found to be SrCO:;.
The new decomposition reaction of Sr(NOs), was pro-
posed.

2)

3)

4)
5)
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