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MECHANICAL PROPERTIES OF AZIDE POLYMER PROPELLANT
AT IGNITION STAGE

Kiyokazu Nagayama and Yoshio Oyumi *

Third Research Center, Technical Research and Development Institute,

Japan Defense Agency, 1-2—10 Sakae, Tachikawa, Tokyo 190, Japan.

SUMMARY

The rates of pressure increase for the 6.8 grams of the igniter powder and the
igniter pellets at an ignition stage are measured by using dummy rocket motors.
The mechanical properties of high burn rate azide polymer propellant at low tempera-
ture and at simulated ignition condition are also studied here. Although the effect
of the pressure increase on the deformation of the propellant surface is smaller than
that caused by the thermal stress, it becomes important when the rate of pressure
increase is very high. The rates of pressure increase are for powder, 1.9 x 10’
kgf/em ° /min, and for pellets, 2.6 to 7.5 x 10 ° kgflem * /min. The high speed ten-
sile test well simulates the ignition condition in a view point of the viscoelasticity.
The propellant used here has excellent mechanical properties even at a low tempera-

ture.
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FIGURE 1 Typical stress— strain curve of a solid rocket propellant.

INTRODUCTION

Typical stress—strain curve of a solid rocket propellant measured by using a
dog~bone specimen is shown in Figure 1. The propellant is a viscoelastic material
and shows maximum stress ( O'n ) and then yields till a break point. The mechani-
cal properties of the propellant depend on a temperature and a strain rate. The pro-
pellant becomes brittle at low temperature or high strain rate and is soft at hot condi-
tion or low strain rate. Taking time—temperature superposition principle into con-
sideration, the condition at low strain rate is equivalent to that of at hot temperature
and a large strain rate is consistent with the cold day '’ . Therefore, the phenome-
non occurred in a rocket motor is able to simulate with changing a temperature and
a strain rate in a view point of stress— strain.

The igniter is designed to initiate the solid rocket propellant within tens of
milliseconds and the amount of powders or pellets is depend on a burning surface ar-
ea of the propellant grain and a free volume of the rocket chamber. The ignition
peak pressure is carefully controlled to diminish the motor case safety margin but

the effect of the pressure increase rate on the propellant mechanical properties is
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FIGURE 2 The cut views of dummy motor case #1 and #2,

less reported. Azide polymer propellants show excellent thermal properties and
combustion characteristics *~*' but mechanical properties at below —35 °C are rela-
tively inferior to those of hydroxyterminated polybutadiene, which is commeonly used
in a composite propellant. Therefore, it is important to estimate the mechanical
properties of azide polymer propellant at low temperature range in the view point of
grain design. The objective of this study is to analyze the mechanical properties of

high burn rate azide polymer propellant at low temperature ignition stage.

EXPERIMENTAL

Rate of Pressure Increase At Ignition

The cut views of dummy motor case #1 and #2 are shown in Figure 2. The

free volume is adjusted to the full size L/D = 16 rocket motor *’ . Two pressure
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FIGURE 3 The propellant grain of the slot type and the center— perforated type.

14

sensors are installed to measure the pressures at the forward cap and the aft end.
The effect of pellet size is observed in the dummy motor case #1 at temperatures
of ~33°C, 20°C, and 60 °C. The amount of pellet used in this study is 6.8
grams, Sample 1, which is a large pellet, weighs 440 mg. Sample 2 and Sample 3
are 150 mg and 27 mg, respectively. The powder of 6.8 g is used in the dummy mo-
tor case #2 at 20 °C .
Mechanical Properties Measurement

The mechanical properties at —30 °C are obtained at cross head speeds of
from 5 mm/min to 2937 mm/min. The effect of prestrain is also monitored at 14%
and 25%, which simulate the conditions of block bonding and case bonding, respec-

tively.

RESULTS AND DISCUSSION

Rate of Pressure Increase At Ignition
The stress and strain occurred in the propellant depend on the grain shape

and their estimation methods have been established 'and reported elsewhere ™ ®’ |

The slot grain and center—perforated grain, as shown in Figure 3, shows the maxi-
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mum strain at points A and B, respectively. The strain related to temperature
( € s7) is obtained by the equation (1) and that caused by the pressure ( £ ¢p ) is

calculated by the equation (2).

gor = —Kor x 1+ Ve )M’ -DH{1-2ve)M' +1} x ar x AT 4]
Eor = —Kor x A+ Ve XM’ —1AQ-2ve WM +1} x PO x JoT,H) (2
where, K 41 : thermal stress factor (A = 2.8, B = 1.0), v r : propellant poisson’s ra-
tio (0.495), M: grain ratio (A = 66/48, B = 66/16), or» : propellant thermal expan-
sion ratio (13 x 10 ™" “C™'), A T: temperature difference between the operation
and the curing condition, K e¢r : pressure stress factor (=K o1}, v’ propeilant
poisson’s ratio at compression (0.498), Pi: internal motor pressure, Jc: propellant

creep compliance, T: temperature, t: time.

These equations indicate that the strain depends on M and 4 T and the strain
should be large when M and AT are large . The strain decreases with the web
thickness decrease. A T depends on the curing temperature and the propellant load-
ing condition. Therefore, the strain condition is severe in the case bonding, then
the block bonding, and the strain is Jowest in the cartridge loading. If the propellant
is case—bonded at 60 °C, £ at —35°C is 4.5% at the point A and is 25% at the
point B. Since the strain is severe at a thick web section, the point B is focused in
the study.

At an ignition stage, a deformation of the propellant surface is generated by
Eor and Eop. Ifitis assumed that £ or is independent to the time factor, Pi =
230 kgfiem 2, and Je= 10 ™ cm ® /kgf, € or is calculated to be 0.2%. It is very
smaller than € o7 of 25%. But when the pressure increases very steeply, the time

factor becomes to be very effective on the & s» . The rate of pressure increase at
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FIGURE 4 Typical pressure curves measured by the dummy motor case.
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Table 1 Rate of Pressure Increase at Ignition

Sample Temp td te P max P
[C] (ms] [ms] [kgfem ]  [kgffem ? /min)

60 1604 396 39.75 452x10°

60 1604 356 4463 564x16°

1 20 1584 258 3856 673x10°

20 1624 6.14 51.55 378x10°

-33 1584 357 4490 566%10°
.................. -33 1604 297 8372  8l4x10°

60 1584 277 46.73 759x10°

60 1604 198 4832 100x10°

2 20 1584 238 51.24 969x10°

20 1584 555 4022 326x10°

-33 1584 218 4797 990x10°
__________________ -33 1604 436 4495 464x10°

60 1604 792 41.77 237x10°

60 1604 693 4161 270x 10 °

3 20 1604 733 41.95 258x%x10°

20 1584 693 4272 277%x10°

-33 1604 6.73 43.17 289x10°
__________________ =33 1604 792 4215 239x10°

Powder 20 1703 059 249.1 190x10°

t « ; ignition delay time, t r : the time to reach to the pressure of 75% P max ,
P nax : maximum pressure, P: rate of pressure increase at ignition (= 0.75P max /t r )

ignition (P) is calculated by the equation of which 75% of maximum pressure
devided by the time. For example, when ignition peak pressure goes to 230

kgfem ? in 100 ms, P is 1.38 x 10 * kgffem ? /min. The P depends on igniter noz-
zle design, pellet size, loading density, etc., and usually is in a order of 10 * to 10’
kgf/em * /min.

Typical results obtained by the dummy motor case #1 at —33 °C are shown
in Figure 4. The pressure profiles at 20 °C and 60 °C are similar to those of at
—33°C. A pressure difference between the forward cap (P 1 ) and the aft end (P 2 )
exists and it is largest in Sample 1. The pressure difference diminishes with the

pellet size decrease. The ratio of burning surface area to throat area of igniter noz-
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zle is 44 in the dummy motor case #1 and the combustion of a smaller pellet may
not complete in the igniter case. Most of Sample 3 pellets may pass through a noz-
zle throat of the igniter and burn in the dummy motor case. The relationship be-
tween pellet size of Sample 3 and the nozzle throat diameter plays an important role
in diminishing the pressure difference. As shown in Figure 4, however, powder
sample shows steep peak pressure at initial phase and it indicates that the pressure
difference relates the burning surface area. P nax of Pz becomes to appear in ear-
ly stage and its value also becomes large with the particle size decrease. These re-
sults indicate that the combination of pellet size and the igniter nozzle throat area is
the best in Sample 3.

The test results are listed in Table 1. Although there are some scatterings in
the data because that the ignition occurs in a very short period of time, the order of
P for powder is 10 " kgf/em * /min and that of pellet is 10 ® kgf/em ° /min. The pow-
der sample has very large burning surface area and produces a large amount of com-
bustion gases in a very short time. Therefore, P of powder tends to be large. Sam-
ple 1 indicates that the P increases with temperature decrease, Generally speaking,
chemical reaction is faster in high temperature, But this temperature effect is not
observed in Table 1. Especially, Sample 3 shows no temperature dependence on P.
Although the igniter powder is not recommended to use for the azide polymer pro-
pellant, there is few difference in the P of the igniter pellets.

As of equation (2), & o» relates P and may change in the order of 10 * , if the
time factor changes drastically. The properties of the solid propellant turn to be
glassy at low temperature condition. There is few additional safety margin in the
grain design of the high performance rocket motor. Therefore, the increase of & o
is serious at low temperature. The selection criteria of igniter pellet is not only

ignitability, minimum smoke, and ignition peak pressure but also the rate of

54



13:56 16 January 2011

Downl oaded At:

TABLE 2 Mechanical Properties of Azide Polymer Propellant

Ea R é Ou Ea Es
[%] [mm/min) [min "' ] [keffem * ] [kgﬂun 1 [%] [%]
0 5 0.076 24.7 134 270 66.1
0 30 0455 370 25.7 248 39,7
0 100 1,52 493 395 21.2 323
0 300 455 63.0 54.6 22.1 32.1
0
0
0

500 7.58 72.1 60.9 18.6 29.2

1435 217 940 89.1 144 18.5

1643 249 92.5 87.2 12.1 16.6
14 1161 17.6 74.1 68.9 118 185
14 1782 270 809 . 809 12.6 126
14 1850 280 79.2 713 116 16.8
14 2535 384 82,6 76.8 11.7 154
25 487 74 49.0 46.1 16.6 183
25 1878 285 70.1 64.2 129 18.5
25 2213 335 613 613 10.0 100
25 2937 445 70.2 70.2 10.5 10,5

€ o : prestrain (block bondmg = 14%, case bonding = 25%), R: cross head speed,
& . strain rate, O'»: maximum stress, O'» : stress at break point, & n: elongation
at Om, &1 : elongation at v

1000 100
o 0% prestrain
o 14% prestrain
£, a 25% prestrain
° [+
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FIGURE 5 Mechanical properties versus strain rate at =30 °C .
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pressure increase.
Mechanical Properties at Ignition Stage

The mechanical properties of solid propellant at a ignition stage depend on a
deformation rate of a propellant surface, which relates to the P. The deformation
rate is approximately 1,000 — 10,000 mm/min, whose deviation is caused by the
type of igniter pellet and diameter of an inner bore or shape of the grain. There-
fore, it is important to evaluate the mechanical properties at a condition which simu-
lates the deformation rate occurred at an ignition.

The mechanical properties measured by the high speed single axis tensile test
are listed in Table 2. the relationship between &w, Ow and the strain rate, & ,
are shown in Figure 5. When & increases, & n decreases with increase of O'm. It
indicates that the propellant becomes brittle with & increase. The expected £ is ap-
proximately 30 min ' in the flight weight rocket motor and these results indicate
that the high speed tensile test well simulates the ignition condition.

The propellant used here is bis(azidemethyl)oxetane/nitratomethyimethyl
oxetane/ammonium perchlorate composite propellant and shows high burn rate with
a favorable plateau burn chatacteristic *’ . This propellant has 10% of €= even at

—30°C with 25% prestrain,

CONCLUSIONS
Although the effect of pressure increase occurred at an ignition stage on the
deformation of the propellant surface is usually smaller than that of thermal stress, it
influences the grain when the rate of pressure increase is very steep,
The powder type igniter tends to show very large peak pressure and it is not
recommended to use a powder type in a small free volume rocket chamber. There

is few difference in the P of igniter pellets, therefore large pellet is recommended to
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control the ignition peak pressure and the P,

The high speed tensile test is a good tool to evaluate the propellant
mechabical properties at a simulated ignition condition.

The propellant used here has excellent mechanical properties even at a fow

temperature.
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