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This paper describes the effect of aluminum content variation of HTPB (hydroxyl terminated polybutadiene) pro-

pellants on temperature sensitivity, mechanical properties and performance values. Aluminum (Al) content was applied

as 16, 18 and 20 percent to the propellant compositions and those compositions were tested at small test motors with three

different propellant area ratios (K ¼ 200, 250 and 300) by keeping the propellant grain at three different temperatures

(231, 258 and 323K). As a result of this, a relationship such as P ¼ aesT was determined with different coefficients

for each of the three compositions and propellant area ratios. The lowest temperature sensitivity value was obtained

for the composition containing 20% Al and 65% AP. The second relation as P ¼ bKy was derived for three propellants

and temperatures. The highest pressure was found with the K value of 300 for the propellant including 16% Al and 69%

AP at 323K. The third relationship such as r ¼ cPn was also determined for three propellant compositions and temper-

atures. It was observed that the propellant having 16% Al and 69% AP had the highest burning rate at 323K. The highest

maximum tensile stress and elongation values were obtained for the propellants including 20% Al and 16% Al respec-

tively. Evaluation of performance values for those propellants exhibits that the maximum characteristic velocity value is

attained for the propellant containing 16% Al and 69% AP.
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Nomenclature

Al: aluminum

AP: ammonium perchlorate

P: pressure

T : temperature

a: constant in Eq. (6)

s: temperature sensitivity

�Pc: percentage variation of combustion pressure temper-

ature sensitivity

Tp: initial propellant temperature

Pc: combustion pressure

K: propellant-area ratio

y: K index

b: constant in Eq. (7)

r: burning rate

c: burning rate constant

n: combustion index

C�: characteristic velocity

At: nozzle throat areaR
Pdt: area under the P–t curve

W: weight of the propellant

_mm: propellant consumption or mass flow rate of the pro-

pellant

�: ratio of specific heats

R: gas constant

Tc: combustion temperature

l: density of gas

Mw: mean molecular weight of combustion products

1. Introduction

Modern solid composite propellants are heterogeneous

and consist of three basic components: an organic polymer

which serves as both a binder and combustible fuel, a solid

oxidizer which may contribute to gas formation and a metal-

lic fuel which gives energy to the propellant.1)

Temperature sensitivity, mechanical properties and per-

formance parameters are very important in the evaluation

of the rocket propellants.

Temperature sensitivity is known as the effect of the pro-

pellant temperature to the performance of the solid propel-

lant rocket motors. Equilibrium combustion pressure is af-

fected by the temperature of the propellant grain before ig-

nition for the propellant area ratio (K) given. Low tempera-

ture sensitivity values increase the performance and

decrease the cost of rocket systems. The designer must give

a guarantee for safety limits so that the motor components

can compensate with the pressure changes during the oper-

ation. As temperature sensitivity values increase, variations

in the operating pressure also increase. When the tempera-

ture sensitivities of motors increase, the weight of the me-

chanical components of the motors must also increase. Re-

peatability of propellant performance results and better tol-

erance values in pressure changes make the usage of the

lower cost mechanical components of motors possible.2)

The temperature sensitivity of a rocket motor for a con-

stant propellant area ratio (K) is usually expressed as the

percent change of the considered variable (e.g. pressure)

per degree Kelvin.3)
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The effect of temperature sensitivity should be considered

in the design of solid propellant rocket motors. This is, be-

cause, temperature sensitivity directly affects the design of

the rocket motor case and also the selection of the minimum

safely applicable value of the propellant area ratio (K). The

best propellant area ratio must be selected for these mechan-

ical components; so, combustion pressure will be above the

minimum combustion limit at the lowest propellant temper-

ature.3)

Mechanical properties consist of maximum tensile stress,

elongation at maximum tensile stress and elastic modulus. A

strain in the propellant has three principal independent

causes. First, a strain within the bonded propellant grain

can be induced by propellant shrinkage during cure. In cur-

rent practice, the cure reaction is carried out under condi-

tions resulting in essentially no strain in the grain at ambient

temperature. The optimum mechanical properties of the

elastomeric binder in the propellant must be obtained by

forming the least number of chemical bonds so as to insure

minimum shrinkage of the propellant during cure.4)

The second and most important cause of a strain is the dif-

ference in thermal expansion between the chamber, the insu-

lating material and the propellant bonded together in the

motor. Since thermal expansion coefficient of composite

propellant is approximately ten times greater than a steel

motor case.5) The environmental temperature, except for

very large motors, is usually not controlled. It is not unusual

to test and to expect the motor to operate over a temperature

range of 213 to 355K. If the propellant loses its elastomeric

properties at low temperature, it will become brittle and may

fracture because of induced tensional strain resulting from

differences in thermal contraction or because of the sudden

compressive strains produced by rapid pressurization of the

motor.4)

Another cause of a strain is produced in a case bonded

grain by motor ignition. During the ignition period, the pres-

sure in the motor chamber increases rapidly to its equilib-

rium or operating value usually is among 1.38 and 6.89N/

mm2 depending upon motor design. This pressurization also

produces strains in the grain.5)

The performance of the propellant is directly proportional

to the enthalpy release of the oxidizer and fuel ingredients as

they undergo combustion, and inversely proportional to the

molecular weight of the gases produced in the combustion

reaction. Aluminum used as a fuel has combustion products

which are relatively high in molecular weight and are in

most cases, not gases at all, but solids. However, the enthal-

py release by the combustion of aluminum is so great. An-

other material affecting the performance is the ammonium

perchlorate used as an oxidizer. This material has a high

negative enthalpy of formation, limiting its energy release

upon combustion, and in addition, it produces hydrogen

chloride, a relatively high molecular-weight toxic gas.6)

There are some important performance parameters. One

of these is the characteristic velocity. The characteristic ve-

locity (C�) depends only slightly on the chamber pressure

and is otherwise independent of the design of the rocket.

It can be expressed as a function of the combustion gas prop-

erties and is therefore, a criterion of propellant performance.

Advantages of expressing the performance in terms of

characteristic velocity is that it can be computed from the

values of Pc, At and W , all of which can be experimentally

determined with a high degree of accuracy7) and it is defined

as follows:

C� ¼
At

Z
Pdt

W
ð2Þ

Another way of expressing the characteristic velocity can

be given, as below,

C� ¼
PcAt

_mm
ð3Þ

and it can also be expressed by means of specific heats,

C� ¼
ffiffiffiffiffiffiffiffiffiffiffi
�RTc

p

�
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or it can be defined as a function of

C� ¼
ffiffiffiffiffiffiffi
�P

‘

r
¼

ffiffiffiffiffiffiffiffiffiffiffi
�RTc

Mw

s
ð5Þ

2. Experimental

In those experiments, propellants were prepared with a

solid content of 85.5% by weight and kept as constant in

all compositions. The amount of iron (III) oxide (Merck)

and IPDI (isophorone diisocyanate) was also kept as con-

stant at 0.5% without considering small variation required

in Fe2O3 content due to AP pyrolysis rate and 0.796% re-

spectively. The particle size distribution of AP was bimodal

and consists of coarse and fine particles. The coarse and fine

particle sizes were 200 and 5–7 mm respectively. In addition,

the mass ratio of coarse and fine AP was 70/30. The alumi-

num used was available as irregular shaped particles having

8–10 mm in mean particle size.

The aluminum (Al) content of the propellants was in-

creased to 16, 18 and 20 percent and accordingly the oxidiz-

er ammonium perchlorate (AP) content was decreased at

equal amounts. Propellants were prepared by mixing AP,

binder, Al and the other additives in a sigma blade vertical

mixer with the capacity of 18.922 dm3. After three hours

passed for mixing, addition of curing agent IPDI was made

in the last 15 minutes before the completion of the mixing

time. The propellant which has a center perforate grain with

end burning to produce a neutral pressure trace was poured

into the steel cases of 70mm in diameter and 125mm in

length. It was cured at 338K for seven days, then, the pro-

pellant was placed into the small test motors and kept at

three different (231, 258 and 323K) temperatures for a

night. Then, they were subjected to tests with three different
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nozzle diameters (8.38, 9.17 and 10.25mm) and area ratios

(200, 250 and 300) statically. Also, three small motors were

ignited for each K value during the experiments. Three dif-

ferent parameters were attained by varying Al content, noz-

zle diameter and propellant grain temperature. In the experi-

ments, one of the parameters was changed and the others

were kept as constant. A specific relationship was deter-

mined for each of the compositions from those parameters.

In addition to this, mechanical properties consisting of

elongation at maximum tensile stress, maximum tensile

stress and elastic modulus of the propellants were obtained

at 50mm/min crosshead speed by using INSTRON tester

according to the JANAF standard procedure.8) Mechanical

properties were measured at five different temperatures as

233K, 248K, 296K, 308K and 323K. Propellant samples

were placed into the jaws of the instrument and then, they

were tested until the break point. Five samples were tested

for each propellant composition.

3. Results and Discussion

The Al content of the propellants prepared changed from

16 to 18 and then to 20 percent when the oxidizer ammoni-

um perchlorate (AP) content was decreased at equal

amounts. The reason for the selection of aluminum content

among 16–20% can be expressed in terms of the investiga-

tion made before.9) In this study, the Al content was increas-

ed from 0 to 20%, while AP content was decreased at the

same amount. Although, mechanical properties of the pro-

pellants were improving below 16% Al, ballistic properties

deteriorated. For this reason, a suitable interval for the pro-

pellant used in short and medium range artillery rockets was

determined between 16 and 20% Al.

After keeping small test motors at three different temper-

atures (231, 258 and 323K) for a night, they were tested by

using three different nozzle diameters (8.38, 9.17 and

10.25mm) and area ratios (200, 250 and 300). Al content,

nozzle diameter and propellant grain temperature were eval-

uated as three different parameters. A specific relation was

determined for each composition by varying one of the pa-

rameters and keeping the others as constant. The relation-

ship derived is given below in the form of:

P ¼ aesT ð6Þ

The relationships explaining the variation of average

pressure with temperature are given in Table 1 for three

compositions and three different K values.

As a consequence of the evaluation in Table 1, pressure

increases with K value and temperature, whereas, tempera-

ture sensitivity (s) decreases and (a) increases with increas-

ing the Al and decreasing the AP content. However, maxi-

mum (s) values were attained at 16 and 18% Al in the K val-

ues of 200, 250 and 300 respectively due to the effect of

higher Al content and higher K values for the same temper-

ature range.

3.1. Temperature sensitivity

Temperature sensitivity increases with increasing the Al

content.1) Although, the Al content is an important parame-

ter affecting the temperature sensitivity values, there are

some factors keeping the temperature sensitivity at a mini-

mum. These are; narrow AP size distribution range, low

Al content (� 20 percent), small Al particle size.2)

In Roland’s study, those factors were evaluated by vary-

ing the Al content as 16, 18 and 20% in terms of coarse AP

with the particle diameter of 127 mm, ultrafine AP having

the particle diameter of 24 mm and Al containing the particle

diameter of 5 mm for the temperature range of 219–347K. In

this study, while the Al content was used at the same amount

as 16, 18 and 20 percent, the temperature range varied

among 231–323K.

Even though, second and third factors were provided due

to lower Al content and the usage of 5 mm Al particle size,

the first factor limiting AP particle size distribution couldn’t

be achieved. As the particle sizes of coarse and fine AP ap-

proach each other, the ratio of one to the other decreases and

the trend goes towards the lower temperature sensitivities.2)

Although, the ratio of coarse to fine AP particle size was

5–8 times higher than Roland’s study, it was observed that

lower temperature sensitivity values were determined. Tem-

perature sensitivities were found by using three different

propellant area ratios (K) as 200, 250 and 300, while it

was determined in Roland’s study with only the K value

of 200 for three propellants as observed in Table 2.

Ln P–T graphs of the three compositions having 16, 18

and 20% Al for the K value of 200, 250 and 300 are given

in Figs. 1, 2 and 3 respectively. When the results attained

from Figs. 1, 2 and 3 are compared, it can be said that the

propellant containing 20% Al and 65% AP has the lowest

temperature sensitivity value. The reason for this can be ex-

plained in terms of Al remaining without burning because of

low AP content. Although, higher temperature sensitivity

values were observed until 18% Al content, poor combus-

tion resulted in the lowest temperature sensitivity values at

20% Al.

Temperature sensitivity values of all compositions tested

with three different K values are lower than the maximum

value given as 0.5%/K in the literature.10)

At the end of the motor tests, two more relationships were

Table 1. Variation of average pressures obtained from P–t graphs with

propellant grain temperature for three different propellant compositions

in terms of the coarse/fine AP ratio of 70/30 and K values.

Aluminum

(%)

K

(Propellant area ratio)

ln Pav

(MPa)
P ¼ aesT (MPa)

16 200 1.564 P ¼ 2:9046 e0.00184T

16 250 1.926 P ¼ 4:3332 e0.00170T

16 300 2.179 P ¼ 6:2227 e0.00130T

18 200 1.510 P ¼ 3:0676 e0.00144T

18 250 1.831 P ¼ 3:6255 e0.00201T

18 300 2.087 P ¼ 4:8876 e0.00185T

20 200 1.415 P ¼ 2:9459 e0.00124T

20 250 1.775 P ¼ 5:3170 e0.00039T

20 300 2.056 P ¼ 6:0304 e0.00096T
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also developed in addition to the first relationship. These are

given below.

P ¼ bKy ð7Þ

r ¼ cPn ð8Þ

Variation of coefficients in terms of Al content and tem-

perature is observed in Table 3. When the results attained

from Table 3 were considered, pressure and burning rate

increased with increasing K value and temperature.

However, they decreased as Al content increased and AP

content decreased.

3.2. Mechanical properties

The mechanical behavior of a propellant varies also with

the temperature at which the measurement is made and with

the rate of strain. A decrease in temperature increases the

elastic modulus and the maximum tensile stress and de-

creases the elongation at maximum tensile stress. An in-

crease in the strain rate has the same effect as a decrease

in temperature.4)

As the mechanical properties of the propellants contain-

ing 16, 18 and 20% Al were considered, experiments were

performed at temperatures of 233, 248, 296, 308 and

323K. Variation of maximum tensile stress, elongation re-

sults at maximum tensile stress and elastic modulus values

with temperature for three propellants is given in Figs. 4,

5 and 6.

It was observed that maximum tensile stress and elastic

modulus values of the propellants containing 16, 18 and

20% Al decreased, whereas, elongation at maximum tensile

stress increased with increasing temperatures. This situation

was appropriate for the literature4) requiring elongation of a

propellant with high stress.

When the mechanical properties of three compositions

were evaluated, it was realized that the propellants having

20% Al and 16% Al had the highest values for maximum

tensile stress and elastic modulus respectively. Maximum

tensile stress increased with increasing the Al content in

terms of temperature, while the lowest elastic modulus val-

ues were attained for the propellant including 18% Al. How-

ever, elongation at maximum tensile stress decreased as Al

content increased with an increase in temperature, whereas,

it was observed that elongation decreased above 308K ex-

cept for the propellant containing 20% Al. The reason for

this may be explained in terms of better adhesion between

HTPB and higher Al content. Since, the compositions hav-

ing 16 and 18% Al gave a decrease in elongation above

308K, while the propellant, including 20% Al, exhibited

an increase in elongation.

3.3. Performance values

When the performance values containing burning time,

Table 2. Comparison of temperature sensitivity values obtained from lit-

erature and this study.

Aluminum (%) K

Roland’s temperature

sensitivity values

(219K, 347K)

(%/K)

K

Temperature

sensitivity values of

this study

(231K, 323K)

(%/K)

16 200 0.123 200 0.1085

250 0.1012

300 0.0778

18 200 0.109 200 0.0858

250 0.1172

300 0.1096

20 200 0.081 200 0.0753

250 0.0251

300 0.0560
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Fig. 1. Ln P–T graph of propellants with the K value of 200.
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Fig. 2. Ln P–T graph of propellants with the K value of 250.
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Fig. 3. Ln P–T graph of propellants with the K value of 300.

Table 3. Variation of burning rate and P–K relationships of three propel-

lant compositions with the coarse/fine AP ratio of 70/30 at three differ-

ent temperatures.

Aluminum

(%)

Temperature

(K)

r ¼ cPn

(mm/s)

P ¼ bKy

(MPa)

16 323 r ¼ 5.785P0:3620 P ¼ 0.00654K1:2750

16 258 r ¼ 5.122P0:3913 P ¼ 0.00130K1:5501

16 231 r ¼ 4.980P0:3733 P ¼ 0.00110K1:5632

18 323 r ¼ 4.283P0:4851 P ¼ 0.00529K1:300

18 258 r ¼ 5.010P0:3821 P ¼ 0.00233K1:4293

18 231 r ¼ 4.512P0:4168 P ¼ 0.00506K1:2706

20 323 r ¼ 4.847P0:4073 P ¼ 0.00050K1:7000

20 258 r ¼ 5.112P0:3547 P ¼ 0.00199K1:4500

20 231 r ¼ 5.195P0:3465 P ¼ 0.00315K1:3625
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burning pressure and characteristic velocity of the propel-

lants including 16, 18 and 20% Al were considered at the

temperatures of 323K, 258K and 231K, the results ob-

tained varied as followed from Eq. (2–5). Pressure increas-

ed and burning time decreased as temperature increased and

pressure also increased with increasing K values. Character-

istic velocity decreased with a decrease in the pressure and

temperature.

However, the variation of characteristic velocity with K

value for three propellant compositions at 323K, 258K

and 231K is also observed in Figs. 7, 8 and 9 respectively.

When those figures were evaluated, it was found that char-

acteristic velocity decreased with increasing the K values

for all propellants at three different temperatures. The rea-

son why characteristic velocity decreases as K values in-

crease is that mass flow rate of the propellant increases be-

cause of an increase in the burning rate as a proportion with

Pc
n in terms of a rise in pressure. Since, pressure increases

while increasing the K value and decreasing the nozzle

throat area, thus, burning rate increases as a proportion with

Pc
n. In turn, mass flow rate of the propellant increases as a

consequence of increasing the burning rate due to the effect

of Al and AP content. Those variations give rise to reduction

in characteristic velocity.11,12)

While Figs. 7, 8 and 9 were considered, the highest char-

acteristic velocity values were attained for the propellant in-

cluding 16% Al and 69% AP at three different temperatures.

Characteristic velocity decreases with increasing the Al and

decreasing the AP content due to the formation of higher

molecular weight combustion products.13)

The lowest characteristic velocity values were attained at

231K for all propellants as well. The reason for this can be

explained as a result of low temperature; since characteristic

velocity decreases as temperature decreases owing to the de-

crease in pressure.14) The variation of the standard devia-

tions obtained in all characteristic velocity calculations for

the three propellants and the three temperatures was found

within �3%.15) This result showed the moisture was re-

moved from the surroundings; therefore, the solubility of

AP in the moisture was prevented.

4. Conclusions

The propellant including 20% Al and 65% AP has the

lowest temperature sensitivity value among the three com-

positions. However, the results obtained from the three com-

positions are minimum temperature sensitivity values and
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they don’t exceed 0.5%/K which is accepted as the maxi-

mum value.

The highest pressure and burning rate was attained with

the K value of 300 at 323K for the propellant including

16% Al and 69% AP.

The propellants containing 20% Al and 16% Al have the

highest tensile stress and elongation values respectively.

Evaluation of the performance results shows that combus-

tion pressure increases and burning time decreases as tem-

perature increases. On the other hand, combustion pressure

increases with an increase in the K value. Characteristic ve-

locity decreases with an increase in the K value, Al content

and a decrease in the AP content, temperature and pressure.

The highest characteristic velocity values were obtained by

the propellant having 16% Al and 69% AP.
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