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AP/HTPB composite propellant using fine AP prepared by
freeze-drying method (IV)

— Fine AP prepared from emulsion with toluene
and AP solution —

Makoto KOHGA' and Yutaka HAGIHARA"

Fine ammonium perchlorate (FAP), of which the mean volume-surface diameter is about 3.9
p¢m, is prepared by freeze-drying method. The crystallographical property and the thermo-
chemical behavior of FAP, and the productivity and burning rate characteristics of the propel-
lant prepared from FAP were investigated in this study. Hydroxyl-terminated polybutadi-
ene (HTPB) was used as a binder. The results are as follows; 1) The crystallographical property
and the thermochemical behavior of FAP are almost the same as those of the commercial AP, 2)
The upper limit content of FAP containing propellant, ¢, (wt%), is 80wt%. The burning rate
measured at 7MPa of the propellant containing 80wt%FAP is 24.6mm/s. 3) The burning rate
increases with increasing the FAP content. The increment of the burning rates at high pressures
is larger than that at low pressures, and particularly the increment of the burning rate in-
creases greatly with coming close to ¢,,,. 4 When HTPB prepolymer added sodium lauryl
sulfate was used as a binder, g,,, of the propellant prepared from FAP was 82wt%. By the use
of HTPB prepolymer added sodium lauryl sulfate, ¢,,,, of FAP could be increased by 2wt%. The
burning rate measured at 7TMPa of the propellant containing 82wt%FAP was 30.1mm/s. The
burning rate could be increased by a slight increase in ¢, of FAP. It is found that FAP is an

effective oxidizer to prepare high burning rate AP/HTPB composite propellant.

1. Introduction
Ammonium perchlorate (AP)/hydroxyl termi-
nated polybutadiene (HTPB) composite propellant
is the most widely used composite propellant.
Recently a high burning rate composite propellant
has been required. It is generally known that the
burning rate of AP/HTPB composite propellant
increases with decreasing the particle diameter of
AP contained propellant. In order to obtain the
high burning rate AP/HTPB composite propellant,
fine AP is required. Fine AP is prepared by
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grinding. A vibration ball mill is generally used as
a grinding machine. It is not easy to prepare fine
AP, of which the particle diameter is less than 20
um, with a vibration ball mill"-®. A jet mill is
used to prepare fine AP, The jet mill is dangerous
for the preparation of fine AP, because fine AP is
ignited and exploded easily by slight impact or
friction. When fine AP is prepared by a jet mill, it
needs special institutions, such as an anti-
explosive room, nitrogen atmosphere, impurity
removal equipment, etc. Consequently, it is diffi-
cult to prepare fine AP particles safely by grind-
ing. Some safe methods of preparing fine AP parti-
cles have been developing” ™. It is reported that
fine AP can be prepared safely by freeze-drying
method described below".The procedure is that



the emulsion with 10m/ toluene and 200m/ AP
solution which is freezed rapidly with liquid nitro-
gen, and the frozen emulsion is freeze-dried. The
fine AP prepared by this freeze-drying method was
designated as FAP. The mean volume-surface
diameter of FAP is about 3.9z m". It is expected
that the high burning rate AP/HTPB composite
propellant could be prepared by use of FAP as an
oxidizer. In the present study, it is reported that
the crystallographical property and the thermo-
chemical behavior of FAP, and the burning rate
characteristics of the propellant prepared from
FAP.

2. Experiment

In this study, two kinds of AP were used as an
oxidizer : one was FAP and another was a ground
commercial AP(GrAP). GrAP was prepared by
grinding a commercial AP for 5 minutes with a
vibration ball mill. The mean volume-surface
diameter of GrAP is 110 m. GrAP was used in
order to compare of the crystallographical prop-
erty and the thermochemical behavior of FAP, and
the burning rate characteristics of the propellant
prepared from FAP.

The crystallographical property of AP was ex-
amined by X-ray diffractomerty (XRD). XRD was
carried out using a Rigaku GEIGERFLEX RAD-1I
A. The characteristic X-ray wavelength is CuKa
(2=1.5418A).

Thermochemical behavior of AP was investigat-
ed by differential thermal analysis (DTA) and
thermogravimetry (TG) . DTA and TG were car-
ried out using a Rigaku TAS-100 Thermal Ana-
lyzier. The equipment was operated in a nitrogen
flow condition at atmospheric pressure. The sam-
ple containers for the equipment were made of
aluminium. The sample weight was about 5mg.
The heating rate was 20K/min. The drop hammer
test for AP was conducted on the basis of Japanese
Explosive Standard ES-21(1).

HTPB was used as a binder. HTPB was cured
with isophorone diisocyanate (IPDI) of a cross-
linking agent. IPDI was added to 8wt% of HTPB.
The propellant mixtures were cured for 4 days at
333K. The size of each strand was 10mm X 10mm
in cross section and 40mm in length.The side of

each strand was inhibited by silicon resin. The
burning rate was measured in a chimney-type
strand burner which was pressurized with nitro-
gen at 288+ 1.5K . The ignition of each strand was
conducted by an electrically heated nichrome wire
attached on the top of each strand. The burning
rate was measured in pressure range of 0.7MPa-
7MPa, and was calculated with the cutoff period of
two fuses which penetrate the strand at 25mm
distance.

3. Results and Discussion
3. 1 XRD pattern of AP

It is reported that when the AP solution(100
m/ ) saturated at 333K is poured into an organic
solvent (300m¢# ) cooled to 273K , crystal habits of
AP recrystallized are modified® . It was possible
that crystal habits of FAP would be modified, be-
cause FAP is recrystallized from the emulsion
which disperses toluene into AP solution. The
crystallographical properties of FAP and GrAP
were examined by XRD. When the maximum in-
tensity was identified as 100 on the basis of the
measured XRD pattern of FAP or GrAP, the XRD
pattern was reillustrated. The XRD patterns of
GrAP and FAP are shown in Fig.1. The XRD pat-
tern of FAP is almost the same as that of GrAP.
Consequently, it is found that crystal hahits of
FAP is not modified. The volume fraction of tolue-
ne based on AP solution is 0.05. It can be consid-
ered that crystal hahits of FAP could not be modi-
fied, since the added amount of toluene is small.

The crystal defect in AP used was investigated
by the Hall's method'’. The magnitude of the
crystal defect, o, is represented by the following
equation.

B cosl 1 2o sin@

= + : (1
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A is the half width, # is the Bragg angle of
diffraction, 4 is the X-ray wavelength and 7 is
the effective particle size. E,,, is the value of
Young's modulus for the direction perpendicular to
the planes{hkl}. £ can be measured from the
XRD pattern. When E,,, is assumed to be con-
stant'” ', aplot of # *cos #/4 against sin 8/2
is linear. From the slope of the straight line,
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Fig. 1 X-ray diffraction patterns

20/E,,, thatis, o can be calculated” ', The
relationship between 4 -cos#/4 and sin#/4 is
shown in Fig.2. Both slopes of the straight lines of
FAP and GrAP are approximately zero. This indi-
cates that FAP and GrAP don't develop the crystal
defect, even if FAP is recrystallized rapidly by
freezing the emulsion with liquid nitrogen and
GrAP is ground with the vibration ball mill. It is
found that the crystallographical properties of
FAP were almost the same as those of GrAP in
this study.

3. 2 Thermochemical behavior of AP

For the typical DTA thermogram'”, the endo-
thermic peak of crystal transformation of AP from
orthorhombic to cubic structure is observed at
516K. Subsequently there are two exothermic
decompositions, namely, a low temperature de-
composition and a high temperature decomposi-
tion. For the typical TG thermogram', a slight
consumption of AP starts at the begining tem-
perature of a low temperature decomposition. A
consumption of AP at a low temperature decom-
position is a little and does not affect consumption
of AP at a high temperature decomposition. At a
high temperature decomposition, a rapid con-
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sumption of AP occurrs and AP is consumed com-
pletely. The DTA and TG thermograms of FAP
and GrAP are shown in Fig.3. The DTA and TG
thermograms of FAP are almost the same as the-
se thermograms of GrAP, respectively. Fig.3 indi-
cates that thermochemical behavior of FAP and
GrAP are almost the same as the typical behavior
of AP.

Consumption of AP at a low temperature de-
composition increases with increasing the propor-
tion of a crystal defect in AP crystal'™. As shown
in Fig.3, consumption at the low temperature
decomposition of FAP and GrAP is a little. This
result indicates that a crystal defect of FAP and
GrAP is little. This could support the result ob-
tained from XRD pattern.

3. 3 Drop hammer test

The sensitivity of AP on impact increases
with decreasing particle size. It's predicted
that the sensitivity of FAP is high, because
FAP is a fine particle. If the sensitivity of FAP
was very high, FAP could not be used as an
oxidizer of a composite propellant. The results
of the drop hammer test on FAP and GrAP are
shown in Table 1. The sensitivity class of FAP
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is higher than that of GrAP. However, the sen-
sitivity class of FAP is almost the same as that
of RDX and HMX. FAP can be used as an oxi-
dizer of a composite propellant with taking
sufficient care not to impact it.

3. 4 Burning rate characteristics

In the preparation of APFHTPB composite pro-
pellant, the uncured propellant is cast into the
rocket motor. Therefore it's required that the un-
cured propellant has suitable viscosity at casting.
On the other hand, when the proportion of bubble
contamination in AP/HTPB composite propellant
is more than 2.0vol%, the burning rate of the pro-
pellant is influenced by the bubble contamination
and consequently the reproducible burning rate

Weight loss (wt%)

can't be obtained'’. In order to prepare the pro-
pellant, of which the burning rate is reproducible,
it is necessary that the proportion of the bubble
contamination in the propellant is less than
2.0vol%. Because of the above two requirements
for the preparation of AP/HTPB composite pro-
pellant, the upper limit content of AP containing
propellant, & ,.(wt%), exists'. ¢&,, was de-
termined by the procedure explained in Ref.15.
& e Of the propellant prepared from FAP and
CrAP was 80wt% and 85wt%, respectively. The
propellants containing 80wt%FAP and 85wt%
GrAP were designated as Prop.A and Prop.B, re-
spectively. The burning rate characteristics of
Props.A and B are plotted in Fig.4. The burning
rate of AP/HTPB composite propellant increases
with increasing AP content. The AP content of
Prop. A is smaller than that of Prop.B, however
the burning rate of Prop.A is higher than that of
Prop.B. It could be considered that this is because
the particle diameter of FAP is much smaller than
that of GrAP.

In order to make clear the effect of the AP con-
tent on the burning rate, the propellants contain-
ing less than ¢, were prepared and the burning
rates were measured. For AP based composite
propellant, the burning rate plateaus or mesa is
produced by lowering AP content'®. The burning
rate of the propellant containing 69wt%FAP is
shown plateaus between 6MPa and 8MPa. The
burning rate of the propellant containing above
70wt%FAP can follow Vieille's law, that is, neither
a plateaus nor a mesa is observed. The burning
rate of the propellant containing above 70wt%
GrAP can follow Vieille's law. Above 70wt% AP,
the relationship between the burning rate at

Table 1 Sensitivity of drop hammer test

Sample Drop height (cm) Experimantal results Sensitivity class
|
— r . _
GrAP 4(3 XX XX XX 7
‘ 45 XOXXOx
FAP 20 \ XX XX XX | 5
25 OXXOXX |
O : explosion, X : non-explosion
-_ 54 —
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Fig. 4 Burning rate chracteristics of Props.
Aand B

1MPa or 7MPa and the AP content is shown in
Fig.5. The burning rate of the propellant prepared
from FAP is higher than that of the propellant
prepared from GrAP at both pressures.The burn-
ing rate increases with increasing the AP content.
For GrAP, the increment of the burning rate
measured at 7MPa is almost the same as that of
the burning rate measured at 1MPa. For FAP, the
increment of the burning rate measured at TMPa
is larger than that of the burning rate measured
at 1IMPa. The increment of the burning rate of the
propellant prepared from FAP is larger than that
of the propellant prepared from GrAP and in-
creases greatly with coming close to ¢,, , in
particular.

The burning rate increases with increasing AP
content. It's necessary for the preparation of the
higher burning rate AP/HTPB composite propel-
lant to increase the AP content in propellant. As
shown in Fig.5, the burning rate increases with
increasing the FAP content and the increment of
the burning rate increases with coming close to
& mar This suggests that the burning rate could be
increased greatly by a slight increment of &, of
the propellant prepared from FAP. As mentioned
above, the propellant containing above 80wt%FAP
could not be prepared. At casting, the viscosity of
the uncured propellant is almost constant'”. It
was expected that ¢, of the propellant prepared
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Fig. 5 Relationship between burning rate and
AP content (A and B: propellants not
added sodium lauryl sulfate , C-D: pro-
pellants added sodium lauryl sulfate)

from FAP could be increased, if the viscosity of the
uncured propellant could be decreased. It is re-
ported that the viscosity of the uncured propellant
can be decreased by adding a surface active agent
to HTPB prepolymer' and sodium lauryl sulfate,
in particular, is largely effective in decreasing the
viscosity of uncured propellants. ¢, of the pro-
pellant prepared from FAP and HTPB prepolymer
added sodium lauryl sulfate was investigated. The
added amount of sodium lauryl sulfate is 0.005
wt% relative to HTPB prepolymer'”’, When HTPB
prepolymer added sodium lauryl sulfate was used
as a binder, ¢, of the propellant prepared from
FAP was 82wt%. By adding sodium lauryl sulfate
to HTPB prepolymer, &, of the propellant pre-
pared from FAP can be increased by 2wt%. The
burning rate characteristics of the propellants
containing 80 and 82wt%FAP by use of HTPB
prepolymer added sodium lauryl sulfate are
shown in Fig.6. The burning rate of propellant
containing 82wt%FAP is reproducibile and in-
creases lineally in a plot of #n(burning rate) versus
£ n(pressure). The propellants containing 80, 81
and 82wt%FAP by use of HTPB prepolymer added
sodium lauryl sulfate were designated as Prop.C,
Prop.D and Prop.E, respectively.
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Fig. 6 Burning rate characteristics of propellant
from FAP and HTPB prepolymer added
sodium lauryl sulfate

The relationships between the burning rate and
the FAP content of Props.C, D and E are shown
also in Fig.5. The burning rates of Props.C, D and
E are plotted on the extension of the relationship
between the burning rate and the FAP content of
the propellant prepared from FAP and HTPB pre-
polymer which did not add sodium lauryl sulfate.
The burning rates of Prop.C are almost the same
as those of Prop.A. This indicates that the addi-
tion of sodium lauryl sulfate did not influence a
burning rate in this study. The burning rate
measured at 7MPa of Prop.E is 30.1mm/s. The
burning rates of Prop.E are higher than those of
Props.A or C. This is because the FAP content
could be increased by use of HTPB prepolymer
added sodium lauryl sulfate.

4. Conclusions

Fine ammonium perchlorate (FAP), of which the
mean volume-surface diameter is about 3.9 m, is
prepared by freeze-drying method. The crystal-
lographical property and the thermochemical be-
havior of FAP, and the burning rate characteristics
of the propellant prepared from FAP were investi-
gated in this study. The results were as follows;
1)The crystallographical property and the ther-
mochemical behavior of FAP are almost the same
as those of commercial AP. 2) The upper limit
content of FAP containing propellant, ¢, (wt%),
was 80wt%. The burning rate measured at TMPa

of the propellant containing 80wt%FAP is 24.6
mm/s, 3) The burning rate increases with in-
creasing the FAP content. The increment of
burning rates at high pressures is larger than
that at low pressures, and especially the incre-
ment of burning rates increases greatly with
coming close to ¢,,,,. 4 When HTPB prepolymer
added sodium lauryl sulfate was used as a binder,
& ma Of the propellant prepared from FAP was
82wt%. By the use of HTPB prepolymer added
sodium lauryl sulfate, ¢, of FAP could be in-
creased by 2wt%. The burning rate measured at
7MPa of the propellant containing 82wt%FAP is
30.1mm/s. It is found that FAP is an effective
oxidizer in preparing high burning rate AP/HTPB
composite propellant.
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