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covered process is extended to doped ammonium perchlorate. The

selection of dopants in whisker ammonium perchlorate is limited

initially to those materials capable of isomorphic substitution
in the ammonium perchlorate lattice structure. These dopants
include potassium perchlorate, ammonium permanganate, and
ammonium-dichromate. The characterization of the doped whisker
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of propellant incorporating the doped oxidizer.

NWC Technical Publication 5268

Published by .................................. Research Department

Collation..........Cover, 10 leaves, DD Form 1473, abstract cards
First Printing.......... .....o.4444444 .o.....185 numbered copies
Security classification.............. ................ CONFIDENTIAL

Abstract alone4 .4................................ CONFIDENTIAL
Title alone... ....4 4 ........................... UNCLASSIFIED

SECURITY STATEMENT

THIS DOCUMENT CONTAINS INFORMATION AFFECTING THE NATIONAL DEFENSE OF THE
UNITED STATES WITHIN THE MEANING OF THE ESPIONAGE LAWS, TITLE 18, U.S:C., SECTIONS
793 AND 794, THE TRANSMISSION OR THE REVELATION OF ITS CONTENTS IN ANY MANNER
TO AN UNAUTHORIZED PERSON IS PPOHIBITED BY LAW.

REPRODUCTION OF THIS DOCUMENT IN ANY FORM BY OTHER THAN NAVAL ACTIVITIES IS
'NOT AUTHORIZED EXCEPT BY SPECIAL APPROVAL OF THIS CENTER.

CON FIDENTIAL



CONFIDENTIAL

Naval Weapons Center
AN ACTIVITY OF THE NAVAL MATERIAL COMMAND

.. , I. \ i,,, RADM. USN .. ornmjnder

H ( , lon -... . T', brh , dl )ire tor

FOREWORD

(C) The program "Propellant Applications of Modified

Ammonium Perchlorate" is based on the discovery of a process for

growing whisker ammonium perchlorate. The technical objective of

the work is to study various aspects of the new whisker ammonium

perchlorate synthesis and to evaluate the use of this new oxidi-

zer in propellant and explosive combustion and behavior. The

present report focuses on the incorporation of several dopants

in the whisker ammonium perchlorate for possible catalytic

effects in propellant burning rates.

(C) This project was supported under the Independent

Exploratory Development Program ZFXX 212 001 at the Naval 
Weapons

Center and by the Director of Laboratory Programs, Task Assign-

ment No. ZRO11-01-01. The financial support is enabling the

program to explore the many faceted implications of a whisker

oxidizer in propulsion, explosive, and pyrotechnic technology.
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INTRODUCTION

(C) Modified ammonium perchlorate is a descriptive term to denote
whisker ammonium perchlorate (All) grown by a new method of preparing
crystal AP of rather fine particle size. The whisker crystals of AP are
grown by allowing an aqueous solution to pass through porous glass tub-
ing and to evaporate on the surface of glass under near-ambient conditions.
A full description of the method of groilth is given in an earlier report
(Ref. 1). That report summarized the initial characterization of the
whisker AP, the laboratory scale-up of facilities for preparation of the
modified oxidizer (Fig. 1), and comparative burning rate data in a model
composite propellant. Recommendations for future work identified a num-
ber of important research and development areas requiring further inves-
tigation. Two research areas of interest centered on the whisker All
itself: the incorporation of sel ctive dopants in the whisker AlP for
possible catalytic effect in influencing propellant burning rate and
secondly, control of whisker diameter in tLe submicron range.

(C) The present report covers the characterization of whisker AlP
doped with potassium, permanganate, or dichromate ions and the burning
rates of a model propellant formulation incorporating the doped oxidizer
whiskers.

GROWII1- OF DOPED WHISKER AiMIONIUM PERCIILORATE (C)
(

(C) The procedure adopted for the growth of doped whisker All was
essentially that employed in the whisker AP facility (Ref. 1). The
tubes, nominally 25 mm OD, were arranged in a bay protected from labora-
tory drafts and heated to about 35C with banks of infrared lamps. The
3-ft tubes which were thinly coated with the Silastic RTV 732 silicone
rubber were fed the doped All solution from polyethylene containers in a
self-leveling arrangement. The usual concentration was 165 grams of AP
per liter of water. In several instances the use of doped Al' solutions
required a dilution of the standard solution in order to prevent crystal-
lization of the doped AP inside the porous glass tubes.

(C)- The 'selection of dopants -for AP- whiskers was limited to those
materials capable of isomorphic substitution within the orthorhombic
lattice structure for AP. The dopants include potassium perchlorate,
ammonium-+permanganate, and ammonium-dichromate. These dopants in single

CONFIDENTIAL I
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crystals of AP have been studied previously (Ref. 2) and thus would pro-
vide a rather definitive basis for observation of unusual or otherwise
anomalous effects. The potassium perchlorate and ammonium dichromate
were Reagent Grade chemicals; the ammonium permanganate was freshly pre-
pared as described by Bircumshaw and Tayler (Ref. 3) immediately prior
to use. The ammonium permanganate was used directly without analysis.
Since neither the solid nor solution of ammonium permanganate is very
stable under ambient conditions, lower oxides of manganese were present
in undetermined amounts.

(C) The doped whisker AP was grown from aqueous solutions contain-
ing the ammonium perchlorate and the respective dopant. The solutions
had compositions within the ranges shown in Table 1. The composition of
solutions is specified on a weight percent of dopant relative to the
total weight of solids (essentially Al) in solution. For example, a 1%
potassium perchlorate solution (or a 0.28% potassium ion solution) would
contain I g of potassium perchlorate, 99 g AP, and water. The nominal
solution compositions were 1.00% MnOz-; 2.08% Cr207'; 0.28, 1.00, 1.41,
and 2.02% K+. The analysis of the whisker AP for dopants is shown in
the last column of Table 1. The analyses were done by flame emission or
atomic absorption spectroscopy. The source or sources of the variation
in the potassium analyses is not fully understood, although a plausible
explanation is discussed later in this report.

(U) In a separate laboratory experiment the feed solution was
sampled within the porous tube at the same time the whiskers were removed
for analysis. The sampling was done every other day. The results are
shown in Table 2. The above results indicate a distribution coefficient
of about 1.5 which favors retention of the potassium within the solution
rather than selective incorporation in the whisker crystal. Independent
data from the growth of large, single AP crystals under equilibrium con-
ditions indicate a distribution coefficient greater than 10 for prefer-
ential incorporation of the potassium ion within the AP crystal.

(C) TABLE 2. Distribution of Potassium

Between Solution and Whniskers

K+ in feed solution, % 0.74 0.74 0.64

Kt in whiskers, % 0.49 0.49 0.45

Distribution ratio 1.51 1.51 1.42

(C) With other dopants, the single crystal studies indicated that
permanganate was present in the crystal at values directly related to
the solution concentration, while- dichromate was present at much lower
concentrations. Qualitatively, the analyses in Table- 1 would suggest
no preferential incorporation of potassium or permanganate and partial
rejection of the dichromate in the whisker AP.

2 CONFIDENTIAL
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(C) FIG. 1. A View of the Laboratory Whisker Facility
Employed for the Growth of Pure and Doped Ammonium
Perchlorate Whiskers from Porous Glass Tubes.

4 CONFIDENTIAL
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CHARACTERIZATION OF DOPED WHISKER AMNONIUM PERCIILORATE (C)

(C) The doped whisker AP was characterized bv three techniques:
average whisker diameter, impact sensitivitv, and differential thermal
analysis. The microscopic determination of whisker diameters was that
method employed previously (Ref. 1). The whiskers were photographed at
160 or 400X and their size calculated from distances measured on the
photographs with a travelling microscope. The average values for the
doped whisker AP are listed in Table 3.

(C) TABLE 3. Diameters of Doped Whisker

Ammonium Perchlorate

Dopant ion Average diameter, v .hisker designation

M~nO 4 -  3.84 Mn-I

Cr207  3.58 CrW-1

Kt 3.47 KW-1

K+  2.49 KW-5

1.77 KW-lA

3.55 KVW-2

(C) The impact sensitivity of both doped and undoped AP whiskers
as well as 15-V ground AP was determined using 20 mg samples of material
on garnet paper and a 2 kg weight. The results are tabulated in Table 4.

(C) TABLE 4. Impact Sensitivity of Whisker
Ammonium Perchlorate

Nominal
Whisker designation Dopant ion 50% Point, cm diameter, p

W-14 None 90 40

W-22 None 92 3

15-V ground None 39 --

W-production None 115 5

CrW-I Cr207
=  117 4

MnW-I Mn04- 113 4

KW-2 K+  112 4

CONFIDENTIAL 5
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(C) The differential thermal analysis -(DTA) and gas profiles for
potassium doped, permanganate doped, dichromate doped, and undoped AP
whiskers are shown in Figs. 2-5. The thermograms were run on a differen-
tial scanning calorimeter (Perkin-Elmer DSC-IB). The temperature was
raised at 10C/min and nitrogen was used as the purge gas.

PROPELLANT BURNING RATE DATA

(C) Propellant strands were formulated using 76% doped whisker AP
and 24% binder according to a previously described procedure (Ref. 1).
The binder was Butarez II, which is a low molecular weight carboxyl
terminated butadiene prepolymer. No aluminum was incorporated into any
of the propellant formulations utilizing doped whisker AP. Burning rate
data are reported for propellants with dichromate, permanganate, and
potassium doped whisker AP. The strand burning rate curves were deter-
mined through the use of a least squares program. The slopes of the re-
sulting lines give the pressure exponents according to the equation
r - aPcn, where r is the burning rate, a is a constant, Pc is the pressure,
and n is the pressure exponent. Fig. 6 shows the burn data and least
squares lines for strands made from permanganate doped AP whiskers and
dichromate doped AP whiskers. For purposes of comparison, the curve for
nominal 3-u whisker AP (undoped) is also given.

(C) The burn data for propellant strands made from potassium doped
AP whiskers at various dopant levels are shown in Fig. 7. The particular
interest in potassium doped whisker AP coupled with the large variation
in the potassium analysis of the doped whisker AP led to the preparation
of a quantity of whisker AP grown from feed solutions doped with 2.02%
potassium ion (KW-2). The resultant whiskers were thoroughly mixed
mechanically to give a uniform distribution of the potassium throughout
the material (analyzed as 2.4% potassium). These doped whiskers were
then carefully mixed with various amounts of undoped AP whiskers and
formulated into a series of propellant strands: 100% KW-2; 75% KW-2:25%
AP; 50% KW-2:50% AP; 25% KW-2:75% AP; and 100% AP. The burning rate data
are shown in Fig. 8.

(C) The pressure exponents for the various whisker AP propellants
are listed in Table 5.

6 CONFIDENTIAL
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279"
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CrW-|

9 429'
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(C) FIG. 2. Differential thermal analysis of
dichromate doped whisker ammonium perchlorate
(solid line) and gas profile (broken line).

PERMANGANATE DOPED
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21,7" .- ,.

TEMPERATURE IN OC
(C)- FIG.- 3. Differential thermal -analysis of per-
manganate -doped whisker ammonium-perchlorate (solid
line) -and gas profile (broken line).
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POTASSIUM UOPED
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(C) FIG. 4. Differential thermal analysis of
potassium doped whiisker ammonium perchlorate
(solid line) and gas profile (broken line).
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(C) FIG. 5. Differential thermal analysis of
undoped whisker ammonium perclorate (solid line)
and gas profile (broken line).
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(C) TABLE 5. -Pressure Exponents for Propellants
Containing Doped and Undoped
Whisker Ammonium Perchlorate

Dopant Ion Pressure
Dopant Ion in Whiskers, % Exponent Strand Designation

MnQ, 0.89 0.558 finW-i

Cr 2 07 = 0.26 0.438 CrW-1

K+  0.34 0.629 KW-1

K1+  1.09 0.709 KW-5

1.28 0.675 KW-IA
0.683

1.44 1.24 KW-2

K+  2.4 1.19 100% KW-2

K+  1.8 0.933 75% KW-2:25% AP

Kt 1.2 0.874 50% KW-2:50% AP
K+  0.6 0.728 25% KW-2:75% AP

None 0.008 0.606 10OZ AP

DISCUSSION

(C) Doped whisker AP incorporating ammonium permanganate, ammonium
dichromate, and potassium perchlorate were grown successfully from porous
glass tubes. These three dopants are capable of isomorphic substitution
within the crystal lattice of orthorhombic AP and thus represent a some-
what limited case for the direct introduction of catalysts into a pro-
pellant via the ammonium perchlorate oxidizer. The scope of tha present
report was to extend the whisker technique to doped AP, to characterize
the resultant material, and to correlate the burning rate data of the
propellants to relevant information within the literature.

(C) The distribution of the dopant between the whisker AP and the
initial feed solution -was qualitatively a 1:1 relationship for perman-
ganate and potassium. The permanganate -in-the whisker AP analyzed slight-

ly lower than the solution composition. This is attributed- to the partial
decomposition of -the permanganate in solution to lower oxides--of manganese.

Once- the permanganate is incorporated within the whisker AP, the stability

12 CONFIDENTIAL
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of the permanganate is increased substantially. The porous glass tubes

become dark red to brown depending upon the extent of decomposition that
has occurred. The incorporation of the dichromate within the whisker AP
was limited. The distribution of the dopant represents a rejection from

the whisker AP of about 8:1. Over a period of time this factor accounts
for an increased concentration of the dichromate in the feed solution.
Occasionally, the formation of whiskers with differen depths of color
were observed. This was attributed to mixtures of dichromate doped AP
and possibly AP doped ammonium dichromate. The porous glass tubes de-
velop an intense yellow color.

(C) Although the distribution of the potassium between crystal AP
and the solution favors incorporation within the AP lattice structure,
the results for the AP whisker growth indicate an overall 1:1 corres-
pondence. If one assumes that the analyses for potassium by flame

emission or atomic absorption spectroscopy are correct, then an unusu-
ally large variation exists in the dopant levels of potassium within the
whisker AP. The average of the analyses approaches the initial solution

level but the individual results on small samples fluctuate widely. One
explanation involves local depletion of potassium within the feed solution
through preferential incorporation within the whisker AP followed by
whisker growth of the potassium deficient AP. In support of this suppo-

sition, the observance of concentration gradients of AlP solution within
the porous tube have been noted frequently. Additional factors which
possibly influence the concentration of dopant in the whisker AP are the

extent of absorption of the potassium in the porous glass, the lenth of
time the tube has been filled with the feed solutioni, the frequency of
washing out the tube or shutting down whisker production, differential
growth rates over the surface of the porous glass, and precision of the
analyses.

(C) The average diameters of the doped whisker AP ranged from
1.77 V for potassium (KW-lA) to 3.84 p for permanganate (MnW-), Table 3.
The impact sensitivity of the doped whisker AP was essentially identical

to the values for the undoped whisker AP, Table 4. Nominal diameter does
not seem to be a factor in the impact sensitivity of whisker AP.

(C) In Fig. 5, the DTA for undoped whisker ALl indicates the endo-
thermic phase transition near 248C and the exothermic decomposition
peaking at 442C; the profile of gas evolution shows a 455*C peak. The
results for the potassium doped whisker AP, Fig. 4, are practically
identical to those for the undoped whiskers. In Fig. 2, the dichromate
doped whisker Al' has an exothermic peak at 279C with a corresponding
gas evolution peak at 298C in addition to the previously noted exothermic
decomposition now observed near 429C. In Fig. 3, the exothermic decom-
position near 2500 C for the permanganate doped whisker AP nearly masks
the endothermic reaction of the phase change, 2440C. A second exothermic
reaction for the DTA peaks at 297C; corresponding gas profiles for the
two DTA peaks occur at 264 and 310C. No additional maxima are indicated
in this latter thermogram.

CONFIDENTIAL 13
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(C) In Fig. 6, the burning rate data for the propellant strands
incorporating the 0.89% permanganate doped whisker AP (Curve A) are
experimentally indistinguishable from the previously reported data (Ref.
1) of the nominal 3-V undoped whisker AP (Curve C). No data points are
given for Curve C. The data for the 0.26% dichromate doped whisker AP
(Curve B) establish a burning rate curve lower than that of the undopedL whisker AP (Curve C) and also possess a small pressure exponent.

(C) The burning rate data for the potassium doped whisker AP
(Fig. 7) indicate an increased pressure exponent with increased potassium
dopant level, Table 5. The value of the pressure exponent measured from
0.629 (KW-l) to 1.24 (KW-2); the corresponding potassium dopant level in
the feed solution from which the whiskers were formed increased from 0.28
to 2.02%, Table 1. Accompanying this general increase in pressure expo-
nent with increased dopant level was a reduction in the burning rate at
the lower pressures. The minimum pressure at which burning is sustained
is increased to a value of approximately 400 psia for KW-2. This minimum
combustion pressure is not well defined and may be related to the thermal
flux available to heat the propellant. It was believed that certain in-
consistencies in the burning rate data in Fig. 7 were possibly attributed
to inhomogeneities of the potassium doped whisker AP. The burning rate
data for the potassium doped propellants in Fig. 8 essentially removed
the anomalous effects seen in Fig. 7. The initial burning rates at low
pressures together with the pressure exponents are closely correlated
with the overall potassium dopant level within the propellant. The
burning rate data for mixtures of potassium doped whisker AP and undoped
whisker AP appear to be related only to the overall potassium concentra-
tion, not to the uniformity of its dispersion within the oxidizer.

(C) The burning rate data in Fig. 8 were not continued to higher
pressures because of equipment limitations. The linear equations deter-
mined by the method of least squares clearly indicate intersection of
the burning rate curves near 1.00 in/sec at 2,000 psia. Projection of
the linear equations to higher pressures would suggest phenomenally faster
burning rates. A possibility exists, however, that the burning rates at
higher pressures merely approach those values expected for the undoped
whisker propellant.

(C) The present investigation of selectively doped whisker AP is
augmented by related studies on ammonium perchlorate decomposition and
deflagration (Ref. 4). Of particular note is the contribution made by
the joint use of cinephotomicrography of burning samples and the scanning
electron microscopy of quenched samples. These studies have been ex-
tended recently to single crystals of AP with controlled isomorphic sub-
stitution of potassium, permanganate, and dichromate (Ref. 2). With
potassium doped AP the effect on deflagration rate showed more evidence
of a liquid surface layer than with pure AP, especially at higher po-
tassium concentrations. The burning rate was sporadic and uneven,

14 CONFIDENTIAL
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accompanied by the surface accumulation of unreactive products. The
data suggested that a mild increase of the liquid laver correspondingly
increased the deflagration rate of Al'. The region of decreased defla-
gration rate above 2,000 psia for pure AP was completely removed at all
potassium concentrations. The obvious analogy between the deflagration
of potassium doped whisker All propellant suggests that tle effect of
potassium could be limited to the region below 2,000 psia. The evidence
would certainly indicate that an upper boundary exists beyond which an
increase in potassium dopant level would have no additional effect on the
enhancement of propellant burning rate.

(C) It was reported (Ref. 5) that the effect of doping single
crystal AP with permanganate was a large increase in the rate of forma-
tion of nucleation sites during the isothermal decomposition of AP. The
limited work on the deflagration of single crystal Al' doped with per-
manganate (Ref. 2) was characterized by failure to sustain combustion at
pressures below 1,700 psia, long ignition delays at higher pressures, and
deflagration rates highly dependent on initial sample temperature. The
present study involving the permanganate doped whisker AP confirmed the
enhancement of the low-temperature decomposition (Fig. 3) and established
a burning rate for the propellant incorporating the doped whisker AP
essentially identical to that of the propellant utilizing the undoped
whisker AP, Fig. 6.

(C) The deflagration rates of single crystal Al' doped with dichro-
mate were insufficient to unequivocally establish burning rate curves
(Ref. 2). In the present report no effort is made to correlate the
deflagration rates with the propellant burning rater. In Fig. 2 the
differential thermal analysis clearly indicates a low temperature
exotherm nearly 30C above the AP transition temperature. The propel-
lant burning rate for the 0.26% dichromate doped whisker AP showed a
lowering of the burning rate at low temperatures and a pressure exponent
of 0.438, substantially less than that for the undoped AP propellant,
Fig. 6.

CONFIDENTIAL 15
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