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FOREWORD

The combustion of composite solid propellanrs is a
complex process involving the interaction of a
combustion wave with the various propellant ingrecients.
In order to understand the propellamt combustion, the
response of the various ingredients to the temperature
and heating rates of the combustion wave must be
known. Onc tool that has been used to provide such
data is the scanning electron microscope (SEM).

The ammonium perchlorate decomposition and
deflagration rescarch was supported by the Office of
Advanced Research and Technology of the National
Acronautics and Space Administration (NASA)} under
Work Order 6030 und by the Naval Ordnance Systems
Command undsr ORD-033  129/200 {/R001 06.01,
Prehlem  Assignmewt Mo, 5. The meral agelomerstion
and combustiun was suppurted by NASA under Work
Order 6032 The surface structure  of  quenched
composite juupellants was a joini effort between Naval
Weapons Center INWC) (under NASA Waork Order 6030)
and  Luckheed Progubsion Co. Redlands, Calif  (under
Al Farce Contracr FOA611-67.C 00%Y9),

This report has been prepared primuarily for timely
presentation of iuformation. Hecause of the continuing
nature of this  reseamh  program,  refivements  and
nidifications may be made Luer in this stady,

K. 1. ROFINSON, Nead
Techmcal Information Depargment
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FIG, 1. Scenning Electron Microscape,




INTRODUCTION

Since the 13th century, when the Chinese introduced
primitive poewder rockets, man has been intrigued by the
idea of reaction propulsion: a means of locomotion
whereby a force is imparted to a device by the
momentum of ejected matter. Unfortunaiely, ever since
those first rockets were fired, the ar of recket
prupulsion has advanced more rapidly than the science
of reaction propulsion. This discrepancy is due to our
inability to describe gualitatively and pradict
quantitatively the combusiien behavior of propellunts.
Until complete  knowlcdge of the physicochemical
reactiom aml interacrtions of all the various propellant
comeonents iv obtained, the formulaion, 1esting, and
use of propellants will remain an empirical process, This
is no reflecvion en the scientific competence of those
engaged in combustion research, but merely reflects the
realities of an exceedingly difficult arta of upplied
science.

A typical cuomposite solid propellamt i3 a
heterogenevus mixture of a crystalline oxidizer |usually
ammonium  perchlorate), a polymeric fucl binder, and
vfien a powderedmetal fuel additive. The combustion

TPy
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of this mixtare is a complex process involving the

ingredients.

Our investigations were undertaken to provide insight
into the reactions of individual ingredients, first singly
and then in combination with other ingredients. An
essential tool used in the investigalion was the scanning
electron microscope (SEM) shown in Fig 1. The
photomicrographs obtained with this device have enabled
us 1o infer mechanisms of the following processes: (1)
oxidizer decomposition aad deflagrasion, (2)
metal-particle agglomeration and combustion, and (3)
the interactions of oxidizer, binder, and metal particles
during combustion. In  many cases, SEM  analysis
permitted a choice o be made among several competing
hypotheses or else the proposition of a new hypothesis.

1t is the purpose of this paper 'o discuss the role of
the SEM in investigating :olid propellant combustion,
rather than to present 2  detailed description  of
combustion processes. For a more detailed treatment of
propellant combustion dynamics, Ref. 1 through 14 may
be consulted.
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FIG, 2, Decomposition Site on m-Face of Ammonium Perchlorate
Single Crysyal After Y0.Minute Decomposition fa, b) aml vn c-Face
After 120-Mimuier Decomposition (¢, d) ai 226 € and Atmospheric
Pressere,

| p—

1l

K, 3. Decomposition Site on m-Fice of Ammuonium Penchivrete
Single Cryrel After 40-Minute Decomposition ‘l. ) and on c-Face
After 80-Minute Decompoition (v, o) a1 225 C and 2 Pressure of
it e Mg,
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OXIDIZER DECOMPOSITION AND DEFLAGRATION

Zrystalline ammonium perchlorate, used in granular
form, is the oxidizer and principal ingredient {about 70
to 80% by weight) in mos1 composite solid propellants,
and its  behavior in  the combustion zone greatly
infuences the overall combustion of the propellant.

The crysial struciure of ammonium perchlorate is
orthothombic bcdow 240°C and cubic above 240°C. This
material  decomposes at low temperatures (200 10
350°C) and a1 low healing rates {below 100°C/min) by
a proton transfer process:

ky

i
NH,CIOs + NIl + 11CIO4 {1
k2

At high pressures {300 psia or higher), ammonium
perchlorate is capable of sclf-deflagralion. The crysials
will continue o born in an inert atmosphere once they
have been ignited. Our research has been concermed with
boih low-pressure, low:lemperature decomposition and
bigh: pressure, high-heating-rate deflagration.

Decompaosition of Ammonium Perchlorate

Ammonium  perchlorate  decomposes  under  Lthe
conditions givenr sbove until approximately 30 1w 35%
by weight of the sample has reacied. The product is a
highly porous residue  that  cannot  he salisfactonly
stwlied with th: oplical microscope because the residue
(1) appears opaque in transmitted light, (2} causes
strong  diffused reflection ol incident illumination, and
(3) caunot be resolved because of the inadequate
resolulion and depith of focus of the opiical niicroscope.
By conhast, the SEAM offens resolution and depth of
fucus necessary 1o study the microstruciure of partiglly
decomposed ammonium perchloraie.

Decuwmposition eccurs at active sites scatiered over
the surfare rather than on the whole surfae al once,

Figure 2 shows decomposition sites on an m-face and
on a cface of a crystal that was deocmposed for 90
and 120 minutes at atmospheric pressure at 226°C. The
sites on an m-face are composed of many rectangular
holes, while those on a c-face are composed of rhombic
holes, The decomposition sites therefore reflect the
growth habit of the orthorhomhic crystals, which have
rectangular m-faces and rhombohedral ¢ faces.

Micrographs of decomposition sites taken at
atmospheric and subatmospheric  pressures have been
used to illustrate the pressure dependence of ammionium
perchlorate sublimation. As shown in Fig. 2 and 3, the
samples that were decomposed at atmospheric pressure
and 226°C for 90 to 120 minutes (Fig. 2) have smaller
holes than do the samples that were decomposed in
vacuum at 226°C for 40 1e 60 minutes (Fig. 3).

The decomposition ol a single crysial in vacuum
includes two simultancously occurring reactions: namely,
{1} the inteface decomposition leading 10 a perous
residue (30 to 35% weight loss) and (2} the vacuum
suolimation of the porous residue. Due 1o this
sublimation. oaly a thin (approximately 100-micron)
residue layer envelopes the undecomposed crystal core.
Figure 4+ shows the surface 1vpical for a residue that
sublimed in vacuzm. 1he ¢fae at the 1op of the
piciure is characterized hy a sireak structure, whereas
the tiwo visible m-faces exhibit shallow dips.

Deflagration of Ammonium Perchlorate

The deflagration of single cry«ials of pure ammonium
penhlorae was siudied (o determine (1) the variation
of the deflagration rate as a function of pisssure, {2)
the surfae simcture of the deflagrating samples, and (3)
the subsurface profile awssociaied with the deflagration.
From these observations we poswlaied encrgy tramfer
mdes.
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FIG, 4, Ammonium, Perchlorate Single Crystal in an Advanced State
of Decompaosition in Vacuwm (20 mm Hg)

Data on the varlation of deflagration rate versus
pressure in a nitrogen atmosphere, from our
investigations and those of other laboratones, are
ceampared in Fig. 5. Above 2,000 psia, the data are in
disagreement. Levy and Friedman (Ref. 1), in explaining
their findings, suggest that the rate simply continues to
rise as a function of pressure. Bobolev and others {Ref.
2) and Glaskova (Ref. 3) suggest that above 2,000 psia,
the rate decreases with increased pressure until a
pressure of 4,000 psia is resched, ut which time the rate
again increases. Our results, obrained by
cinemicrophotography, confirn the latter view. Some
difference in the actual values obtained might be
expected because they used pressed pellets of
ammonium perchlorate and we used single crystals.

We observed that the data on single-crystal
deflagration rate define a curve thot appears to fall
naturally inte four regimes (¥ig. 6). Such a division is
important only if it allows one to correlate observations
from many sources by the regimentation so imposed.
SEM micrographs, cinemicrophotography films, and
nther observations confimned the existence of the four
regimes, which are described in Table 1. The Jour
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FIG, 6, Deflagration Rare of Single Crystais of Ammonium Perchlorate In a Nitrogen Atmosphere, Showing the Four Regimes.
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FIG. 7. Combustion Chamber,
regimes characterize the deflagration of ammonium
perchloiate crystals at pressures from 300 to 10,000
psia, thus permitting predictions of crystal behavior
during deflagration from a knowledge of the pressure.

The descriptions of surfacc and subsurface profile
characteristics listed in Table 1 arc based on SEM
micrographs of single crystals that were rapidly
quenched while undergeing deflagration, This
deflagration and quenching tock place in  the
combustion chamber shown in Fig. 7. The sample was
held in a coprer vise and ignited by a hot wire in an
inert, but upward moving, atmospherc of dry nitrogen
gas at the desired pressure. The flow of this ges carried
away ecxhaust products and permitted a clear view of

12

the burning sampie. Motion pictures were taken of the
burning sample with a high-speed camera at rates of 400
and 4,000 frames per second and magnifications of 2X
and 4X. These motien pictures provided us with a view
of the combustion process and in many cases helped us
to interpret the SEM pictures taken later. As the
deflagration wave approached the copper vise, the
sample Jost encrgy to the metal of the vise ard was
thermally yuenched. The quenchied samples were coated

FIG, 8, Qu=r.ched Ammonium Perchiorate Samples From Regime 1,
fa. e, &) Abowr 100 psia; (b} 61X} psia,




with a gold/palladium alloy and examined with the
S5EM. The samples were then removed from the SEM,
cleaved perpendicular 1o the quenched surface (thus
exposing the deflagration profilc}, and again cxamined
with the SEM, this time to see the details of the
subsurface profile.

SEM micrographs taken of samples from Regime I
indirate  that the surface was covered with a froth
cuused by gas that evolved through a liquid layer (Fig.
K). This ohscrvation permitted a choice 1w be made
between two competing hypotheses. The  widely
accepted assumption that the mechanism of ammonium
perchlorate  deflagration s the same as that of
deromposition  (i.e..  sublimation) was  not  serinusly
questioned until llightower and Price (Ref. 4) observed
a conled froth on the surface of quenched samples that
they examined with an optical microscope. SEM anaiysis
revealed the details of this froih, and it was apparent
that & melt had been present on the surface of the
deflagrating sample. Such observations proved that the
sulilimatinn  hypothesis  does  not  ilescribe  the
drNageation, The froth on the ammonium perchlorate
crystal surfuce was shown to he raughly 1 ta 5 mirvons
thitk on the 300 ;md GOO-psia sanples and presemt
only in patches on samnles burned ar 8GO va DO psis,
Exantination ol the profile showed 1hat the thickness of
thiv froth decrewsed with inrrcasea pressure and that it
coverrill o liver of cubic-phase aminonium  perchlorate
uverlaying the origindl  orthorhombic  phase, The
well-defined irierface hetween the cubic  and
vrtharhombic phise: indicates the location of the 240°C
iscctherm within tae crystal. Knowledge of the position
nf this isothema and of the regression rate as a function
ol pressure allows o celvulation «f  the  surfure
temperature of the deflagrating crystal (Ref. 15). The
resalts obtained with the SEM were more precise than

T e S T T P wver v v o
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those that Becksiead and Hightower {Ref. 15} obiained
with the optical microscope and were in agreement with
the best line drawn through their dala.

Samples from Regime 11 differeil from those of
Regime | in that there was no longer a liquid on the
surface: rather, the surfae was characterized by a
pattern of ridges and wvalleys (Fig. 9a), with sites of
increased actvity at the bottom of the valleys (Fig. 9b).
Ridge length was found to vary inverscly with the

lel It

FIG, v Quenched Ammaoniunt Perchlorate Samples From Regime 1,
fa, b, Jj 1,200 paia, (v) 1,500 psia.

13
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pressure (over 500 microns long at 1,000 psia, and less
than 100 microns at 1,800 psia). Just as the ridge
structure wa: pressure dependent, so were the sites of
increased activity (reaction) at the bottom of the
valleys. The samples quenched at 1,000 psia show
frothy residue in the valleys. The samples quenched at
1,200 psia also show frothy material as well as holes of
complex geomeuy indicative of localized acuvity. At
1,500 psia, an array of needle-like structures appeared in
some of the holes. This feature becomes increasingly
evident with increasing pressure.

The profiles of Regime [1 samples present evidence of
the complex nature of the combustion. The cubic phase
thickness was greater under the ridges *han under the
valleys (Fig. 9¢). This difference in thickness indicates
that the regression rate of the ridges was less than that
of the valleys, that the temperature gradient through the
ridges was not #s steep as that under the valleys, and
that heat was transferved in three dimensions (including
conduction «f heal in a direction perpendicular 1o the
direction of surface regicwsion). ‘lhis  imerpretation
would explain why the rdges frequently peeled off
from the swifaxce without burning, us seen in the
high-speed metion pictures. Figure 9d indicates that the
activity sites af the valley extended below the surface
for a depth almost equivalent to  the cubic-phase
thickres:,

The surfaces of the Regine 1L samples show
pronounced depressions with exteisve arcas of ncedles
(Fig. 10). The micrographs of the profiles indicate that
the needles extend 200 to 309 microns from the surface
of the pocket. Siudies using  cinemicrophotography
identificd the orgin of these depressions and helped
explain why the ncedles exist only in the depressiuns.
The highspred motiom pictures show locdized orange

14

flamelets over the surface; these flamelets change
location as the burn progresses. Parts of the surface are
scen 10 regress locally (causing the depressions seen in
the micrographs) while adjoining arcas scem temporarily
stalionary, with the flame standing over the recessed
areas. Becausc the flame was observed to be in the
depression, the lip seen in Fig. 10 provides an
opportunity 1o view a portion of the sample that was
partially exposed to the flame and at the same iime

ia

FIG, 10, Quenched Ammonium Perchiorete Samples From Rrgime
I fa, &, c) 3,300 pria; (d) 4 000 psia, Arrow in {a) poirts o lip.




view a portion that was shielded from the flame. The
portion that the flame contacted exhibits the needle
structure, wlereas the shielded portion exhibits a
differenmt surface structwe. Thus, by corabining the SEM
results with those obtained by cinemicrophotography, it
is possible to show that the needle structures are
indicative of proximity to the flame.

SEM micrographs taken of Regime 1V samples show
that needles cover the entire surface (Fig. 11), and the

FIG. 1L Quenched Ammonium Perchlorate Scmples From Regime
TV, fa, by 4 2001 psia, (e, d) 5,200 psia.
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high-speed motion pictures show a pronounced orange
Name adjacent to the burning surface, thus confirming
the above hypothesis.

The use of cinemicrophotography to examine the
dynamics of the combwstion and the SEM to examine
the microstructure of quenched samples has made it
possible to study not only the self-deflagratizn of
ammonium perchlorate crystals but also the buming of
propellants and the agglomeration of metals. To
illustrate how valuable these two tools are when used in
conjunction, consider what we have learned about the
energy transfer mechanisms occurring during
self sustained deflagration of a single crystal of
ammonium perchlorate. At the low pressures of Regime
l, we have seen that the suriace it covered by a froth,
It is our hypothesis that decomposition occurs either
within or beneath the melt and that the e¢xothermically
reacting gas products are entrapped within the melt. The
heat produced by the exothermic reaction is transferred
by conduction through the froth to the unreacted solid,
thereby providing the energy required for further
decomposition. As the pressure is increased, the liquid
becomes so thin that it ruptures into droplets, and it is
there drople:s that produce the vaileys. The reactions
become concenirated within the valleys, and
three-dimensional heating occurs within the solid.

Iln Regimes 1 and 11, enersy is trznsferred from
exothermic reactions occurring on  the surface. In
Regime |, reactions occur within the froth; in Regime
11, they occur al activity sites (Fig. 9b) in the valleys,
Encrgy is transfericd to Reginie 111 and 1V samples by
vonduction from the gar [lame. In Regime 111 this Name
is unsteady, and consequently the deflagration rate of
the crystal decreases as seen in Fig 6. In Regime IV
the flame is steady. and the deflugration rate increases.

15
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FIG. 12. Two Magnifications of an Unheated Spherical Aluminum
Farticle. Digmeser is 105 p.

FiC, 13, Two Magnifications of an Aluntinum Farticle After Heating
! I,JDOJCM Atmospheric Pressure,

L L

FIG. 14, Broken Alwminum O xide Shell f2) and (Ttuse-Lp ot Inner
Surfuce (h).
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METAL AGGLOMERATION AND COMBUSTION

Mrtals are a uscful propellant ingredient only if they
react completely to finely subdivided products and do
nat impair other combustion characieristics such as
stuhility and burning rate.

When a metallized propellant burns, mctal tends 10
accumulate on  the buming surfacs, agglomerate into
larger particles, ignite only reluciznly {compared with
uther reacting ingredients), and burn relatively slowly
while moving away from the surface, The pracess is
complex, lut the mechanisms have heen substantially
clarified Iy studies of behavior of single und multiple
particles in simple laboratory situatians, SEM analysis of
the residues from these experments has contributed to
our understanding of the processes. These cxperiments
reveal the nature and behavier of protective oxide on
unignited particles, the breakdown of the oxide 1o
pemmit sintering che agglomeration, and the ignition and
cumbusticn al particles. The observations allow us to
imterpret  the behavior of metal  ingredients  during
prupellant rambustion,

Preignilion Behavior of Metals

The wormnulation of metl particles un the sarbie of
the propellant and suhsequent  agglumeraion nf these
individual particles into lamger particles hive o maurked
eflevt un the cambustion cfficiency and stabnliny af the
vamhuostion.  For ahis reason, knowledge ol the
mechanivm ol agglomeration v of  cinsiderable
importmee i salid propeiln reseanh. Prior ta his
SEM stwdy, ma systemaric Lihoratory seale investigation
af the agglomeration phenomsnan ad heen reparted,

When  aluminnm particles are incoporated  in  the
propellant mis, they have an oxide coating resulting
from  cexposure ol ahe metal 1o the atmpsphere, Onee
this - axide  attains @ 1hwkness uf o few  andred
angstoms, i oserves s o dilfusion haerier ta additiond
ovidation  of  the  meta. Since rapid  oxidation s
wevessary for efTivient ignition, it was thoaght thar 1he
orvide biver wonld alsa hiwder the combustion of the

aluminum. It was assumed that the oxide coating would
continue to be protective until the individual aluminum
particles, exposed by the regression of the burning
propellant, were convected from the surface and ignited
in the flame; ignition would occur only after the
aluminum oxide had reached its melting temperature
(2067°C),

The occurrence of particle agglomeration on  the
burning prapellant surfuce, which is at a temperature of
about 700°C, contradicis the above assumption and
indicates that reaction of the metal is occurring at these
relatively low temperatures and that oxide protectiun, in
the sense descrihed above, is not controlling.

Agglomeration is undesirable for several reasons. I
has a ditatory effect on the particle ignition; it decreases
metal combustion efficiency because of the formation of
very large particles (200 to 1,000 microns): and it
produces thermal and velocity losses in the gas stream,
thereby reducing overall propulsion clficiency.

To determine the details of the alumirum
agglomeration, spherical aluminum particles (about 100
microns  in diameter) were healed to  temperatures
between 600 and 1400°C in  different gases at
atmospheric  pressure, and  the resulting  agglomerates
were eximined with the SEM. Figure 124, b shows a
iypical auminum paricle hefore heating. Figure 13a, b
shows a similar particle 1hat was heated to 1400°C at a
rate of more than 1000°Clsecc. 11 can be seen that the
unhcated  particle  has a  relatively smooth  surface,
whereas the heated particle has a4 newwark ol Ywelded”
sedims cuvering a cnarse surfave.

Same af the heued partiles displased a netwerk of
searts un the surfuce and were also hollow (Fig. 14},
imlicating that 1the wluminam was molien and was able
to fluw our afl the nxide shell, These oliservations are
impartant  hecause  they  indicaise  that the  molten
aluminmn fluwed out throngh cracks in the axide shell
aml, un expovare tw an oxidizing atmoiphere, formed
anidr ahat weliled the crack closed. This
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flowing of molten metal and subsequent oxidation, or
welding. is believed to be responsible for the formation
of bridges between two or more particles (Fig. 15).
Samples heated at lower rates were also examined
with the SEM, and they provided an explanation for the
formation of the cracks. Micrographs in Fig. 16 show
the surfaces of aluminum particles that were heated at a
moderate tate (less than 900°Cfmin} in air to preset
temperatures. The suraces are stili smooth at 690°C
IFig. 16a), cracked at 845°C (Fig. 16b), and granular at

FIG. 15, Two Aluminum Particles Joined by Sridging {a} and Close:
Up of Bridge Area {b).

1040 and 1200°C (Fig. l6c, d). The cracking, flowing,
and welding (cxidation) sequence hemins at the mclting
temperature of the auminum and grows more severe
due to the large difference in the coeflicients uf thermal
expansion of liquid aluminum and solid aluminum
oxide, the ratio being about 3:1, The aluminum oxide
expands less rapidly than does the molten uminuin,
and it therefore cracks.

Combustion of Single Metal Particles

Aluminum and Dberyllium are the most important
metal fuels for rocket propulsion. The cumbustiun uf
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single particles of these and other metals has been the
subject of extensive rescarch. Application of the SEM as
the major diagnostic tool in the study of the evolution
of Lurning particle geometry has permitied significant
progrzss in the interpretation of droplet combustion
behavior.

In these experiments, a single panticle (foil, sphere, or
granule} is ignited by either a xenon-flash-discharge lamp
or a ncodymium-doped glass laser and permitted to burn
while fiecly falling through a reaction chaiitber having

FIG, 16, Aluminum  Parvicles After Ht:mu in Hor Stqge ot

& o
Annttlphtﬂd' pressure 1o 0% C fa), 845 C (b)), 1030 C fv) umd
1200 C (d),




an appropriate oxidizing atmosphere. To study the
evolution of buming particle geometry, single particles
are quenched on Pyrex plates located at varicus heights
in the reaction vessel. These samples are then withdrawn
for examination with the SEM.

Aluminum and beryllium are both said to bumn by a
“vaportransport” mechanism. Most of the combustion is
a reaction between metal diffusing from a vaponzing
droplet and an oxidizer. This reaction is illustrated in
¥ig. 17, A chzractenstic feature of metal combustion
reactions is the production of condensed oxide, usually
in the form of smoke. In the combustion of many
metals ({especially aluminum and beryllium}, this
condensed oxide also diffuses back to the droplet
surface, where it often accumulates in  significant
amounts, SEM examination of product accumulatien on
the burning droplet has provided a major advance in
metal combustion research.

Aluminum. During the early duays of aluminum
particle combustion research, one of the hypotheses
enjoying widest acceptance held that burning aluminum

SR AL UMMM :
‘:', . YT '{
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Fit, 12, Simpliffed Vapor Traasport Combustion Model for Merat
Draplet Burning,
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particles possessed a molten skin of aluminum oxide
that became inflated during combustion by vaporization
of the enclosed metal droplet. Tt was thought that
contnued vaponzation caused the vapor pressure to
exceed the surface tension of the oxide skin, resulting
in the catastrphic droplet fragmentations that were
widely observed. Quenched specimens examined with an
optical microscope showed that burning aluminum
particles did not in fact possess such a skin (Refl. 7 and
8). Rather, the oxide or other preduct fermed a globule
suhsequent to the ignition and grew nonsymmetrically,
preducing a bilobate droplet. Altliough convincing, this
low-power (about 60X} optical microscepe examination
revealed only the gross features of the droplet, and it
was not until samples were examined with the SEM that
the complex structure of the bilobate geomsiry became
known., Figure 18 shows an example of a
photomicrograph generated by each technique.

Signilicant detailed changes in the droplet geometry,
which affict the mode of termination of droplet
combustion, have been observed. The accumulation of

L] L

FiG. 18, Comparison of Photomicrographic Technigues for Nominal
4600 Atuminum Particles Quenched While Burnlng in Amllent Ale,
fa) Taken by aptical microscape with long bellows and 32.mm lens;
b} taken by SEM,
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product on the droplet prior to fragmentation may be
seen in Fig. i9a, b, ¢, which is a composite of SEM
photographs showing droplet evolution. The oxide
globule on the droplet, fommerly thought to be
lens-shaped, is now seen to be a fumarcole (Fig. 19b).

Observations by SEM of changes in this fumurole<cap on
numerous samples quenched after various burning times
have assisted us in intespreting the processes leading to
ineilicient combustion and [fragmentation of burming
droplets (Ref. 8).

FiIG. 9. Evolurion of Bumning Aluminum Dropler.

FIG. 20, Evolution of Beryllium Drople Bumning in 20/80 QxygenfArgon.
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Beryllium. Although beryllium appears to be a useful
propellant ingredient, we  lack  knowledge of the
combustion of this metal, primarily because of handling
problems associated with the toxicity of the combustion
products. Beryllium is unique among the metals used as
fuels in rocket propulsion. The most significant property
is that the melting point (2820°K)} of the product oxide
(BeO) is higher than the boiling point (2757°K} of the
metal, This is important to the metal burning rate and
mechanism, because it creates the pussibility of oxide
encapsulation and subsequen fecezing, which will result
in the termination of vuporphase combustion. Few
single-particle  beryllium combusiion studies have been
performed to date, and prior to our recent investigation
using the SEM (Ref 9). no uscful photographs of
quenched beryllium particles existed.

The power of the SEM us a diagnostic tool, when
used in conjunction with other sources of data, may be
illustrated by citing a {ew major advance. in  the
knowledge of berylium  combustion  cbtaned by
applicatien of the SEM 1o what wis zn expleratory
serics al cxperiments,

A series of SEM micrographs is presented in Fig. 20a,
b, ¢, showing the evolution of droplets formed from
xenon-flash-ignited beryllium foils, with exiensive growth
of hexagonal BeO ncedles frum  the surface of 1he
spongy.  stillunmolten metul. The specimens  indicate
that the choplet temperature aises sufficiently 1o melt
the encapsulating axide, but that hea loss through
radiation te the cold enviromnent is sufficient to cause
freeving of the oxide. which rermicales combousiion
Pevelgunent of  BeQ needles  and
stbisegquent cucapsulaticon «f burning beryllium  dreplets
had nut been scen befure this SEN investiga ion,

prematarely.

The effeer of water en the wmetal conbastien in the
recket meler cavinament s significant, Water, poresent
2s a combustion hy-preduct, is pustuloed e affect the
beryllium combustion weording e the fullawing:

HeOp) v 1300 () — HelOllhg,,

In a2 dry envitowment.  bervlliom  dropdets lecome
cwgasslated with woide, with suloscgquent freeszing and
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quenching of the combustion. The process in Ea. 2
would be advantageous from the standpoint of removing
the encapsulating oxide and improving the combustion
efficiency of the metal,

The effect of water is shown in Fig. 21, which
compares two flash-ignited beryllium particles bvried in
mixtures of 20% oxygen in argon and gquenched zfter
equal burning times. One atmosphere contained no
water, and the other was saturated with water vapor at
28°C. These micrographs demonstrate conclusively that
oxide is transported from the surface of the burning
droplet in the presence of water, probably by means of
the reaction in ¥q. 2.

FI1G, 21, Comparison of Droplets Showing the Effeer of Waler va
The Combustion of Xenon-Flash fgnited Beryllivum Parficles Burning
i MNO OxygeenfArgon. (a, b) Particle burned in armosphere st

wraTed with warer wipor, §i, o J particle burned (n dey gas
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FIG, 22. Ammonium.Perchioraic [Polyurethane Propeilant Quenched
at JOi! psia fo, b) and at 200 pgia [c. d, e, f).
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SURFACE STRUCTURE OF COMPOSITE SOLID PROPELLANTS

In order to predict quantitatively the combustion
behavior of solid propellants, it is necessary to reduce
the description of this behavior to a set of relations
that are amenable to mathematical expression. The
surface structure of a burning solid propellant must be
considered when attempting to model the propellant
combustion mathematically. The majority of models
proposed for steady and nonsteady combustion of solid
propellants treat thz burning surface as a dry, planzr,
homogeneous entity with one simple Arrhenins
expression describing the kinetics of the processes over
the cnlire surface. For compotite propellants, this
obvicusly is not the case. One reason for such
simplification is that the complex reality can be reduced
to a more tractable mathematical representation.
Another reason is that detailed information cefiring the
structure of the surface accurately enough to construct
such 2 model is not available, Because of the latler
reason, we initiated an experinental investigation to
provide a bewer understinding of the physical nature of
the surface and to derermine, il possible, the extent of
hetcrogenvous or subsurfave reactions. In this swdy,
burning propellant  samples were quenched and then
examincd with a SEM 1o infer the sirucwure of the
burning surface prior to quench.

The unmetallized propellints tesied consisted of a
crystalline  oxidizer and either polyurethane or
carboxylieminated  polybutadiene (CFPB) binder. Vhe
propellants were formulied  with oxidizer particles of
wne size, uninodally distributed, or oxidizer particles of
two sizes, bimodally disnibuted, with no addidves such
a5 burning-rate  catalysis  or powdered meral. Smuall
strands  of  these propellants were burned al pressures
between one atmaosphere and BH) psia in a combustion
boml  conlaining  an daert gas, Onee  steady  slate
conditions were attained. the ssmple was extingvished
by rapid depressurization of the combustion bomb. The
cxtinguished samples were cut te an appropriate size,

plated with a gold/palladium alloy of a few angsiroms
thickness, and e¢xamined and photographed with the
SEM.

Results typical of this study are shown in Fig, 22-25.
Figure 22 presents SEM  micrographs of samples
consisting of ammonium perchlorale and a polyurethane
binder that were bumned and quenched at 100 psia (Fig.
22a, b) and 200 psia (Fig. 22c, d, ¢ f). Inspection of
the photographs reveals that at low pressures the
pyrolysis rale ol ammonium perchlorate was lower than
that of the polyurcthane binder, thus confiming the
observation reported by Bastress (Ref. 16} that the
ammonium perchloraie protrudes above the binder at
low pressures. Also, the smooth appearance of the
binder suggests that it was molien during burning. 1u is
of interest to note that all of the views shown in Fig
22 indicate definite undercutting of the binder at the
binderfoxidizer particle  boundary. Such undercutting
illustrates the error of using one space coordinate to try
1o describe the combnstion. Figure 23 illustrates the
cffects of pressure on the surface struclure, The
photographs on the left (Fig. 23a, ¢, ¢} are of samples
obtained a1 100 psia; those on the right (Fig. 23b, d, 1)
were oblamed at B0 psia Both sets of samples
conclusively demonstrate that the binder was molien
prior lo quench. At the lower pressure, the ammonium
perchlorate crystals protrude above the binder sutface,
and undercutting is agan noted. AL the higher pressure,
the crystals are recossed below the binder surface, to
the extent that the nolten binder has apparently flowed
inte Lhe recesses amd covered the crystal surfaces
(possibly  during extinguishment). This  phenomenon
provides an cxplanation of why some polyurethane
propellants do not susiain combust,on at pressures above
approximately 800 psis. as previously reported in Ref.
10, As 1he pressure is increased, the regression rate of
the ammonium  perchlorate eventually becomes greater
than that of the binder. and the molien binder then
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b

FIG, 23. Ammonium-Perchlorare/Polyurethane Propellant Quenched
ar 100 psia (a, c, ¢) end ar 370 psig (b, d. f). Note the difference of
position of oxiditer relative 1o binder for the two cases,
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FIG, 24 Quenched Ammonium.PerchloratejPolyurethane Propeilans,

flows over the ammonium perchloratz crystals inhibiting
their combustion and causing extinguishment.

Earlier we showed that, under certain conditions,
cmmonium perchlorate crystals have a surface melt.
Prior to the SEM swudies described heiein, there had
been considerable controversy surrounding the question
of whether these crystals in the propellant matrix
melted or sublimed during combustion. The SEM
permitied us 1o make a detailed examination of
quenched propellant zamples, which showed that the
ammonium perchlorate in a burning propellant it molten
(Fig. 24 and 25). The bubble formation shown in Fig.




24 is similar to the structure seen in Fig. 8, which was
interpreted as cvidence that the surface of the
ammonium perchlorate consists of a thin molten layer.
Gases formed from the decomposition of the crystals
within the molten layer expanded during rapid
depressurization, causing the bubble formation as the
melt froze. Indeed, it would be difficult to explain the
bubblelike strvcture without assuming the existence of
a liquid state. Similar structures are evident in Fig. 22
and 25, as well as in the majority of the samples
studied. The volcano-like structure seen in Fig. 22a, ¢,
and Fig. 25 and the vented structure shown in Fig. 22c,
d also indicate that condensed phase subsurface reactions
have taken place within the crystal prior to quench.
These structures are in agreement with those observed
when pure single crysials of ammonium perchlorate are
burned, quenched, and examined.

By mechanically stressing the quenched samples, it
was possible to break the ammonium perchlorate/binder
bond, relcasing the crystals as seen in Fig. 24,
Examination of the dizsplaced crystals shown in Fig. 24¢
and one of the craters lelt undisturbed in the binder,
shown in Fig. 24d, shows no indication of subsurface or
interfacial reaction between the ammonium perchlorate
and the bindcr,

In order 1o explore the effect of binder type on the
surface structure, a propellant coataining a CTPB binder
was tested. Results from these tests at 600 psia are
shown in Fig. 25, The micrographs indicate that the
surface of the ammonium percnlorate crystads  was
molten and that subsurface reactions in the molten
phase  of the amonium perchlorate resulted in gas
liberation within the molten phase. The micrographs
seen in Fige 25d. [ scem (o indicate that interfacial
reacttons  were naot  present  at  the  binderfoxidizer
interface at this pressure. No undermining was observed
on wamples obtained at other pressures, indicating a lack
of interfacial reactions with the CIPB samples. Also,
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FIG. 25. Ammonium-Perchlomee(CTPB Propeltant Quenched ar
400 peia.
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there is no indication of the CTPB binder melting, as Just as different binder types behave differently
there was with the polyurcthane binder (that is, the during combustion, so do different oxidizers. Figure 26
binder does net have a smooth appearance or the oresents  photomicrographs of a rescarch propellant that
“cracked-mud" appearance seen in Fig. 25). contained polyurcthane binder and HMX

FIG. 26. Quenched Samples of Cyclotetramerhylene te rranitramine | FIG, 27, Bridges Between Aluminum farticles on Quenched Surface
Polyurethane Propellant. of Propellant.
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{cyclotciramethyleneletranitramine). The HMX behaved
diflerently than the ammonium perchlorate in that it
seemed 1o have reacted beneath the surface of the
propellant. The meliing point of HMX is about 286°C
{compared with about 600°C for ammonium
perchlorate), and therefore it is (o be expected that
HMX might mel¢ beneath the sarface of the propellant
{while ammonium perchlorate would not). This may be
seen in Fig. 26c, d. Figure 26d is a profile of a cleaved
sample shawing the depth te which the oxidizer will
react.

The additioe of auminum to the propellant mixiure
intrudures  further complexity due 1« agglomeration.
Quenched sumples «f  uluminized propellant  were
oblained using the 1echnigue  described  earlier. The
topolugy of the quenrhed surface was so irregular that
high-magnificition wptical microscupy was unsatisfuctory,

SEM miceographs (F1G. 274, b, ¢, d} show that the
aluminem  particles  (original nominal  diameter of 15
microns) in the prepellint agglomerate by bridging. The
liigher meguification pictures shuw  vestiges ol welded
cracks wrass the bridge,

Figure ZBa, b, v, o is 2notlier view ol the quenched
psgpelliont, Agaite beridging of aluminmm particles may ke
seen. With the large depth of held of the SEM, it is
possitde 1o sce  the aluminum  agglownerates on  1he
prapellant  binder  and  «n  ammonium  perchlarate
Jearticles.  Since the agglomeration of meal particles
octurs on bath the binder and the oxidizer surfaces, the
inference  is  that the termpersture and  duration of
expusure  experienced Iy the  particles  are more
impertact Tactars in the agglemeration than is vhe
sarrauding  chemical  environmem. This is  impurtans
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because it allows us 1o perform meaningiul laboratory
tests  of aluminum agglomeration and combustion
without undue concern about the choice of oxidizer or
binder.

feh |l

FIG, 2N, Bridget Between Aluminum Particles on the Queached Sur
fave of Oxidiver and Binder of Propelianr,
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SUMMARY

The SEM has made contributions to several phases of
propellant rescarch, We have indicated in a limited way
the complex interdisciplinary nature of the problem. In
this report, which was prepared for persons not
necessarily  familiar with combustion research, it is
difficult to summaiize the large amount of information
that we have cb'ained by using the SEM. Rather than
just list the findings, we have chosen to group them
under the headings of Phenomena 3cen for the First
Time, Controversies Resolved, and Hypotheses
Originated. Such  categorization more closcly reflects
how the SEM has assisted us 1. our research. In our
application of the SEM 1o th. problems of solid
propellant combustion, phenomena that were observed
for the fiest time were often used 10 resolve
controversics concecrning  cxisting combustion or
agglomeration mechanisms.  Alternatively, these new
findings often led to a rejectinn of cxisting mechanisms
and to the hyputhesis of new ones.

Phenamena Seen fur the Fust Time

Among the sighifirant phenvimens seen for the st
timie arc the following:

® Decompnition  sites  pu snmonium  perchlorate
crystals, reflecting the growih habit of the reysials

® Rewtion sites on amntonium perchiorate onystals
dwing deflagration, reflccting the diiferent enemgy
1ransfer mechunisins

® Bridging between alumium  partivles, the
fundameutal step in the agglomeration of metal
partivles

® Growih ol beryllium oxide necilles o1 o burning
beryllium droplet, indicating growili of ovide from
ihe vapor phase hefore the nietal had melted
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® Removal of encapsulating beryllium oxide by
waler vapor during combustion of beryllium
droplets

#® Formatien of a surface melt on  ammonium
perchleorate particles within the burmt propellant

Controversies Resolved

Some of the observations that we made allowed us
te resclve controversics ciisting belween  several
hypothescs. Examples:

® At low pressures (less than 2,000 psia}, ammonium
perchlorate deflagrates with a melt instead of by
direct sublimation.

® Fragmentation of burning aluminum particles is
caused Ly overpressure within an oxide globule
acting on the droplet surface, rather thun by
superheating of the droplet itself.

® Interfacial reactions between ammonium
perchlorute and bindees are not imporiant for the
combusiion of prupellants,

Hypotheses Originated
Resulis of ywr work have led w the follewing
hypotheses:

® The dcflagration behavior of
perchlorate can be
phenomenological
(Table 1).

¢ Sclfextinguishment of polyurcthane propellants a1
high pressures is caused by the molten binder
flowing uver and covering the oxidizer.

o Agglomeration  of  aluminum  particles @5 less
dependent on the chemical environment than on
the temperature aml heating rate.

ammuonium
divided in four
pressurc-dependent  regimes
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[T amstRacT

The scanning electron microscope (SEM} has provided data which have been used to infer the
physical and thermochemical mechanisms of the (ollowing processes: ammonium perchlorate
decomposition and deflagration, aluminum combustion, beryllium combustion, aluminum
agglomeration, and solid propellant combustion,
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