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ABSTRACT. This report sontains studies of the following

behavior cf pure single crystals of smmonium perchlorate:
decomposition in vacuum, high hesting rate decomposition
at atmospheric pressure, self-deflsgration iz nitrogen

atmospheres of 275 < p < 5000 psia and deflagration in
methane atmospheres of 15 < p < 200 psia.
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1. INTRODUCTION

This report summarizes resesrch conducted from October 1967 through
March 1968 which wss performed to assese the decomposition and deflagra-
tior behsvior of ammonium perchlorate (AP). Crystalline AP, used in g
graculated form, is the oxidizer and principal ingredient in most modern
composite propellsnts snd its behavior in the combustior. zone greatly
influences the overall combustion of the propellant. The results pre-
viously obteined mzy be found in Ref. 1 and 2.

This report may conveniently be divided into two psrts, (1) low
preasure decomposition studies snd, (2) high pressure deflagration studiec.
The low pressure decomposition studies were concerned with {a) micro-
scoplc exsmination of the interface decomposition of pure single crystalp‘
of AP in vacuum and (b) a scanning electron microscope (SEM) examination
of the surface morphology of AP crystals subjected to high hesting rstes
at stmospheric pressure. The high pressure deflagration studies included
(3) the self-deflsgration behavior of pure single crystals! of AP in 2
nitrogen atmosphere of 300 < p < 5000 psia, and (b) the deflagration of
AP crystals in methane atmospheres of 15 < p < 200 psia.

2. AMMONIUM PERCHLORATE DECOMPOSITION

2.1. INTRODUCTION

The microscopic examination of the interface decomposition of AP
single crystals was found to be an excellent method to measure the
kinetic parameters of the decomposition process. Experiments have been
made between 221°C and 231°C, temperatures below the phase transition
temperature of 240°C, and at a oressure of one atmusphere (Ref. 1-2).
During this reporting period the study of pure AP single crystsl decom—
position was continued in vacuum below the phase transition tempersture.
In addition, work on high temperature decomposition wae initisted by
heating single crystals with a flame or hot platinum. The topology of
the decomposition was studied hy SEM.

1 1he pure AP crystals used in the studies were grown by Dr., W. R.
MeBride of the Research Department, Michelson Laboratory, Naval Weapons
Center, China lake, Cslifornia. A description of the technique is given
in Ref. 1.
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2.2, LOW TEMPERATURE DECOMPOSITION EXPERIMENTS?

During the decomposition of orthorhomhic AP crystals st low vacuum
{20 mm Hg) end et etmosphsric pressure, a condeosste was ohtaioed on a

‘cool quartz plate (Ref. 2) which wss snalyzed to be pure AP. This indi-

tated an sppraciable subiimation of AP ever et atmospheric pressurs snd
caused doubt ebout the rols of sublimation in the messurement of decom-
poeition ratee. It ie gensrally assumed (Ref. 3) that the first step of
decomposiiion in ths low tempsrature region is the dissociaticn of AP
via proton trensfer

+
nu*c104 < NH, + HC10

3 4

followed by otber reactions, such ss descrptioco, coodeosed and/or gas
phase reactions of the products. There are ssverel methods which may be
ured to shift this equilibrium; for evampls, the sdditico of NHj tc the
gae phaee (Ref, &) or by chaoging ths pressure of ao loert atmosphere
scound the samplz. In order to study the possible iofluencs of pressure
ths decomposition, ths experiments were repeated at a vacuum pressurs of
50 x 2077 mm Hg and the rssults compared with ths dats obtsioed at aimo-
ephecic pressure.

The courae of the decompositico st a pressvre of 50 x 1077 mm Hg was
ths sams es under stmospheric pressure (Ref. 1). Ths ssqusnce of events
was:

1. Nuclastion or initistion of decomposition sitss on the differsot
cryetsl faces.

2, DNuclsi growth, disk-like on m-faces, streak-like oo c-facss with
ths streaks running psrsllel to the b-axis.

1, Overlepping of ths decompositico sitss and develcpment of a
porous layer,

&, Interfacr decompesitioo hetweeo porous layer and undecomposed
cryetal cors,

Howsvar, thers wee s checectaristic difference between decompositioco at

00

stmcspheric prseeurs end vnder vecuum. At atmovrheric pressure the porous
rasidus leysr grew lioearly with tim2 and at com, =tion of the partial de-

conpoeition ths poroue residue occupied the volums of ths original eingle
cryetsl, Undsr & vscuum of 50 x 10°3 wm Hyg the poroue residue leyer grew
ooly to e thickness betwesn 50 y snd 100 u.

2 Thiy work wee eupported by Nsvel Ordnence Syelema Commnod ORD-033

129/200 1/R001-06~01, Problem Aseigmment #5, end ie rsported hsrs for con-

tiannity.

2
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The Interface decomposition rates in vacuum have been measured and
compared with the values obtained at atmospheric pressure. Due to the
vacuum sublimation of the residue layer the method of vate measurement
was slightly modified. Instead of measuring the thickness of the porous
layer as a funccion of time, the method used at atmospheric pressure,
the decrease in size of the undecomposed core of an AP single crystal
was determined as a function of time. This allowed the evaluation of
the interface velocity since the original crysrz' size was kanown.

Figure 2.la-d shows a crystal in an advanced decomposition state
typical of partial decompositicn in vacuum., The structure of the porous
layer 1s not as smooth as under atmospheric pressure. One can clearly
distinguish the m-faces with shallow dips from the c-faces with a stresk
structure. Pigure 2.2 shows the penetration of the decomposition inter-
face into AP single crystals as a function of time as measured at 221°C,
226°C, and 231°C and a pressure of 50 x 103 mm Hg. The penetration
rates obtained from the slopes of the straight lines in Fig. 2.2 were
entered into an Arrhenius diagram (see Fig. 2.3) from which the pre-
exponential factor and activation energy for the interface decomposition
under vacuum were calculeted. In Table 2.1 the values are compared with
those obtained and reported earlier (Ref. 1) for the dacomposition at
atmospheric pressurs.

TABLE 2.1. Kinetic Paramcters for the Decomposition
of Pure AP Single Crystals at Atmospheric
Pressure and 50 x 103 om Hg

P *Preexponential Activation
reasure, .
mm Hg factor, Energy,
cm/sec cal/mole
50 x 1073 2,9 x 103 21,100
= 730 (Ref. 1) 6.5 x 103 21,900

The activation energies are approximately the sane and the preexponential
factors differ only by a factor of two. Tiis indi:ates that the same de-
composition mectanism can be assumed Iin the pressure range investigated.
Assuming dissociation by proton transfer as the decomposition mechanism,
one can distinguish two systems (see Fig. 2.4). One system consists of
three phases, namely AP single crystal, porous AP residue and a vapor
phese and two components, namely NH, and HC104. The other systeu con-
aists of two phases (porcua AP resigue and vapor) and two components

(NHy and HC10;). The firc ..vstem, in a simple modei, would describe

the interface decompositiun wnereas the second system would govern
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(b)

(c) (d)

FIG. 2.1. Ammonium Parchlorsts Crystel in sn Advsnced Stete
of Dscomposition. Figurs (s) shows the streak structurs of

a ¢c-fsce snd shallow dips on m-fecss. Figures (b) through (d)
ere magnificstions of the c-face in Fig. (s).

sublimation. Applying tha phsse ruls, one c¢sn sse that the intsrface

decomposition has topochenmicel charscter. Witb thres phsses end twvo

| componsrts the system has only one dsgrss of freedom; thers is only ons

[ dissociation prsssure for e given temperature indepsndent of the concen-
- } tretion of the sclid phasss (degree of decomposition). Likewise, the

. decomposition vslocity of single crystslline AP snd ths formation velo-
N city of porous residus AP have to bs independent of the mass rstio of
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FIG. 2.2. Penetrstion of the Decomposition Interface into an

Ammonium Perchlorste Single Crystsl ss s Function of Tine.

Vacuum decomposition st a pressure of 5 x 1072 ym Hg. d =

distance from crystal surface to interfsace.
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FIG. 2.3. Arrhenius Plot of the Rate of Decomposition of
Orthorhombic Ammorilum Perchlorate Single Crystsls s a Func-
tion of Temperature. Vacuum decomposition st s pressure of
5 x 1072 um Hg.
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Vapor phese

Nﬂa + RC104

sublimation

Two phases (solid resi-
due AP 4+ vapor}, two
components (NI!3 + EC1°4)

Porous residue AP

(s0lid)
+ vspor phase
Three phases (AP (Nﬂa + HC10h)
single crystal,
residue AP, end
vepor phase), two
;c1o ) il (Nﬂ3 S AP single crystsl
e (s011d)
FIC. 2.4

the phuses and both reections have to occur et the same place. The only
plece possible is the contact surfece between single crystalline AP and
porous AP residue; in other words, the interface. This too would ex-
plain the pressure indepemdence of the interface decomposition. Accord-
ing to this model, the developing AP resldue would grow into the AP
aingle crystsl at the contect surfice, thus consuming the gingle crys-
talline AP, Thet megns the AP single crystfl as s whole would he involved
in the resction. However, this his not been investigated yet. In addi-
tion, not much is known about the influenre which AP decomposition
products, other than NHj or HC10,, have on the decomposition reaction
itself.

The experimentel setup has béen modified to allow the investigation
of the interface decomposition of iP single crystals st elevated pres-
sures up to 1000 psig. In eddition an effort will be made to measure
the thickness of the porous residue layer as e function of pressure he-
lews one atmosphere. Such iuformation would differentiste between the
contributions of sublimation end interfece decomposition end possihly
would permit the eveluation of the kinetic parameters of sublination.

2.3. THE SURFACE STRUCTURE OF AP SINGLE CEYSTALS DECOMPOSED
AT HIGH TEMPERATURES AND LJGH BEATING RATES

Vhereas previous results vere for the low temparsture isothermal
decomposition of AP single crystels, rockat propellents burn under very
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high surface temperature gradients, high heating rates, and high pres-
sure. In order to extend the study from isothermal experiments to high
temperature, high heating rate decomposition, AP single crystals were
heated by three different methods:

1. Directing a dry C0/0; flame against one of the crystal surfaces,

2. Dropping single crystals on a platinum surface preheated to
approximately 700°C and,

3. Pressing a hot platinum wire (= 700°C) into a single crystal.

The first method left the crysial surface open to the surrounding
atmosphexe so that the decomposition products could escape freely. In
addition, steady state decomposition could be achieved. The second
method of heating restricted the escape of decomposition products due to
the hot platinum surface in contact with the erystal surface. This
experiment could be compnred with hot plate pyrolyris experiments done by
other investigators. The skipping of the crystals om the hot platinum
indicated the vigorous evolution of product gases (vapors) and caused a
continuously changing heating rete. The tbird method produced the higb-
est heating rates and restricted the escape of the reaction products to
the preatest degree. In all three cases the crystsls decomposed for a
time and, after cooling, the surfaces were examined with the scanming
electron microscope. As one can see Iin Fig. 2.58—d through 2.12, the
results, depending on the method of hesting and decomposition, are quire
varied.

On heating a crystal with a dry C0O/0y-flame, the heated surface
which was open to the atmosphere took on a glasay smooth appearance.
In Fig. 2.5a-d part of an m-face is photographed at different magnifi-
cations. The great number of ridges which are roughly parallel within
areas were sssumed to be an artifact of cooling after hesting was dis-
continued. It was assumed that they developed on the recrystalliization
of a 1liquid layer present during decempoaition. However, direct micro-
scoplc observation of crystals decomposed with a flame showed thar often
the ridges were visible ithrough most of the Jecompositicn. Thus the
ridges and domzins cannot be assumed to be artifacts of the final cool-
ing or of the phase transition from the cubic to the orthorhombic modi-
fication. Since the surface pattern was rapidly changing and details
could not he resolved by visual observation, a movie camera will be com-
bined with the micrcscope to overcome the problem. Although tbere was
strong indication of a liquid layer on the surface of a crystal decom—
poaed by a hot flame, finsl proof hss still to be established in this
case. Figure 2.6a-d shows a corner secticn of the same m-face. Here
sgain, the more or leas parallel ridges (nmot ss long and sharp &s near
the center of the m-face) contzin transverse rippley with pits which
look like =ollapsed psrte of the surface. From the rupture line the
thickness of tbe layer was estimated to be spproximately 1/2 u. TFigure
2.7a-d shows a c-face of an AP crystal heated with the asme CO/OZ flame.
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()

FIG. 2.5. w-Fsce of AP Single Cryetal After Heating With a
C0/0,-Flame. ‘

Besidea smooth areas snd psrsllel ridges, one can aee rhcibohedral
structures typlcal for ¢-fa:es. One of the rhombohadral pita is ahown
in magnificetlon. However, the porous layer atructure, which ia eo
cherecteriatic fev the low temperature decompoaition, was not obaerved
on either m~ or ¢-fzces.

There ie & major change in appesrsnce if the surface ia not heated
openly but by 2onract with s hot plste. Photographs of erystala heated
by the hot platinum plate demonstrste thia change. Figure 2.8a-d shows

P —— i P Ee— e e————
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FIG. 2.hA. Corner Section of m-Fsce of AP Single Crystal After
Heating With a C0/0;-Flame (Same m-Fsce sa in Fig. 2.5).

psrt of sn m-face at different magnificationa. Characteristic festurea
are the dome-shaped atructurea which cannot be explained without asauming
aome kind of highly viacoua liquid. In addition, one can aee poroua areas
of the type obaerved for low temperature decomposition (T < 240°C).
Furthermore, the poroua parta of the m-face aeem to occur in the depressed
areas vhereas the half-domea conatitute the elevated aresa. Thia can be
aeen more clearly in Fig. 2.9z-d which ahowa & corner aection of the same
m-face. The half apherea, due to the good contact with the hot metal,
have to be considered aa hot apota which emitted vapora thua causing the




FIG. 2.7. c~Face of 4P Single Crystsl After lieetinz With s
€0/02-Flame.

crystal to skip. The depressionc would be et 8 lower tempersture leading
to e porcus surface, es obtaerved for the low tempersture decomposition.
‘ Figuro 2.10a—d shows e c-face hested by the sam< method. The festures are
i, very oimiler to those cbserved on m~feces. In sddition, decomposition
] strezks perallel to the b-axis of AY cen be seen which sre charscteristic
for the c=fece. This indicstes low tempersture decomposition occurred in
this psrt of the crystsl snd hence large temperature gredients existad
ecrows the surfscs.

.'J- 1o

il e B e

SR~ T —— S
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{c) {d)

FIG. 2.8. m-Face of AP Single Crystal After Heating With a
Hot Plate.

Finally, heating by pressing a hot wire into the crystal greatly
restricted the escape of producta between wire surface and crystal and,
at the same time, there was an open surface at the top of the cryatal.
The volume of crystal cecomposed was approximately the volume displaced
by the wire in the cryatal. The products escaped through the gap be-
twean wire and crystal towards the open atmosphere where expansion, rapid
cooling and condensation occurred. A picture of the resultant AP surface
is shown in Fig. 2.1la-d. At low magnification a hole can be seen on the
m-face of a crystal surrounded by the depcsit of decomposition products.

11




(b)

(d)

FIG. 2.9. Corner Section of m-Fsce of AP Single Crystal After
| Heating With s Hot Plste (Same m-Face ss in Fig. 2.8).

Especially intereating is s section of the rim of the hole in the center
- of the upper left picture. From the etructure, ita development can be
g inferred sa s pattern one obtains if a highly viscoua liquid 1s extruded
through an snnulua. Immedistely sfter leaving the hole the liquid crya-
tsllized by very rspid cooling to s highly porous material (Fig. 2.11).

The structure la identical to a crystal partially decompoaed at a

low temperature (Ref. 1). Figure 2.12a-d showa another aection around
the ssme hole. Again the apherical shape of the deposit implies thac

12
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(c) (d)

FIG. 2.10. c-Face of AP Single Crystal After Heating With a
Hot Plate.

a 1iquid phase was present. Although a deposit obtained by crystalliz-
ation of s condensate from the vapor phase shows a porosity (Fig. 2.13a-d}
similar to the one in Fig. 2,12, it doea not have a comparable macroscopl-
cal atructure (e.g., big poroua spheres) .

A few exsmples of similarities between the decomposition, as mani-
fested in examples described above and the high pressure gelf-sustained
deflagration of AP crystals, have been found. However, as yet, the
number of examples 1s nnt sufficient to establish correlations between
decomposition and gelf-sustained deflagratiom.




(c) {4}

FIG. 2.11. m-Face ¢f AP Single Crystal Aftsr Heatiny With a
Hot Wire.

2.4, SUMMARY

The inveatigation of ths low tempsrature dscomposition showed that
the interfscs decomposition which resulted in a porous residue is pres-
eure independent at and below ons etm pressure whereas sublimation of ths
residua contsining spproximately 65X of the original AP weight is highly
preasure senaitivs. Assuming an identical first reaction step in both
ceses, that is dissociation of AP by proton trsnsfsr, the kinetic parsm-
eters csn be ascribed to this stsp. By spplying high heating ratss snd

14
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(a)

FIG., 2,12. m-Fsce of AP Single Crystsl After Heating With s
Eot Wire (Section of Fig. 2.lla).

temperatures it wss found that s liquid phsse is involved in this kind of
decomposition even st atmospheric pressure. Althoug. there sre similar-
ities to the phenomenology of high pressure self-sustsined deflagration
of AP single crystels, it is too early to draw definite conclusions.

15
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FIG. 2.13. Ammonium Perchlorate Condensed From the Vapor Phase.
s
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3. AMMONIUM PERCHLORATE DEFLAGRATION

3.1. INTRODUCTION

Previcus Investigations (Ref. 1, 2, 5, aad 6) provided evidence
that a tbin layer of liquid material waa presert on the surface of pure
AP crystsls undergoing self-deflagration. Whereas nc such melt has been
reported for isothermal decomposition atudies, it has been observed when
the AP was rapldly heatad. In the case of self-deflagration, gaseous
decomposition products were trspped within this liquid resulting inm a
visible freth. It has been preoposed that this frotb may contribute
significantly to the heat trsnsfer necesssry to sustain deflagration
(Ref. 2). The investigstions conducted during thkis reporting period
were designed to provide information concerning the (1) deflagration
rate of AP as a function of pressure, (2) energy feedback mecharism
prevalent at different preasures, (3) mechanisms responeible for the low
pressure deflagrstion limit and (4) deflagraticn behavior of AP in methane
atmospheres st pressures below the low pressure self-deflagration limit.

3.2. DEFLAGRATION RATE OF AMMONIUM PERCHLORATE

In this investigstion single crystals of AP were deflagrated in the
spparstus described in Ref. 1 snd deflagraticvn rates were obtained from
high speed motion pictures. Advsntages of the technique of high speed
motion plecture photography over other methods of burning rate measurement
include (1) the measurement of surfsce regression to within +100 microns,
{2) elimination of discontinuities such as fuze wires or thermecouples,
and (3) a visusl record of the test which permits rejection of the rum if
the sample departed from one~dimension.l regression (coning or cupping of
the surfsce), or if an.salous nonsteady atate phenomena (stop and go
burning} cccurred. The movies alsc allowed observation of the surface
during defiagrstion of the sample.

The burning rste versus pressure results of this fuvestigation,
together with the resulis of other investigatinns, are presented in
Fig. 3.1. The rate results obtained in this study agree with thcose ob-
tained by others in the regime 275 < p < 2000 psis.

Above 2000 psia the data obtained using uninhibited single crystals
of pure AP agree qualitatively with the dsta of Bobolev, et al (Ref. 7),
Glaskova (Ref. 8), snd Friedman, et al fRef. 9), all of whom used
preased pellets. The data obtained by Levy and Friedman (Ref. 10) using

17
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FIG. 3.1. Deflagration Rate of Ammonium Perchlorste
Deflagrated in a Nitrogeo Atmosphere.

asbestos wrapped pressed pellets deviate siguificantly from that of the
other investigators. Becsuse of Friedman's {Ref. 9) low data point

{~.18 in/sec at 2800 psia.{Fig. 3.1)) and the extinguishment behavior they
ohserved, they cooclude that convective cooling along the nides of the
sample was xesponsible for the low point and extirguiahment and that such

cooling could he eliminated by the ashestos wrapping.

Glaskova (Ref. 8), in an investigation nf the effezcts of aample size
and wrapping on the deflagration rate, concluded that helow 500 atm
{approximately 7500 psi) the loss of heat h; the sample to the aurround-
ings played an insigoificant role on the combustioo rate of AP. Glaskovs's
testa to determioe the effect of asmple wrapping produced the data pre-
sented in Fig. 3.2. The curvea exhihit a negative slope for presaures
zbove 2000 psis, except for the fluorinated luhricant, even though heat
was added at the sample houndary by the comhuation of the Plexiglas and
orgaoic varnish shella., Glaskova aaserted that the difference in the
amount of heat liberated during the combustion of the vsrious shells and
of the fluorinated luhricant sccounted for the difference io rates.

18
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FIG. 3.2, The Effect of Sawple Size on the Deflagration
Rate of Ammonium Perchlorate.

The movies ohtained in thia investigation verify Glaskova'a conclusioms:
no pronounced cupping of the cryatal aurface (whicb would ocecur if con-
vective cooling were of consequonce) was ohserved. Thua the aaaertiom
that tbe negative slope of the deflagration rate curve is due to con-
vective cooling along the sides of the sample has not heen suhstantiated.

3.3. MECHANISMS WHICH DETERMINE THE DEFLAGRATION RATE

It haa heen hypothesized (Ref. 1) that energy tranafer to the self-
deflagrating AP crystal occurs primarily in two ways: (1) hy conductive
heat tranafer from the gas phsse to the condenaed phaae and (2) by exo-
thermic gas phase reactiona which occur in what might be called a pseudo—
condensed phase. This latter phase consiats of a liquid layer with en-
trapped gas huhblea whose nucleation and growth within the melt produce
a froth. Whereas one can readily estimate the amount of energy conducted
frem a reaction zone (flame), which is a given distance from the surfaca,
through the gas phaae to the eryatal (Ref. 12}, one has difficulty in
asaessing the amount and manner of energy transfer taking place in thia
froth., Beforc any type of thought as to the magnitude and manner of
energy travsfer within the froth can be initiated, characteriatica of
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thie frotb muet be knowa. High speed motion pictures were taken of the
deflagreting crystels in order to study the dynamic hehavior of the sur-
fece end thermally quencbed samples were examined using a SEM in order
to datermine the microscopic surfece deteils associated witb the com-
buetion. The window bomb described in Ref. 1 served es the combustion
chamber, end the cinephotogrephy was performed with magnificetions of

2%, end 4X and framing retee up to 4000 frames/sec. The specimens ex-
amined using the SEM were obteined by thermally quenching a self-
deflegrating crystal in e copper vise (Fig. 3.3); the quench occurred
1-2 mm ebove the vise. Such a quenching technique overcomes many of thbe
drewbecks associeted with the quenching by rapid depressurization pre-
viously used.

FIG. 3.3. ' Copper Vise Used to Thermally (uench
Ammonium Perchlorste Samples.

In order to facilitete Jiscussion of the observations and the energy
trensfer inferred from these cbservations, it is convenient to divide the
deflagration rets curve into four regimes (Fig. 3.4): (I} constant posi-
tive “.ope of ln r vereus In p curve in the region 300 < p < 900 psia,
(II) decreeeing poaitive slope of the curve with increaaing pressure for
the renge 1000 < p < 2000 pele, (ILI) negative slope for 2000 < p < 4000
caia, and (IV) {incruasing positive slope for p > 4000 psia.

3.4, REGIME I (300 < p < 900 PSIA)
The quenched surface of a sinjle pure AP cryetal burned in a 314 psia

nitrogen etmosphere ie ehown in Fig. 3.5a-f. Figure 3.5a shows ths over-
el) deteil of ths semple. It should be noted that the edges of the sanple
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30

100

Pressure, psio

FIG. 3.4. The Four Regimes of the Deflagration Rate of AP
Deflagrated in a Nitrogen Atmosphere.

(in contact with the cowper vise) experienced a more rapid quench than
did the interior. This is due to the contact of the edges of the samples
with the jaws of the vise. The bubbles clearly indicate that gas was
evolved through a molten layer. Whereas that portion of the sample
which was first cooled exhibits bubbles and froth, the interior portion
which wss more slowly quenched (Fig. 3.5c and 3.5f) exhibits the struc-
ture one might expect ir the liquid surfsce were slowly cooled to form
8 crust while at the ssme time gas wss still emanating {rom below this
cooled leyer. The holes seen in Fig. 3.5c can slso be seen within the
domed gstructure in Fig. 5.5f and it is thought that these holes extend
down to what had been the solid-1liquid interface,

A sample quenched at 600 psia (rig. 3.6a~f) 18 seen 0 pVEECEE
structure similar to that of the 314 psia sample. Once agsin bubbles
were formed at that portion of the sample which was most rapidly
quenched and a rended, crusted structure resulted on the more slowly
quenched interior. Again gas liberstion sites may alsc be eeen.
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In this regime (300 < p < 900 peis) charscterized by r = ep" it
eppeers thst energy releace takea place in the paeudo-condensed phsae
and edda to any contribution from tbe ges phase. The SEM picturea indi-
cate thet at these lower presaures a gss-entrspping melt was preaent
ee evidenced by tha bubbles frothy sppearance {Fig. 3.5-3.6). Because
these eamples were obtained from a thermal quench rether than depressuri-

‘ zetion quench, the bubblea are not an artifact of the method of quench,

¢s might be tie caae of quench by depresaurizing the test chambsr.
Perhaps of more eignificence than the bubbles, sre tha gea liberation
sitee (holes) epperent at the bottom of the bubbles (Fig. 3.5€ end 3.6¢).
The deptb of tbece sitee auggest thst the gsa which wsa entrepped within
the 1iquid bad {ts origin at the aolid surface snd progreased through
tbs liquid. Although it ie not readily appsrent wben these few SEM
pictures are viewed, the other pictures obtsined during this inveatigs-
tion indicatad thet ths tbickneae of the liquid layer decreased with
pressure. The sample pictured in Fig. 3.7s-c was quencbed st 900 psi
end reprassents a treneition between the sanples of Regime I and Regims II.
The SEM photcgrsphs indjcate that spote of minimum regreasion may have
existed on the aurfece but the motion pictures indicete thst s melt
covered the entire surfece et tbia pressure. By combining the saemingly
dieparate results, the following interpretation for the behavior of the
aelf-deflegreting cryatal st this trsusition presaure is proposed,
Consiatent with the observation that tbe melt tbickneas decresses with
preasure increase, it seems resaonable to aaaume (eapecielly wben the
eamples of Regime II sre viewed)} thst st this pressure the melt has be-
come extremely thin. Due to the thinneaa of ths lsyer, cool spots may
have developed during quench and the melt edjaceant to these sreas wss
drawn to end aolidiffed et the cool spots. Other ssmples will be cu-
tained at 800 pai end 1000 psi in order to aaaesa the extent of this
trsnaitional behavior.

3.5. REGIME II (1000 < p < 2000 PSIA)

Wherees the aurface obaerved in Regime I consiated of s froth thst
covered the entire surface, the surfsce of Regime II samples wss charsc-
terized by an unchanging psttern of ridges snd valleys. The SEM photo-
grapbs teken of the samples quenched in this regime present 8 continuoua
development of surfsce pattern with pressure es i1lluatrsted in Fig. 3.8s-c.
All of the samplea hed ridges and sites of sctivity in the vslleys, sl-
thougb at the higher pressure ths ridges sppesr to be elmost vestigisl.
It is {amportemt to note thet the reaction seems to teke plsce over pert
of the aurfece only and the ereas of liquid have s higher regressicn thsn
do the ridgea. Also of note is the difference of chsrscter of the ridges
et theee verious preseures. The length of esch ridgs seems to be sn
inveree function of pressure; the ridgea at 1200 psie sre well over 200 y

“in leagth whereas at 1800 paie very few are longer tnun 100 u. The ele-

vation of the ridges over the vslleys alac seems to be inversely pro-

porrismal to presgure,  Just se the cherscteriatics of the ridges sre s

function of precaure, the ectivity sites within the valleys sre elso
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~eriticsl vslue of liquid layer thickness the cohesive forces would be

~ pursued,

KWC TP 4630

pressure dependent. The samples quenched st 1200 psie (Fig. 3.9%a-f)
show s frothy material in the valley similsr to the surfsce of samples
from Regime I. The samples quenched et 1500 psie (Fig. 3.l0a-f), while
having the ges liberetion sitea surroundsd by the frothy materisl similar
to the 1200 peia esmples, elso show sctivity sites which contein de-
pressions of a ratber shallow nature and holes that sre filled with
" pillers. The holes seen in the valleys of the 1800 psi sample
{Fig. 3.1la-f) ere of the same eize as those seen on the 1200 snd 1500 pei
~samplee, snd They heve the structure obteined at high hesting rstes where
the reaction causes the vigorous expulsion of melt by gss in a manner
_anazlogous to the expulsion of levs by e volcano. Also in evidence sre the
pillars which will be seen to cheracterize the samples quenched st higher

. Since tbe maximum regression tskes place in the vslleys, it would
eppest that the ridges sre cooler than the valleys. Consistent with the
idea that the ridges ere "cool", the motion pictures tsken at 4X magnifi-
cetion indicate that often these ridges did not burn st ell, rsther they
peeled off from the surfsce unburned. The motion pictures also indicated
that the pattern of ridges snd valleys wse spstislly invariant with time.
Consistent with the observetions made for Regime I that the liquid seems
to decrease with increasing pressure, it was hypotberized that at some

greeter than the adhesive forces and the 1liquid film would be drswa up

into droplets. . If maximum energy feedback, hence maximum regression rate,
occurred through tbe liquid then this would explain the "fingerprint”
surface pattern of ridges and velleys observed by Hightower (Ref. 13).

Ths unchangieg pettern of ridges snd vsllevs and the peeling off of un-
burned ridges from the surface lend credence to this preliminary hypothesis.
‘Purther investigation test snd expsnd this hypothesis is currently being

3.6. REGIME III (2000 < p < 4030 PSIA)

As evidenced by Fig. 3.1, this is the region of greatest uncertsinty
as to ths magnitude end slope of the deflsgrstion rete curve. The diffi-
culty in igniting end susteining e burn in this region encountsred by
Friedman, et &1, (Ref. 7) when they used 4 mm diameter pressed pellsts
wee largely overcome by using samplea of 4 mm x 4 mm or lerger cross-
section. The results of this investigstion paertielly explsin thie be-
havior end future effort will be devoted to gaining further knowledge of
the responsible combustion mechanisms.

Vhereas the macroscopic regression in Regimes I and II was stesdy and
propagsted 2t s uniferm rete over the surface, high speed motion pictures
taken of samples deflagrating at the pressures of this regime dispiayed s
local regression which took place at separste concave sites. The pulsa-
tion, which wss slso noted by Bobolev, et 8l (Ref 7), arnd Glaskove (Ref. 3).
was dua to the reaction teking plscs st rertein sitea, ceasing st thosa
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aites and tnking place st other sites on the surface. Movies taken
without externmel {llumination {self-i{lluminatioco) of the self-
~deflagrating crystals showed an orange flame which changed location on
‘the regresaing surface with time,

_ Scanning electron microscope pictures of the sample ohtained at

2200 psi (Fig. 3.12s~f) illustrste three hesic types of atzuctures: (1)
holes eimilsr to those sppsrent oo the SEM photogrephs for 1800 pai

(Fig. 3.12b and 3.12c), (2) pockets of randomly oriected pillare

{Fig. 3.12e and 3.12f), and {(3) small peaks (FPig. 3.122 end 3.12d). The
pillara within the pockets of maximum regression sre associated with a
flame existing close to the surfece 65 shown in the following figures.
The peaks are eimilar to the vestigial ridges seeo on the 100 psi sample.

The surface of the sample which waa thermally quenched st 2800 psig
is presented in Fig. 3.13a-f and l4a-f. In Fig. 3.13b the sample is
graphically depicted and the leaders to the other pictures indicate
which portion of the surface was heing examined. The area of maximum
regreasion, that portion where the flame was observed, possessea the
pillar structure of Fig. 3.13c end 3.13f. Tue area immediarely sdjacent
to> the region of maximum regression, Fig. 3.13e, indicates thst a melt
may have heen present in this area. Figure 3.14 presenta enlarged views
of the pictures of Fig. 3.13.

The sample which was quenched at 3300 psig is presented in

Fig. 3.15a-f, 3.16e-f, and 3.17a-f. Omce sgain an area of maximum re-

gressicn (Fig. 3.15a and 3.15b) which possesses the needle structure

{Fig. 3.15d, 3.15e, and 3.15f) may be seeo. Figure 3.15d shows the

structure found at the hottom of the pit vhereas the structure foumd on

tho aide of the depression 1s shown {n Fig. 3.15f. It should be noted

that the "11p" eeen {o Fig. 3.15b fortuitously provides a chance to look at

Fig. 3.15¢ which was partly accessible to the flume while a portion was

shielded from the flame. That portica which was open to the flame pos-

aesaes the needle structure previously seen while the shielded portion

hes a differeot appearance. Other portions of the surface are seen in

Fig. 3.16. The structure of the material exposed to the flame (Pig. 1.16d,
" 3.16f, and 3.17a, h, d, and e) differe from the material far from the

flame (Fig. 3.16a, 3.17~, and 3.17f).

The nicephotogrsphy indicated that the pulsating surface regression
wvas caused by & flame which changed location oo the surface. The movies
also show that this flame is always asaociated with the maximum regression,
i.e., it existed in the pits. When suhjected to SEM examination, the
area of meximum regression (asacciated with the flame) exhidited a micro-
etructure of nzedles while the area immediately adjacent posseased s
atrocture which fndicated that s melt may have been present. These ob-
aervations made it posaible to formulate a phenomenologicsl explanation
for the deflagration io this regime. T. facilitate discussion a time
eecuence of the typical profilea of the cryatal {obtained directly from
the high apeed movies) with flame sitea sketched {n i{s shown in Fig. 3.18,
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FIG. 3.18. Profile of Regresaing Surfsce of
Ammonium Perchlorate Single Crystal Undergoing
Self-deflagration in the Pressure Regime 2000
< p < 4000 psi.

In the first profile the surface ignited in such s way that a few areas
were heated allowing the flames of the second profile to be estsblished.
These flames hested the adjacent areas and the flame spread as indicated
in the third profile. It should be noted that the context of profile
here is not one of consecutive frames on the film, vather an intervsl of
film is represented by consecutive profiles, so the fifth profile shows
the effect or tic flame spread and enhanced regression during the time
interval since the fourth profile. The sequence 18! (1) a portion of
the surface is heated, (2) flame spreads to heated area, {3) enhanced
regression rate ensues due to flame, (4) flame heats adjacent areas,

and (5) the cycle repeats. The result is the pulsating regressiom and
flame hopping observed in the motion pictures. This dependency of flame
spread on the heating of an adjacent area may help explain why difficulty
was encountered in the ignition and sustenance of self-deflagration for
small samples, and why the sample size would be a parameter affecting
the magnitude of the deflagration rate curve. Bobolev, et al (Ref. 7),
found that the surface temperature measurements were characterized by a
periodic change in temperature with a period of 50 msec and an amplitude
of 500°C (1000°C-500°"), and they also reported a pulsating flame.
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‘3.7. SUMHAKY OF SELF-DEFLAGRATION BEHAVIOR

The moticn pictures of murfscs and flame behavior, ths SEM picturss
#nd the deflegration rete curve ell indicate that the deflagration char-
actsr of AP can be divided into et leaat three regimes for the pressures
300 < p < 4000 pata and more probebly four regimes for presauree between

‘300 and 10,000 poisa. Teble 3.1 summerizes the most important aspects of
the deflagration of AP,
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4. LOW PRESSURE DEFLACRATION OF AMMONIUM
" PERCHLOTATE IN METHANE

This study was undartaken to escartain if the low pressure aalf-
daflagrarion limit waa dus to the inebility of AP to support e liquid
at pressures balov approximately 275 paie. Siogle crystels of pura AP
were daflagrated in methane stmoapheras ranging from 15 psie to 200 paia
and ' tharwally quanched ueing tbe copper viee dapicted in Fig. 3.3, The
thermally quenched eamples wera examined with tba SEM,

The eurface of tha sasple deflagrated and quanched in the 200 paia
mathane atmoaphere {ia depicted in Fig. 4.18-d. The surfece exhibite the
atructure previouely eeen to be characteristic of a melt through which
gas was evolved. The tbicknesa of the bubbla wall (Fig. 4.1c) indicataa
that the viacosity of tha liquid was significantly higher st this pree-
sure than it was at tha presaurea &t vhich ths AP would self-deflagrata.
The atructure shown in Fi=. 4.1d has the appearence of e previouvaly con-
atricted 1iquid which had rapidly cooled by expanaion after e very rapid
heating, and is aimilar to the liquid wbich wse spewed out when a hot
wire was shoved into the crystel {aee Section 2.3).

Tﬁe atructure of the surfaca of the sampla quenched at 150 pais

~{Pig. 4.2a) wes vary similar to that of the 200 psia aample. The thick-

unesa of the bubble wsll can be inferred from the layers saen in Fig. 4.2b.
Evidencs that e ges passed through the melt at pressures of 100 and 50
paia Ja shown in FPig. 4.3e-b and 4.4e-d.

Wheresa the previoua samplas all saemed to give evidence of a highly
viacous 1iquid on the aurfacs, the ssmple quenched et 20 psia (Fig. 4.58-c)
exhibited different structura. Most of tha aurfece was reletively planar
and pock-marked as can be seen in the upper laft hand corner of Fig. 4.5a.
Of intersat are the few srees of rendomly oriented needles which appear
on parts of the eurface. High magnification rcvesls that the needles are
hollew. This hollew, regularly ehoped needla structure hee been obaerved
to ba charactariatic of the vapor phasa condenaing on & cool substrate.

These obeervetione indicete thet the low pressure self-deflagration
limit (= 275 psia) ia not due to e lack of 1iquid at preesures below this
limit. 1lu comparing thosa samplea which were aelf-deflegreted ebove
275 peia with thoae burned in methane etmospheree below 275 peie, the ealf-

.daflagreted aemplas aeemed to have & lasa viscoua melt but with more ges

antrapped within the melt. This indicates that tha psaudo-condenaed phasge
contributaa to the enargy requirad for the AP crystel to undergo self-
gefiagration, especially at low presaures when gea phase reactione are
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FIG. 4.1. Surface Morphology of Ammonium Perchlorate Samples
Which Were Thermally Quenched While Deflagrating in a 200 psia
Methane Atmosphere.
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(a) (k)

FiG. 4.2. Surface Morphology of Ammonium Perchlorate Samplea
Which Were Thermally Quenched While Deflagrating in e 150 psia
Methane Atmoephere.

(a}

F1G, 4.3, Surface Morphology of Ammonium Perchlorate Samples
Which Were Thermally Quenched While Deflagrating in a 100 psia
Methane Atmosphere.
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(a) (b)

() (d)

fIG. 4.4, Surface Morphology of Ammonium Perchlcrate Samples
Which Were Thermally Guenched While Deflagrating in a 50 psia

Mzthane Atmosphere.
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FIG. 4.5.

(c) (d)

Suriace Morphology of Ammonium Perchlorate Samples

Which Were Thermally Quenched While Deflagrating in a 20 psia
Methanc Atwosphere.
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"far" from the crystal surface. The conclusion that the energy transfer
rate 1s enhanced by the presence of a gas entrapping liquid is partially
supported by the surface (see Fip. 4.6) of a thermally quenched sample
deflagrated and quenched in a 15 peia methane atmosphere. The letters
in Fig., 4.6 icdicate regions where differing structural patterns were
evidenced. Region A, the area of maximum regression, possessed a struc-
ture illustrated by Fig. 4.7. Such structure conforms to the obssrva-
tion made by Hightower (Ref. 14) on samples quenched by floeding the
test chamber with nitrogen gas. Region 3 (Fig. 4.8a-c), the area of
minimwen regression, 1s characterized by regular shaped holes similar to
the decempusition sites on an m-face of the AP crystal (Ref. 2) both in
structure and arrangement on the sample surface. The results for Zone C
are pictured in Fig. 4,9a-b. Of interest is the structure of the wall
of the hole (Fig., 4.9b). The Area D, where maximum regressivn perpen-
dicular to the direction of gross regression takee place, possesses a
frothy appearance (Fig. 4.10a-d), associated with high heating rates
(see Section 2.3).

The results of this study indicate that a liquid exisied on AP
ssmples that were deflagrated below 275 psia. This proves that the low
pressure self-deflagration limit is not due to the inabllity of AP to
form a surface melt at pressures below this limit.

It is felt that the use of a combustible “mosphere is an experi-
mental complicatinn that should be eliminated. Therefore, future inves-
tigation will utilize a CO; gas laser to supply the additional energy
required to burn the samples, thereby eliminating flame spread down the
sample sides and other artifacts dua tu uneven heating by the combustion
react?on. An additional advantege of this method i1s that a quench can
be cbtained simply by terminating the additional energy flux.
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l"-- A

FIG. 4.6, Profile of Ammonium Perchlorate Sample Quenched
et 15 peia hethene. The lettere desigrate areas discuseed
in text.

FiG. 4.7. Su.fsce Morphology of Area A of Ammonium Per-
chlorate Semple Quenched in 15 pela Methsne.
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(a) (t)

(c)

FIG. 4.8. Surface Morphology of Area B of Ammonium Perchlorate
Sample Quenched in 15 pala Methane.
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FIG. 4.9. Surface Morphology of Arees C cf Ammonium
Perchlorate Sample Quenched in 15 psia Methane.

A g =
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FIG. 4.10. Surface Morphology of Area D of Ammonium
Perchlorate Sample Quenched in 15 psia Methane.
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