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Introduction

T HE purpose of this Note is to draw attention to the long known
but little recognized or understood “anomalous burning” be-

haviorof ammonium perchlorate(AP), the principalingredientused
in almost all composite solid rocket propellants today. Speci� cally,
the present work highlights some gaps in the literature pertainingto
diagnosing such anomalous behavior that have been introduced by
disparities in the test methods and the interpretationof observations
made with the different test methods.

The de� agration rate of pure AP is known to exhibit a substan-
tial “mesa burning” trend in the 2000–4000 psi (13.8–27.56 MPa)
pressure range (see Fig. 1) (Ref. 1). This observation has been re-
ported not only for samples formed out of pure single crystals of
AP but also for those made from pressed pellets of particulate AP
of high purity.2; 3 The mesa burning trend is extremely sensitive to
the presence of impurities,1 as has also been supported by experi-
mentsperformedwith singlecrystalsofAP thatwere isomorphously
doped with calculated amounts of relevant impurities.4 The pres-
sure range noted earlier corresponds to the samples initially being
at room temperature.The onset of the mesa burning trend has been
shown to shift to higher pressures at higher initial temperatures of
the sample (pressed pellets of AP).5 The mesa burning rate trend is
associated with a transition from steady regression to a rather com-
plex mode of de� agration that involves the following unique fea-
tures: 1) macroscopically irregular surface regression,1;6 2) locally
intermittent � amelets on the same spatial- and timescales as the ir-
regularities in surface regression,with the � amelets standing above
recessed sites,1;4;6;7 and 3) an extraordinarily complex topochem-
istry in which locally recessed areas of the overall burning surface
consisted of arrays of parallel needles 100–200 ¹m long, »5 ¹m
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across, with the top of the needle array presenting a pseudosurface
(see Figs. 2f and 3f of Ref. 4). The exact physicochemical mech-
anisms involved in this mode of de� agration, the explanation for
the mesa burning rate trend, and interpretationof the corresponding
surface features, are still very poorly understood. For this reason,
the behavior has come to be termed “anomalous.”

The importance of AP self-de� agration behavior in the com-
bustion of composite propellants at elevated pressures cannot be
overstated. According to conventional models of propellant com-
bustion (e.g., Ref. 8), the AP self-de� agration � ame has a ma-
jor role in governing the propellant burning rate above »1000 psi
(6.89 MPa). Recent interest in elucidating the mechanisms respon-
sible for plateau burning rate trends of composite propellants with
AP has raised the possibility that the mesa burning trend of AP at
elevatedpressuresand the correspondingde� agrationbehaviormay
offer a plausiblemechanismfor observationof plateauburning rates
in propellants.9

The scope of the present work is very limited insofar as under-
standing the governing processes in the anomalous burning regime
of AP is concerned. In trying to study the relevant literature on the
subject, a close inspectionof the available observationsreveals that
suf� cient evidence for an exact correspondence between the mesa
burning behavior of AP and the occurrence of a complex de� agra-
tion pattern is lacking. The situation has been exacerbated by the
adoption of two different test methods, that is, methods to interrupt
the burning,for examinationof the quenchedsurface of the samples
in a scanning electron microscope (SEM). The two methods have
been presumed, it appears, to yield identical observations over the
entire pressure range of interest, without suf� cient evidence that
warrants such presumption.

Background
A brief summary of the available observations in the literature is

presented to highlight the discrepancies in the interpretation of the
results.

Hightower and Price10 � rst reported high-speed cinematography
of de� agrationof singlecrystalsofAP. Theyalsoperformedquench-
ing by rapiddepressurization(referredto in shortas dp=dt hereafter)

Fig. 1 Self-de� agration rate of AP (taken from Ref. 1).
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up to 800 psi (5.51 MPa) for examination in an SEM. They reported,
based on observations in the photographyexperiments, that the de-
� agrating surface of AP had a � ngerprint pattern,with the presence
of a liquidfrothon thede� agratingsurface.These observationswere
corroboratedby the remnants of the froth such as burst bubbles that
were frozen on the quenched surfaces as seen in the SEM.

Boggs,1 Boggs et al.,4 and Boggs and Kraeutle6 adopted a
thermal-quench method as well as the dp=dt -quench method, the
former involving de� agration of the sample clamped between two
copperblocksthat act as heat sinks to drain theheat from the reaction
zone,therebyquenchingthede� agratingsample.Bothquenchmeth-
ods were adopted up to 1200 psi (8.27 MPa); for pressures higher
than this level, only the thermal-quenchmethod was adopted.Up to
1200psi (8.27MPa), the surfacefeaturesof AP correspondedto nor-
mal de� agration behavior, as Hightower and Price10 had reported.
However, theappearanceof unevenregressionsurfaceswith pockets
of needle arrays were reported at pressuresof 1500 psi (10.34 MPa)
and above, based only on thermally quenched samples.

Varney3 reported surface features based on the dp=dt -quench
technique at 1200 psi (8.27 MPa) and 4800 psi (33.08 MPa) of
pressed pellets of high-purity AP. The surface features at 1200 psi
(8.27 MPa) appeared to correspond to normal de� agration, but the
one at 4800 psi (33.08 MPa) indicated sporadic prevalence of sites
� lled with needlelikestructuressymptomaticof anomalousburning
behavior.

Boggs,1 Boggs et al.,4 and Boggs and Kraeutle6 were careful
to compare 1) single-crystal AP vs pressed pellets of high-purity
AP and 2) dp=dt-quenched samples vs thermally quenched sam-
ples. The equivalence between the behavior of single crystals and
pressedpellets was establishednearly completely.This is indeed re-
con� rmed by the new results of the present investigation.However,
in attempting to examine the equivalence of the two quench meth-
ods, they noted that the two methods yielded similar observations
not only up to 1200 psi (8.27 MPa), based on direct comparisons
of their results and those of Hightower and Price10 [upto 800 psi
(5.51 MPa)], but also at higher pressures, based on similarities in
their results obtained by thermal quenching with those obtained by
Varney3 using the dp=dt -quench method at 1200 (8.27 MPa) and
4800 psi (33.08 MPa).

In thepressurerangeof 1200–4800psi (8.27–33.08MPa), a range
that includes the crucial onset of mesa burning rate trend at 2000 psi
(13.8 MPa), the only availableobservationsof quenchedsurfacesare
those obtainedby thermal quenchingof samples, by Boggs,1 Boggs
et al.,4 and Boggs and Kraeutle.6 Because these results indicate
the occurrence of a nonuniform regression surface with sporadic
distribution of pockets of needles at pressures as low as 1500 psi
(10.34 MPa), the question arises if such unique surface features are
indeed closely linked to the onset of the mesa burning rate trend at
2000 psi (13.8 MPa).

The presentwork is aimed at addressingthis question. It involves
examination of surface features obtained by both quench methods,
on both single crystals and pressed pellets of AP, over the pressure
range400–2300psi (2.76–15.85MPa). The upper limit on the range
of test conditions is due to perceived limitations of the apparatus
used, particularly in carrying out the dp=dt tests. However, note
that the range covers the onset pressure of mesa burning rate trend,
that is, 2000 psi (13.8 MPa), and thus, it helps in establishing a
direct link between the mesa burning rate trend and the peculiar
de� agration behavior.

Experimental Details
Test Samples

Samples of both single crystals and pressed pellets of AP were
used in the present study. The samples were nominally in the shape
of rectangularlaminas, about 1.5–2 mm thick and 3–5 mm wide on
the burning surface, and about 10 mm long. The single crystal sam-
ples were void-free ultrapure laminas cleaved from larger samples
supplied originally by Boggs, as described in Refs. 1, 4, and 10.
The large crystalswere stored in an airtight dessicator.The samples
of pressed pellets were cut from 1.5–2 mm thick disks prepared by

hard pressing Kerr McGee AP powder of ultra-high purity (99.7%
pure). The as-received powder was ground in a vibrating sample
mill for 8 min to decrease its particle size to a nominal value of
30 ¹m (wide-cut distribution) before hard pressing. Pressing was
done in a steel die assembly containing approximately 1.6 g of the
ground powder in a hydraulic press at 31,930 psi (220 MPa) for 2 h
or longer.The pressureand the durationare higher/longer than what
is prescribed by Boggs et al.11

Experimental Methods

Testing was mainly in the form of interrupting burning samples
by one of the two methods of quenching, followed by examining
the quenchedsurfacesin the SEM. Both dp=dt -quenchand thermal-
quenchmethods were adopted in the presentstudy. In all cases, tests
were run in a nitrogen-pressurizedvessel.In thedp=dt -quenchtests,
the pressure vessel was equipped with a Mylar® burst diaphragm
at the top (well above the burning surface). Sample ignition and
Mylar disk burst were accomplished by heating of nichrome wires
with a suitable delay time between the two events. The pressure
decay rates in the dp=dt -quench tests were of the order of 105 psi/s
(»103 –104 MPa/s), similar to that reported by Boggs et al.4 In the
thermal-quench tests, the test sample was mounted between two
copper blocks in a vicelikearrangement,with the sample protruding
several millimeters above the copper blocks (similar to Refs. 1, 4,
and 6). Each of the copperblocks is 13 mm wide, 4.75 mm deep,and
3.5mm thick.Quenchoccurredspontaneouslywhen thede� agration
front reached the copper heat sinks. All samples in all of the tests
were initially at ambient room temperature, nominally 21±C.

Results
Surface Features During Normal De� agration

We begin by presenting results corresponding to normal burn-
ing behavior of both single-crystal and pressed AP over the 400–

2000 psi (2.76–13.8 MPa) range. Figure 2 containsan array of SEM
images that show the normal burning behavior at selected pressure
levels.Particularly,Figs. 2c and2dare obtainedat the same pressure,
namely, 2000 psi (13.8 MPa), but with a single-cyrstal sample and
a pressed pellet sample, respectively. These highlight the equiva-
lence in the surface features of the two types of samples, as re-
ported by Boggs1 and Boggs et al.4 The images in Fig. 2 correspond
to quenched surfaces of samples obtained by the dp=dt -quench
method. The features seen here are exactly similar to those reported
earlier,1;4;6 obtained by this method up to 1200 psi (8.27 MPa).
The features include the presence of large-scale ridges and valleys
that macroscopically present the view of a � ngerprint pattern. Ad-
ditionally, froth and pores and burst bubbles are present at different
parts of the surface, particularly at locations that are somewhat re-
cessed. The prevalence of these additional features decreases even
as the contrast in the overall � ngerprint pattern becomes sharper,
as the pressure is increased in the range considered. This has been
con� rmed by additional tests using the dp=dt -quench method at
more intermediate pressure levels such as 1500 psi (10.34 MPa)
and 1800 psi (12.40 MPa), results of which are not shown here.
More of these images and associated explanation are reported in
Ref. 12 in great detail. The most important aspect to note is that
the overall surface is not macroscropicallyuneven, and there are no
sites of needle formation in the entire pressure range 400–2000 psi
(2.76–13.8 MPa).

Surface Features During Anomalous De� agration

Test samples of single crystals and pressed pellets of AP were
dp=dt -quenched at 2300 psi (15.85 MPa). This pressure level is
clearly within the regime of the mesa burning rate trend in Fig. 1.
SEM images of a test sample of pressed AP are shown in Fig. 3.
Figure 3b is a magni� ed view of the right-top portion of Fig. 3a.
It can be seen that the surface is very uneven on a macroscopic
scale and contains arrays of needles in sporadic pockets. These are
clear symptoms of anomalous de� agration behavior. This behavior
is seen in both single crystals as well as pressed pellets of AP.
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a) Single crystal at 400 psi (2.76 MPa)

b) Pressed pellet at 1000 psi (6.89 MPa)

c) Single crystal at 2000 psi (13.8 MPa)

d) Pressed pellet at 2000 psi (13.8 MPa)

Fig. 2 Surface features of AP samples quenched by rapid depressur-
ization: , ridges; , valleys; , bubbles; , froth; and , pores.

Surface Features of Thermally Quenched Samples

In contrast to the preceding results, the SEM images obtained
of thermally quenched samples, both single crystals and pressed
pellets of AP, show signs of anomalous de� agration at much lower
pressures than the onset of mesa burning rate trend. Figure 4 shows
these images. All of the images show the presence of needle arrays
to different extents. Figure 4a shows a very different surface fea-
ture than what is observed in Fig. 2a obtained by dp=dt -quench at
the same pressure, that is, 400 psi (2.76 MPa). Figure 4b shows a
speci� c region on the surface of the sample thermally quenched at
400psi (2.76 MPa) containinga small arrayof needles.The image in
Fig. 4c, of sample tested at 1000 psi (6.89 MPa), also shows a large
arrayof needles.These are unlikewhat has been reportedin the past,
and show the effect of the thermal-quenchevent rather dramatically.
On the other hand, the presence of needles at 2000 psi (13.8 MPa)
seen in Fig. 4d is similar to what has been reported earlier,1;4;6 but

a) SEM image

b) Magni� ed top-left portion of image

Fig. 3 Surface features of pressed AP pellets quenched by rapid de-
pressurization at 2300 psi (15.85 MPa): , retarded regression; , ac-
celerated regression; and , array of needles.

this is in sharp contrast with the normal-looking surface features in
Fig. 2c, also of a single-crystalsample,and in Fig. 2d of a pressedAP
sample (note the difference in magni� cationbetween the two sets of
images). As a side note, results of this work recon� rm that both sin-
gle crystalsand pressedpellets exhibit the same behaviorwhen sub-
jected to thermal quenching, just as well as with dp=dt quenching.

Discussion
The resultspresentedhere show that the thermallyquenchedsam-

ples exhibit anomalous surface features at pressures well below the
onset of the mesa burning rate trend of pure AP. The observationof
such anomalous surface features at pressures below the onset of the
mesa burning rate trend has been a source of confusionin establish-
ing a link between such surface features and the burning rate trend.
It is apparent that this has been because the thermal-quenchmethod
was adopted in past studies to obtain results in the crucial pressure
range 1200–4800 psi (8.27–33.08 MPa). The present tests further
reveal normal burning up to 2000 psi (13.8 MPa) and anomalous
features above that pressure [at 2300 psi (15.85 MPa)], using the
dp=dt -quenchmethod.It is now possibleto con� rm a directconnec-
tion between the anomalies in the surface features and the burning
rate trend.

It may appear reasonable to suspect that the dp=dt -quench event
would cause disruption of the surface features during burning and
may even eject the liquid layer off the burning surface. It may fur-
ther be argued that such disruption may conceal any anomalous
features such as needle formation that may be happening at low
pressures as well. If this were so, formation of needles cannot be
distinctly observed at 2300 psi (15.85 MPa), the highest pressure at
which dp=dt-quench was adopted in the present study, where any
disruptionof the quenchedsurface is expected to be the most severe.
On the other hand, the rapidity of the dp=dt -quench may be more
effective in freezing the thin surface liquid layer. The prevalence
of frozen remnants of burst bubbles on the quenched surfaces has
been corroborated by high-speed cinematography of formation of
froth and bubbles, at low pressures.10 When these are considered,
the dp=dt tests are not suspected to have any misleading artifacts.

On the other hand, the needle formation is more evident in the
thermally quenched samples than in dp=dt -quenched samples, par-
ticularly at low pressures.Although the processes undergoneby the
sample subjected to the thermal-quenchprocesses are real, they are
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a) Single crystal at 400 psi (2.76 MPa)

b) Single crystal at 400 psi (2.76 MPa) different
location on the surface

c) Pressed pellet at 1000 psi (6.89 MPa)

d) Single crystal at 2000 psi (13.8 MPa)

Fig. 4 Surface features of AP samples quenched by the thermal-
quench method: , dry parched surface; , array of needles; and

, macroscopically uneven surface regression.

not observed in high-speed cinematographyof freely burning sam-
ples at low pressures. In view of this, the needle formationobserved
in thermally quenched samples at pressures lower than the onset of
the mesa burning rate trend is considered to be an artifact of the
slow quench transient experienced in the thermal-quench method.
Such artifact induced in the thermal-quench process in the present
work certainly appears more severe than that prevalent in the past
works, probablybecauseof smaller sample thickness relative to that
of the copper blocks adopted in the present study compared to the
past studies.

Note that this artifact of the slow thermal-quenchprocess at low
pressures, that is, sporadic sites of needle formation, is identical to
that observed in the anomalous combustion regime of pure AP just
above 2000 psi (13.8 MPa). This gives a clue to the conditions that
are conducive to needle formation, that is, the need for lateral heat
loss locally at sites surrounding the pockets of needles, resulting
in local retardation of the surface regression and, thus, an uneven

regression of the overall surface. The lateral heat loss is provided
by the copper heat sinks in the thermal-quench tests, but is natu-
rally prevalent in localized regions at pressures above the onset of
mesa burning rate trend, resulting in decrease of the rate of regres-
sion of the overall surface. This is supported by the observation of
Glaskova and Bobolev5 that the onset of mesa burning rate trend
is shifted to higher pressures with increase in the initial tempera-
ture of the sample. It is possible that the additional thermal energy
available at higher initial temperatures mitigates the occurrence of
large-scale heat loss lateral to the overall surface until higher pres-
sures are reached. It must be remembered that none of these consid-
erations,however, are suf� cient to completelyexplainwhat triggers
the anomalous behavior itself.

The role of lateral heat loss in triggering anomalous combustion
behavior of AP is signi� cant in the context of composite propel-
lant combustion,where conventional hydrocarbonbinders undergo
endothermicdecompositionandact as localheat sinkson the periph-
eries of AP particles adjoining their layers in the propellantburning
surface.13

Conclusions
Fresh experiments performed on single crystals and pressed pel-

lets of AP by rapid depressurization as well as thermal quenching
methods in the 400–2300 psi (2.76–15.87 MPa) range have showed
that nonuniform burning and formation of needles on the burning
surface are more closely associated with the anomalous mesa in
the de� agration rate of pure AP above 2000 psi (13.8 MPa) than
reported in the past studies. Observations of these features at pres-
sures lower than 2000 psi (13.8 MPa) reportedin past studies appear
to be an artifact of the thermal quenching method.
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