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Dynamic Measurement of the HMXb-d Phase Transition by Second Harmonic Generation
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(Received 2 June 1998; revised manuscript received 15 October 1998)

We demonstrate the use of optical second harmonic generation (SHG) to identify theb-d
phase transition in polycrystalline HMX. This phase transition has been implicated in the thermal
decomposition of HMX for over 30 years. We measure an order of magnitude difference in SHG
cross section from theb andd phases and use this intensity difference to observe the phase transition
during CO2 laser irradiation. This is the first knownin situ measurement of a phase transition in such
an energetic material during a dynamic experiment, and the first example of SHG from this class of
organic nitramine molecular crystals. [S0031-9007(98)08215-5]

PACS numbers: 42.65.Ky, 42.70.Jk
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Research into the dynamic behavior of energetic m
terials is a major area of physics. This effort is com
plicated, however, by the range of structural phas
exhibited by many crystalline materials. Development o
improved techniques for measuring phase transformatio
in situ is thus of great interest. HMX (octahydro-1,3,5,7
tetranitro-1,3,5,7-tetrazocine) is one such material whi
exhibits a wide variety of behaviors when subjected
various thermal fields. Temperatures just above 450 K i
duce explosion after an induction time from105 to 101 s
[1]. Infrared laser irradiation generates surface tempe
tures from 500–700 K and ignition at1023 to 101 s [2].
Shear or frictional heating of pressed solids to 700–900
results in ignition in1024 s [3]. Planar shocks from 10 to
30 GPa result in detonation over times of1027 to 1026 s
[4]. Despite considerable progress in understanding t
chemistry governing these processes, which span twe
decades in time, no comprehensive model of decompo
tion linking the separate regimes currently exists.

It has been recognized for 30 years [5] that the cry
talline phases of HMX may play a role in the decompo
sition chemistry. Of the four phases of HMX identified
[5], two have been of traditional concern,b-HMX, a low
temperature form, andd-HMX, a high temperature form
which is the only phase observed upon low pressure he
ing of all four polymorphs [6]. Differences in burn rate
and drop height sensitivity have been shown between t
b and d phases [7], withd-HMX the more hazardous
material. Kinetic measurements of theb-d transition by
Brill et al. [6] showed that the first order activation energ
and frequency factor resemble those attributed to chem
cal decomposition, supporting previous speculation by t
authors that the initial decomposition step in HMX is cou
pled to, or preceded by, the formation ofd-HMX [8].

However, noin situ measurements of the rate of trans
formation have been reported for ignition experiment
Identification of the phase and transition rate has relie
on traditional calorimetry [4], Fourier transform infrared
(FTIR), and Raman techniques [9] addressing times a
temperatures of102 105 s and 450 to 500 K. The role of
the b-d transition during ignition is therefore completely
0031-9007y99y82(6)y1213(4)$15.00
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uncertain, and the validity of extrapolating measured tra
sition rates to ignition times of less than a second has
been established. Currently, the kinetics of theb-d tran-
sition are not incorporated into any of the decompositi
mechanisms of HMX, although some combustion mode
include a parametrization of physical properties which i
cludes thed phase [10].

We used the nonlinear optical technique, second h
monic generation (SHG), as a fastin situprobe of theb-d
transition in HMX [11,12]. We first demonstrate the tech
nique by monitoring the transition during slow heating
The transition temperatures and times are consistent w
kinetics reported in the literature [6]. We also report th
first observation of theb-d phase transition during a dy-
namic ignition experiment. We observe the transition
d-HMX at the surface of a pressed, polycrystalline samp
during laser irradiation atl , 10.6 mm s20 Wycm2 sd
prior to ignition. The transition time and surface tem
perature are again consistent with low temperatu
measurements, validating the extrapolation of calcula
transition rates to times of1022 s.

In the present paper, SHG is observed both in transm
sion through a thin layer of powdered crystal and in refle
tion from the surface of a pressed polycrystalline pelle
Experiments were first conducted to measure the relat
SHG cross sections from both phases of HMX and to o
serve the phase transition during slow heating. Powde
crystalline samples of a KH2PO4 (KDP) standard, andb-
or d-HMX (1 500 mm diameter) were mounted as thi
layers of powder (,500 mm thick) between sapphire win-
dows [13]. This cell was enclosed in an oven and plac
in the optical path of a 10 Hz Nd:YAG laser deliverin
10 ns pulses at 1064 nms10 100 MWycm2d. Diffuse,
forward scattered SHG was filtered of 1064 nm fund
mental light, focused into a monochromater and detec
with a phototube. The scattered intensity followed th
square of the input intensity, with no strong dependen
on input or detection polarization. The spectrum of SH
from the d-HMX and KDP was centered at 532 nm an
was consistent with the elastic conversion of the 1064 n
input pulse to 532 nm. Illumination of KDP sample
© 1999 The American Physical Society 1213
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with an intensity of24 MWycm2 led to the generation of
532 nm, consistent with the large KDP cross section [11
Remarkably, the SHG fromd-HMX was within 20% of
the intensity measured for KDP. The SHG fromb-HMX,
by contrast, was lower by a factor of 50 from thed form.
This is consistent with the crystallographic symmetry o
the two polymorphs, withb-HMX being a centrosym-
metric, monoclinic structure of P21yc space group [14]
and d-HMX a noncentrosymmetric, hexagonal structur
of space group P6122 [5]. Second harmonic generation in
theb polymorph should thus be strongly suppressed re
tive to thed phase due to symmetry considerations [11
as we observe. Additionally, the two polymorphs diffe
in several other respects, with a 7% volume expansi
on transformation fromb to d and a change in unit cell
participation from two molecules inb to six in d-HMX.
Also, the very polar nitro groups are nearly trans in th
b form, and cis in thed, leading to a significant change
in dipole moment and reduction of the molecular poin
group symmetry upon transition. For applications to the
mal decomposition in energetic materials, this differen
in cross section forb- and d-HMX provides excellent
contrast for use as anin situ probe of the phase transition
in dynamic experiments. We stress that this is a nonre
nant application of SHG, and, as such provides no sp
troscopic identification of any specific HMX polymorph
The demonstrated contrast in cross section for theb- and
d-HMX does, however, allow the use of the SHG inten
sity to measure the rate of transformation between the
polymorphs under conditions where the initial and pro
uct phases of HMX have been identified, as is the case
the two experiments described here.

The results of three slow heating experiments wi
this configuration are shown in Fig. 1. The sample
were initially b-HMX. The data are plotted as the SHG
intensity (symbols), normalized to the maximum signa
on the left axis, and the temperature (dashed lines),
the right, both as a function of time. The transitio
to d-HMX is apparent as a rapid increase in the SHG
occurring at temperatures of approximately 170 C. If on
considers the normalized SHG intensity, varying from
to 1, as proportional to thed-HMX mole fraction, these
data may be modeled using a kinetic rate law first ord
in both b and d, dcydt ­ k sb0 2 cd sd0 1 cd, where
c is the concentration ofd formed, b0 and d0 are the
initial concentrations ofb- and d-HMX, respectively,
t is the time, andk is an Arrhenius rate expression
k ­ A exps2EayRT d [15]. The partially integrated rate
law, normalized tob0, is

xsT , td ­
f expfb0

R
ksT , tddtg

f expfb0

R
ksT , tddtg 1 1

, (1)

where x is the fraction ofb-HMX converted tod, and
f is the initial ratio ofd to b, d0yb0. The normalized
SHG intensity may then be expressed as a function
the d-HMX fraction and a constant́ which is the ratio
1214
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FIG. 1. Data from slow heating ofb-HMX. The crosses
are the normalized SHG intensity and the dashed lines a
the temperature profiles, both as a function of time. The
temperature profile of each experiment terminates at rough
the time of transition tod-HMX, signified by the increase in
signal. The solid lines through the data are calculated from
Eq. (1).

of SHG intensity from pureb- andd-HMX, I2vyImax
2v ­

f´sI 2 xd 1 xg2. The solid lines in Fig. 1 for each data
set were calculated with these formulas, utilizingEa, A,
and f as fitting parameters. The optimized parameter
wereEa ­ 201.6s2.0d kJymole, logsAd ­ 21.9s0.8d, A in
cm3yg s, and logs fd ­ 22.6s1.0d, with the standard devi-
ation at 95% confidence in parentheses. Brillet al. [6,8]
observed approximate first order behavior for the tran
sition at low levels of conversion and determined the
Arrhenius parameters to beEa ­ 204s14d kJymole and
logsAd ­ 19.9s1.0d1ys, with uncertainty in parentheses.
Observation of complete conversion leads to the use of
second order rate law in these experiments. These resu
are, in fact, consistent with those of Brillet al. and serve
to quantify the observed SHG as a kinetic probe, yieldin
Arrhenius parameters consistent with those observed pr
viously, and the assignment of a second order rate law
the process [16]. In addition, although kinetic measure
ments have been performed for all four HMX polymorphs
[6,8], d-HMX was the only product observed during heat-
ing at low pressure. We rely on these and subseque
observations [7] to assign the transition observed in thi
work to the HMXb-d transition.

The configuration used for the laser ignition experi-
ments is shown as an inset of Fig. 2. A pressed pe
let of HMX is illuminated by the continuous output of a
l , 10.6 mm CO2 laser. Interference effects from beam
integration result in a crosshatched pattern of slight su
face temperature variability. Again, 10 Hz Nd:YAG laser
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FIG. 2(color). Composite figure showing a schematic of the pressed pellet ignition experiments, including the second h
laser, detection, and CO2 laser illumination axis, the time series data of temperature rise, and imaging of SH and selected
of the pellet surface showing the evolution of the SHG intensity. The plot displays the temperature recorded by a thermoc
a function of time. The letters indicate the time and temperature at which the images were recorded. TC indicates therm
and CV indicates color video camera.
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illumination, identical to the previous experiment, was d
rected onto the surface at an angle of approximately 3±

from normal, and a color video camera was used to ima
the SHG at the surface along the specular reflection a
of the 1064 nm illumination. A13 mm diameter thermo-
couple (typeK), centered on the 1064 nm illumination
spot on the surface, was used to record the tempera
during heating. The experiment consisted of beginni
CO2 illumination at t0 and monitoring the temperature
rise until ignition in the gas phase approximately 1 s late
During heating, the SHG emission from the surface w
imaged at the video rate of 60 Hz. The temperature, a
erage image intensity as a function of time, and selec
images of the SHG appearance are also shown in Fig
The plot displays the temperature recorded by a therm
couple as a function of time. The letters indicate the tim
and temperature at which the images were recorded. T
images are from the video record of the 1064 nm illum
nation spot. Second harmonic generation first appears
approximately 250 ms, with an uncertainty from the fram
ing rate of 30 ms, and clearly reflects the crosshatch
heating pattern on the surface. We take the appearanc
SHG to indicate the HMXb to d phase transition at the
surface, and from the average intensity of the video ima
we determine a transition time of 366(100) ms at a hom
geneous surface temperature of 277(30) C. An Arrhen
plot of observed HMXb-d kinetics is shown in Fig. 3.
The solid bar is an average of the data of Brillet al. [6].
The dashed lines reflect the uncertainties in rate at hig
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temperatures which result from extrapolation of these d
with the reported uncertainties. The data point which
sults from this work is plotted as the inverse of the tim
to transition as a function of inverse temperature and
clearly consistent with the low temperature measureme
This observation constitutes the first experimental ver
cation of the extrapolation of these kinetics to combusti
regimes, as first discussed fifteen years ago [17]. M
generally, observation of the transition over such a wi
range of temperature and time requires serious recon
eration of this transformation as the first elementary s
in HMX decomposition, as was first suggested by Br
et al. [6,8].

This measurement also represents the first measurem
of crystalline phase during a dynamic ignition experime
Numerous long-standing problems are now amenable
investigation with this probe. For instance, the ignition
heterogeneous explosives subject to strong shock has
been believed to proceed via the mechanical format
of “hot spots” during compression [18]. With a reliabl
understanding of the transformation kinetics of the vario
HMX polymorphs, the spatially resolved observation
these phase transitions via SHG may provide a n
avenue for the first experimental observation of the
localized regions of heating.

Finally, we have begun to address the generality
this technique by application to other energetic materia
To date, we have demonstrated both considerable abso
SHG efficiency and strong temperature dependence
1215
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FIG. 3. Arrhenius plot of the rate constant as a function o
temperature for theb-d phase transition. The solid line is
taken from an average of measurements by Brillet al. [6].
The dashed lines are an extrapolation of these data to h
temperature, incorporating the quoted uncertainty. The da
point at high temperature is from the laser ignition experime
reported here and is the inverse time to transition as a funct
of the inverse temperature.

two additional materials, CL-20 (2,4,6,8,10,12-hexanitro
2,4,5,8,10,12-hexaazatetracyclof5.5.0.05,90.3,11g dode-
cane) and TATB (1,3,5-triamino-2,4,6-trinitrobenzene
[19]. Measurements on these and other materials a
ongoing in our laboratory.
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