VOLUME 82, NUMBER 6 PHYSICAL REVIEW LETTERS 8 EBRUARY 1999

Dynamic Measurement of the HMX -6 Phase Transition by Second Harmonic Generation
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We demonstrate the use of optical second harmonic generation (SHG) to identify8-the
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 th@ and § phases and use this intensity difference to observe the phase transition
during CQ laser irradiation. This is the first knowin 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

Research into the dynamic behavior of energetic mauncertain, and the validity of extrapolating measured tran-
terials is a major area of physics. This effort is com-sition rates to ignition times of less than a second has not
plicated, however, by the range of structural phase®een established. Currently, the kinetics of phé tran-
exhibited by many crystalline materials. Development ofsition are not incorporated into any of the decomposition
improved techniques for measuring phase transformationmechanisms of HMX, although some combustion models
in situis thus of great interest. HMX (octahydro-1,3,5,7-include a parametrization of physical properties which in-
tetranitro-1,3,5,7-tetrazocine) is one such material whicltludes thed phase [10].
exhibits a wide variety of behaviors when subjected to We used the nonlinear optical technique, second har-
various thermal fields. Temperatures just above 450 K inmonic generation (SHG), as a fastsitu probe of theB-6
duce explosion after an induction time frorf® to 10' s transition in HMX [11,12]. We first demonstrate the tech-
[1]. Infrared laser irradiation generates surface temperanique by monitoring the transition during slow heating.
tures from 500—700 K and ignition @03 to 10" s [2].  The transition temperatures and times are consistent with
Shear or frictional heating of pressed solids to 700—900 Kinetics reported in the literature [6]. We also report the
results in ignition inl0~* s [3]. Planar shocks from 10 to first observation of theg-5 phase transition during a dy-
30 GPa result in detonation over timesléf 7 to 107® s namic ignition experiment. We observe the transition to
[4]. Despite considerable progress in understanding thé-HMX at the surface of a pressed, polycrystalline sample
chemistry governing these processes, which span twelvduring laser irradiation at\ ~ 10.6 um (20 W/cn? s)
decades in time, no comprehensive model of decomposprior to ignition. The transition time and surface tem-
tion linking the separate regimes currently exists. perature are again consistent with low temperature

It has been recognized for 30 years [5] that the crysmeasurements, validating the extrapolation of calculated
talline phases of HMX may play a role in the decompo-transition rates to times df0—2 s.
sition chemistry. Of the four phases of HMX identified In the present paper, SHG is observed both in transmis-
[5], two have been of traditional concer@;HMX, a low  sion through a thin layer of powdered crystal and in reflec-
temperature form, and-HMX, a high temperature form tion from the surface of a pressed polycrystalline pellet.
which is the only phase observed upon low pressure heaExperiments were first conducted to measure the relative
ing of all four polymorphs [6]. Differences in burn rate SHG cross sections from both phases of HMX and to ob-
and drop height sensitivity have been shown between thgerve the phase transition during slow heating. Powdered
B and é phases [7], with6-HMX the more hazardous crystalline samples of a KHPO, (KDP) standard, ang-
material. Kinetic measurements of ti#eé transition by or §-HMX (1-500 um diameter) were mounted as thin
Brill et al. [6] showed that the first order activation energy layers of powder{500 wm thick) between sapphire win-
and frequency factor resemble those attributed to chemidows [13]. This cell was enclosed in an oven and placed
cal decomposition, supporting previous speculation by thén the optical path of a 10 Hz Nd:YAG laser delivering
authors that the initial decomposition step in HMX is cou-10 ns pulses at 1064 nifi0-100 MW /cn?). Diffuse,
pled to, or preceded by, the formation ®HMX [8]. forward scattered SHG was filtered of 1064 nm funda-

However, naoin situ measurements of the rate of trans- mental light, focused into a monochromater and detected
formation have been reported for ignition experimentswith a phototube. The scattered intensity followed the
Identification of the phase and transition rate has reliedquare of the input intensity, with no strong dependence
on traditional calorimetry [4], Fourier transform infrared on input or detection polarization. The spectrum of SHG
(FTIR), and Raman techniques [9] addressing times anffom the §-HMX and KDP was centered at 532 nm and
temperatures of0>-10° s and 450 to 500 K. The role of was consistent with the elastic conversion of the 1064 nm
the B-6 transition during ignition is therefore completely input pulse to 532 nm. lllumination of KDP samples
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with an intensity of24 MW /cn? led to the generation of 12 g t————
532 nm, consistent with the large KDP cross section [11].
Remarkably, the SHG fromd-HMX was within 20% of i
the intensity measured for KDP. The SHG frggaHMX, Lo+
by contrast, was lower by a factor of 50 from thgorm. -
This is consistent with the crystallographic symmetry of -
the two polymorphs, with8-HMX being a centrosym-
metric, monoclinic structure of /¢ space group [14]
and §-HMX a noncentrosymmetric, hexagonal structure
of space group 622 [5]. Second harmonic generation in
the B polymorph should thus be strongly suppressed rela. .
tive to theé phase due to symmetry considerations [11],
as we observe. Additionally, the two polymorphs differ
in several other respects, with a 7% volume expansior Y
on transformation fronB to § and a change in unit cell 0.2 1
participation from two molecules i to six in §-HMX.
Also, the very polar nitro groups are nearly trans in the
B form, and cis in thed, leading to a significant change
in dipole moment and reduction of the molecular point
group symmetry upon transition. For applications to ther-
mal decomposition in energetic materials, this differencer|G. 1. Data from slow heating of8-HMX. The crosses

in cross section forB- and §-HMX provides excellent are the normalized SHG intensity and the dashed lines are
contrast for use as an situ probe of the phase transition the temperature profiles, both as a function of time. The

; ; ; e emperature profile of each experiment terminates at roughly
in dynamic experiments. We stress that ihis is a nonresc%he time of transition to5-HMX, signified by the increase in

nant application of SHG, and, as such provides no speGjgnal. The solid lines through the data are calculated from
troscopic identification of any specific HMX polymorph. Eq. (1).
The demonstrated contrast in cross section forghand
5-HMX does, however, allow the use of the SHG inten-of SHG intensity from purgs- and §-HMX, L, /" =
sity to measure the rate of transformation between thege:(I — x) + x]>. The solid lines in Fig. 1 for each data
polymorphs under conditions where the initial and prod-set were calculated with these formulas, utilizifg, A,
uct phases of HMX have been identified, as is the case fand f as fitting parameters. The optimized parameters
the two experiments described here. wereEa = 201.6(2.0) kJ/mole, logA) = 21.9(0.8), A in

The results of three slow heating experiments withcm’/gs, and logf) = —2.6(1.0), with the standard devi-
this configuration are shown in Fig. 1. The samplesation at 95% confidence in parentheses. Bxilhl. [6,8]
were initially 8-HMX. The data are plotted as the SHG observed approximate first order behavior for the tran-
intensity (symbols), normalized to the maximum signal,sition at low levels of conversion and determined the
on the left axis, and the temperature (dashed lines), oArrhenius parameters to hBa = 204(14) kJ/mole and
the right, both as a function of time. The transitionlog(A) = 19.9(1.0)1/s, with uncertainty in parentheses.
to 6-HMX is apparent as a rapid increase in the SHG,Observation of complete conversion leads to the use of a
occurring at temperatures of approximately 170 C. If onesecond order rate law in these experiments. These results
considers the normalized SHG intensity, varying from Oare, in fact, consistent with those of Brédt al. and serve
to 1, as proportional to th6-HMX mole fraction, these to quantify the observed SHG as a kinetic probe, yielding
data may be modeled using a kinetic rate law first ordeArrhenius parameters consistent with those observed pre-
in both B8 and &, dc/dt = k (Bo — ¢) (80 + ¢), where viously, and the assignment of a second order rate law to
¢ is the concentration ob formed, By and 6, are the the process [16]. In addition, although kinetic measure-
initial concentrations ofB- and §-HMX, respectively, ments have been performed for all four HMX polymorphs
¢t is the time, andk is an Arrhenius rate expression, [6,8], -HMX was the only product observed during heat-
k = Aexp(—Ea/RT) [15]. The partially integrated rate ing at low pressure. We rely on these and subsequent
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law, normalized tQ3y, is observations [7] to assign the transition observed in this
ex k(T t)dt work to the HMX -6 transition.

x(T,t) = fgxr{gl?kf(T(t)dt)] j 1 1) The configuration used for the laser ignition experi-

0 ’ ments is shown as an inset of Fig. 2. A pressed pel-

where x is the fraction of 3-HMX converted tod, and let of HMX is illuminated by the continuous output of a
f is the initial ratio of§ to B, 80/Bo. The normalized A ~ 10.6 um CO, laser. Interference effects from beam
SHG intensity may then be expressed as a function ahtegration result in a crosshatched pattern of slight sur-
the 6-HMX fraction and a constanté which is the ratio 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 harmonic
laser, detection, and GQaser illumination axis, the time series data of temperature rise, and imaging of SH and selected images
of the pellet surface showing the evolution of the SHG intensity. The plot displays the temperature recorded by a thermocouple as
a function of time. The letters indicate the time and temperature at which the images were recorded. TC indicates thermocouple
and CV indicates color video camera.

illumination, identical to the previous experiment, was di-temperatures which result from extrapolation of these data
rected onto the surface at an angle of approximatefy 30with the reported uncertainties. The data point which re-
from normal, and a color video camera was used to imagsults from this work is plotted as the inverse of the time
the SHG at the surface along the specular reflection axi® transition as a function of inverse temperature and is
of the 1064 nm illumination. A3 wm diameter thermo- clearly consistent with the low temperature measurements.
couple (typek), centered on the 1064 nm illumination This observation constitutes the first experimental verifi-
spot on the surface, was used to record the temperatuoation of the extrapolation of these kinetics to combustion
during heating. The experiment consisted of beginningegimes, as first discussed fifteen years ago [17]. More
CO, illumination at 7y and monitoring the temperature generally, observation of the transition over such a wide
rise until ignition in the gas phase approximately 1 s laterrange of temperature and time requires serious reconsid-
During heating, the SHG emission from the surface wagration of this transformation as the first elementary step
imaged at the video rate of 60 Hz. The temperature, avin HMX decomposition, as was first suggested by Brill
erage image intensity as a function of time, and selectedt al. [6,8].

images of the SHG appearance are also shown in Fig. 2. This measurement also represents the first measurement
The plot displays the temperature recorded by a thermaaf crystalline phase during a dynamic ignition experiment.
couple as a function of time. The letters indicate the timeNumerous long-standing problems are now amenable to
and temperature at which the images were recorded. Thavestigation with this probe. For instance, the ignition of
images are from the video record of the 1064 nm illumi-heterogeneous explosives subject to strong shock has long
nation spot. Second harmonic generation first appears aeen believed to proceed via the mechanical formation
approximately 250 ms, with an uncertainty from the fram-of “hot spots” during compression [18]. With a reliable
ing rate of 30 ms, and clearly reflects the crosshatchednderstanding of the transformation kinetics of the various
heating pattern on the surface. We take the appearance HMX polymorphs, the spatially resolved observation of
SHG to indicate the HMXB to 6 phase transition at the these phase transitions via SHG may provide a new
surface, and from the average intensity of the video imagavenue for the first experimental observation of these
we determine a transition time of 366(100) ms at a homotocalized regions of heating.

geneous surface temperature of 277(30) C. An Arrhenius Finally, we have begun to address the generality of
plot of observed HMXB-§ kinetics is shown in Fig. 3. this technique by application to other energetic materials.
The solid bar is an average of the data of Beillal. [6].  To date, we have demonstrated both considerable absolute
The dashed lines reflect the uncertainties in rate at higheé8HG efficiency and strong temperature dependence for
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