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INTRODUCT ION

In order to predict thermal hazards of high-energy materisls,
accurate kinetics constants must be determined [1]. Predictions of
thermal hazards for mixtures of high-energy materiuls require
measurements on the mixtures, because interactions among components
are common.

A differential-scanning calorimeter (DSC) can be used to observe
rate processes directly, and isothermal methods enable detection of
mechanism changes [2,3]. Rate-controlling p::ocesses will change ae
components of a mixture are depleted [3,4], and the correct deple-
tion function must be identified for each specific stage of a com-
plex process,

A method for kinetics measurements on mixed explosives can be
demonstrated with Composition B [5,6] . Comp B is an epproximately
60/40 mixture of RDX (1,3,5-trinitro-1,3,5-triazacyclohexane) and
TNT (2,4,6-trinitrotoluene), and it is an important military explo-
sive.

Kinetics results indicate that the major process is the decompo-
sition of RDX in solution in TN[ with a perturbation caused by inter-
action hetween the two components. The kinetice constants measured
for the global decomposition process have provided an excellent pre-
dictive mcdel for the thermal initiation of Comp B.

EXPERIMENTAL

Apparatus. All measurements were made with a Perkin-Elmer Model
DSC-1B differential-scanning calorimeter. Samples 'ere sealed in
aluninum cells, Perkin-Elmer Part Number 219-0062, and the cells
were perforated with a single hole approximately 0.15 mm in diameter.

Sample. Composition B, Grade A, was used. It has a nominal
compisition of 59.5% RDX, 39.52 TNT, and 1% wax, and it is produced
according to military specification MIL-C-401C, dated 15 May 1968.

Procedure. Temperature s&ciuracy is extemely important in xinet-
ics measurements; thernfore, both the average and differential tem-
peratures of the DSC must be calibrated with care. Calibrations
must be made as close as possible to the temperature of measurement.
The differential-temperature calibration can be made and the cell
support can be checked fur quality by "emission balancing" [7].



Both sample and reference cells must be perforated to maintain
constant pressure. Unperforated sealed cells bulge at higher tem-
peratures, causing baseline discontinuities. Uniform holes are eas-
ily made by adjusting the conical angle of the tip of a needle and
punching through the sample-cell cover and a sheet of plastic that
is 0.05-0.10-mm thick. The effect of 1lid perforation on apparent
rate constant can be observed by making replicate runs at the same
temperature with different numbers of holes of different sizes. If
significant sample is lost by volatilization, the apparent rate con-
stant will be seen to increase with hole size. The sample must not
be allowed to spatter or boil out, as significant emittance changes
will be made by contamination on the outside of the cell.

Mixtures present a sampling problem. Since samples of only 1 to
5 mg are usually used, extreme care must be taken to ensure as much
homogeneity as possible without altering the sample.

After calibration with the appropriate temperature standard, :he
DSC is set at the desired test temperature, and the differential
temperature control is adjusted again by emission balancing. The
empty cell is removed from the sample support, the desired range is
selected, the recorder is started (and the automatic data acquisi-
tion system, if one is used), and the sample is dropped quickly onto
the sample support. A sharp brexk will appear on the record as the
sample touches the support, but thermal equilibrium will normally be
reestablished within one minute. If the recorder pen does not reap-
pear within 75 s, an endothermic process is probably involved. If
the pen recovers quickly but no additional signal is obtained,
either the reaction was completed during the warmup time or a very
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Figure I. Imsothermal DSC rate curve for Comp B
at 500 K, normalized to 1 mg, range 1.



long induction time is involved. This can te determined by opening
the cell and observing the condition of the sample. When isothermal
runs of high-energy materials are made within a suitsble temperature
range, rate curves similar to Figure 1 will be obtained. Each run
should be allowed to continue long enough to identify the infinite
time baseline. When automatic data-acquisition and processing
equipment are not available, rate curvas can be evaluated with a
ruler by extending the infinite-time baseline back to zero time and
measuring the deflection from this baseline at as many equally
spaced times as are practicable. The rate curve can be integrated
by using Simpson's Rule, and the fraction reacted at any time,n, is
obtained by dividing the fractional area to that time by the total
area. These simple measurements of the deflection above the
infinite-time baseline, the fraction reacted, and time are the only
input data required for all further calculations,

As the first step in the evaluation of the kinetics dats ob-
tained from mixtures of high-energy materials, it is necessary to
determine whether there is a significant interactio:r among the com-
ponente during the primary self-heating rea:*iom The simplest ob-
servation of complexity and/or measurement of reaction order and
reaction stoichiometry can be obtained from an "order plot" [4,8].
It is dsngerous to use kinetics evaluations made from assumed rate
laws to make thermal-hazarde predictions for Ligh energy materials.
The correct reaction order function, or, in the ca.e of complex re-
actions, the correct depletion function must be used fcr the evalua-
tion of rate data. We strongly recommend that order plots be pro-
duced early in the evaluaticn of any rate data.

An order plot is a graph of the log of the deflection (in any
consistent units) versus the log of the residual fraction (1 - qa).
The remction order for a specific extent of reaction is shown by the
slope of a straight line. Negative slopes and curved lines indicate
complex processes such as melting with decomposition, autocatalysis,
and so>lid-state resctions. When complexity is observed, autocata-
lytic or nucleation-grcwth-type functions can often be used for data
evaluation [2,3,9].

RESULTS AND DISCUSSION

Ar order plot for the decomposition of Comp B is shown in Figure
2. The order of the global reaction is exactly 1.0, so Comp B rate
data can be evaluated according to a first-order rate law, du/dt =
k(1 - a). Rate constants can be determined very simply from the
isothermal DSC dats [10). Relative recorder deflections, b, and
timr, t, are the only deta required, as follows:

In b= C - kt, (1)

where k is the rate constent (s~1), and C is a constant.



A total of 16 independent rate measurements vere made with Comp
B over a temperature range of 30 K (from 495 to 525 K). The re-
sulting Arrhenius plot (Figure 3) is linear, and it gives an activa-
tion energy (slope = -E/R, where R is the gas constant) of 180.2 kJ
mole™l and a pre-exponential (intercept) of 4.62 X 1016 g1,

Pure RDX gives first—order kinetics constants through much of
its decomposition in the gure liquid phase, with E = 197.1 kJ
m le”l and 2 = 2.02 X 1018 g1, We believe that the currentl
b :st' kinetics constants for pure TNT are E = 143.9 kJ mole™ ! and
z =2.51 X 1011 51 [1]. It must be emphasized that these
kinetics constants apply primarily to predictions of critical
temperatuzes: they are not intended to be used for all predictive
models. A simple comparison of activation energies is not especial-
ly informative with regard to hazard analysis.
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Figure 2. Order plot for the decomposition
of Comp B. The segment shown was calculated
from the part of the rate curve that showed
a positive order.

The most important fact to establish with regard to thermal haz-
ards is whether a high-energy material will self heat catastrophic-
ally. Consequently, we use the kinetics constants determined for
any system to produce a predictive model for the critical tempera-
ture, T., of that system. The critical temperature is defined as
the lowest constant surface temperature at which catastrophic self



heating can occur in a high-energy material of a specific size and

shape. A predictive model for critical temperature can often be ob-
tained from the following expression [11]:

2
E = R 1ln 27£Q§£ ’ (2)
c TCAGR

where R is the gas constant (8.314 J mole~l K“l), a is the ra-

dius of a sphere or cylinder or the half-thickness of a slab, p is
the density, Q is the heat of reaction during the self-heating proc-
ess (not expected to be the same as the heat of detonation or com-
bustion), Z is the pre-exponential and E the activation energy from
the Arrhenius expression, )\ is the thermal conductivity, and ¢ is a
shape factor (0.88 for infinite slabs, 2.00 for infinite cylinder.
and 3.32 for spheres). E and Z are the largest numbers in the equa-

tion, and their accuracy determines the accuracy of the predictions
made from the model.
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Figure 3. Arrhenius piot for Comp B.

We strongly believe that it is dangerous to rely on predictiv.
models based ouly on chemical kinetics determinations, because of
several types of errors that may occur without being detected. The
most probable cauce of error is that the values of E and Z may be
based on the wrong part of the decomposition reactior. Identifica-
tion of the mechanism that leads to catastrophic self-heating is
particularly difficult with complex materials and mixtures. Also,
errors can be made in the thermal conductivity measurement, and the
Frank-Kamenetskii equation may not provide an accurate model for
low-energy systcms. Heat-of-reaction values may also be in error.



The heat of reaction for the decomposition of a material may be ob-
served to vary with pressure and/or confinement, and high-energy ma-
terials differ in their responses to pressure and confinement.
Therefore, it is important to test predictive models under different
confinement than used for kinetics measurements. A system sensitive
to confinement will be detected by a lack of agreement between the
predicted 1. and the experimental T., but a lack of agreement
does not always indicate a system sensitive to confinement. If a
lack of agreement is observed, a "fail-safe" (but often unrealistic)
predictive model may be produced by using the maximum possible hea’
of reaction (for example, the heat of detomation) for the system.
The largest heat of reaction for Comp B that could be measured under
any experimental conditions with the DSC was 2.85 kJ gl

Because of the difficulties with measurements of kinetics con-
stants, thermal conductivity, and heat of reaction, we strongly rec-
ommend independent methods for testing the accuracy or T, pre-
dictions [1,12). We do this on a iaboratory scale with a time-to-
explosion test. This involves weighing samples into aluminum
blasting caps, confining them, measuring their thicknesses, and im-
mersing them in a liquid metal bath at a known temperature. Times
to explosion are measured for different temperatures, and the lowest
temperature at which the sample will explode is the critical temper-
ature for that size and shape.

Our experimental determination of T, [1] was run with a
measured average sample thickness of 0.795 mm for a 40 mg sample at
a calculated density of 1.577 g cm™2 (91% TMD). Times to explo-
sion were measured as & function of temperature until the lowest
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Figure 4. Time-to-explosion plot for 40-mg
confined samplas of Comp B.



temperature giving an explosion was identified, as shown in Figure
4. The experimental T, for our particular size and shape was
determined to be 489 K (216°C).

The predicted value for T. with the size, shape, and density
used in the experimental determination is 489 K. The values used in
equation (2) were the following: a = 0.040 cm, p = 1.577 g cm™3,
Q=12.85%kJgl, z=14.62%X1016 ¢l E =180.2 kJ mole~l,) =
1.98 X 1073 J cm™! 571 k"1, and § = 0.88 (for a slab). The
perfect check between the experimental and predicted values is unu-
sual, but we normally hope to obtain agreement within +5 degrees.

CONCLUS IONS

A combination of chemical kinetics and experimental self-heating
procedures provides a good approach to the production of predictive
wodels for thermal hazards of high-energy materials. Systems in-
volving more than one energy-contributing component can be studied.
Invalid and dangerous predictive models can be detected by a failure
of agreement between prediction and experiment at a specific size,
shape, and density.

Rates of thermal decomposition for Composition B appear to be
modeled adequately for critical-temperature predictions with the
fo%%owi?g kinetics constants: E = 180.2 kJ mole~! and Z = 4.62 X
1019 g=%,
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