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ABSTRACT 

The effects on kinetic constants as a function of temperature 
cycling of cyclotrimethylenetrinitramine (RDX], Grade A, has been 
investigated using isothermal DSC and Henkin time-to-explosion 
methods. 

Temperature variations were used to simulate storage and aerodynamic 
heating conditions which could be experienced by the high explosive 
in a munition. Some variations in the kinetic constants suggest an 
increase in the sensitivity of the RDX. 

1. INTRODUCTION 

Scale up of explosives testing in the 
laboratory to the operational level is a 
major consideration when attempting to 
characterize an explosive. An area of 
concern is in the calculation of kinetic 
characteristics and associated constants 
of decomposition. 

In the past, kinetic studies of decomposi- 
tion of an explosive have been done using 
fresh, purified explosives samples. This 
condition fails to take into account that 
the explosive, at the time of detonation 
in an actual bomb, may have previously 
undergone several periods of heating and 
cooling both as a result of storage and 
under aerodynamic heating conditions. 

The purpose of this experiment, then, was 
to determine whether these periods of 
thermal variation appreciably affect the 
kinetic character of the decomposing 
explosive. 

2. THEORY 

Kinetic data were obtained using the iso- 
thermal differential scanning calo ime rlc 
method developed by R. N. Rogers. L25 

The differential scanning calorimeter (DSC) 
presents data in the form of a deflection 
from a baseline on a time-base recorder. 
This deflection, b, is directly propor- 
tional to the rate that heat is evolved by 
the sample, dq/dt, and hence, the rate of 
reaction, dx/dt, where x is the reacted 
fraction of the sample. For a first-order 
reaction: 

crb = 6% = g = k(l-x) 

where (1 and % are proportionality constants 
and k is the rate constant, then: 

b = 5(1-x1 and 

In b = k + In (1-x) 

Again considering a first-order reaction: 

In (l-x) = -kt + C 

where C is a constant of integration. 
Thus: 
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In b = -kt + C 

Therefore, k is obtained as the negative 
slope of the plot of In b vs time. 

Since the entire kinetic development was 
based on the assumption of first order 
kinetics, it is important to verify that 
the actual reaction order is approximately 
one. From the previously discussed theory: 

cab = dx = k (1-x)" therefore: 
E 

In b = In (l-x)"+ Ink = n In (l-x)+C. 
u 

A plot of In b vs In (1-x) gives the order 
as the slope. 

To calculate the activlation energy, Ea, 
and the collision frequency factor, 2, for 
a series of k vs temperature measurements, 
the Arrhenius equation is used: 

k = Z .-E,/RT or In k = In Z-E,/RT. 

Therefore, a plot of In k vs 1/T(10-3) 
gives a slope of -E,/R with E in Kcal/ 
mole, and an intercept of In B where Z is 
the collision frequency factor. 

3. DSC THEORY 

Basically the DSC measures the difference 
in heat energy required to keep the two 
pans at a constant temperature. When both 
pans are empty, the heat energy required 
is equal for both. Heat energy is required 
since an inert N2 atmosphere is constantly 
circulated to provide cooling and decom- 
position gas removal. When the sample 
decomposes in the sample pan, the heat 
evolved is detected as differential heat 
required by the DSC to keep the pans 
equilibrated. This is the deflection, b, 
and is proportional to dq/dt for the reac- 
tion. 

4. EXPERIMENTAL 

4.1 SAMPLES 

The explosive used in this experiment was 
cyclotrimethylenetrinitamine (HDX), Grade 
A. Each sample was sealed in an aluminum 
capsule with aluminum cover cold welded 
together with a capsule cover perforated 
with two holes of constant diameter and 
containing between 1.50 to 1.90 mg of RDX. 
The reference sample was composed of an 
empty pan with a perforated cover. 

4.2 KINETIC RUNS AND CYCLES 

Kinetic calculations were done by taking 

DSC runs of samples at nine different 
temperatures ranging between 505 and 543OK. 
At each of these temperatures, two samples 
were run and from the deflection curves 
(digital samples of the curve at regular 
intervals), see Fig 1 for a sample deflec- 
tion curve, the kinetic rate constant was 
calculated as previously described. From 
the resulting rate constant vs temp gra- 
dient, the activation energy and collision 
freq.uency factor was calculated via 
Arrhenlus plot. 

The above determination was done with a 
baseline of lab stock, uncpcled RDX and 
with cycled RDX explosive. Cycled RDX was 
prepared by running the RDX through a pre- 
determined temperature profile of heatlngs 
and toolings in a preprogrammed oven. 
Note: to ensure that no decomposition was 
occurring during these profiles, one 
representative sample was cycled in the 
DSC at high sensitivity settings for each 
temperature profile. The profiles used 
in this study are shown in Figure 2. They 
were designed to simulate the aerodynamic 
heat?ng and/or storage cycling. 

4.3 DSC PROCEDURE 

The instruments used for this experiment 
were the Perkin Elmer DSC-IB and DSC-2. 
The DSC pans were brought to the run 
temperature with the empty pans intact. 
The recorder was then started and the 
sample introduced onto the empty sample 
pan. The cold sample causes a sharp break 
in the recording which indicates the time 
of the introduction (see Figure 1). As 
the sample decomposes, the resulting heat, 
dq/dt, will be indicated. 

4.4 DSC AND RECORDER SETTINGS 

1. Before any runs are attempted, the DSC 
must be adjusted both in the average and 
differential calibration settings. This 
is accomplished in accordance with the 
DSC operation manual using standard sam- 
ples or by t 
and Grtis'. (37 

e method described by Rogers 

2. Both the chart sensitivity and the 
DSC scale range were adjusted to produce 
the largest possible deflection without 
exceeding the scale. (Since the deflec- 
tion is simply proportional to dq/dt, 
various settings could be tried without 
any consideration in the calculations.) 

3. Chart speed: 4Omm/min-16Omdmin 

4. N flow: 
P 

This was kept constant since 
it af ects the heat needed to keen the 
pans at the run temperature; for this 
experiment, 30 ml/mln. 
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5. DATA 

Data were taken at the time Interval 
Indicated (deflection data) as a digital 
signal converted from the analog chart 
signal by a digital sampler. 

Useful deflection data was only of the 
first order portion of the curve (from 
maximum deflection to the end), thus any 
readings before the maximum may be dis- 
regarded. Also, the data were "corrected" 
before use in the calculations by normal- 
izing it to a mlnlmum of sero baseline. 
This procedure is done for convenience 
of reporting and again due to proportion- 
ality having no effect on the results. 

6. METHOD OF CALCULATION 

The treated data (corrected) were then 
plotted as previously stated by computer 
to give a computer printout. 

6.1 RATE PLOT 

From the rate plot, In b vs time, a rela- 
tively straight portion (near the top 
where nongaseous decomposition is occur- 
ring) was selected and via linear least 
squares approximation of the tangent to 
the curve at that oolnt. the slooe of the 
curve at that point was*calculated and 
thus k, (k = - slope). 

6.2 ORDER PLOT 

In order to construct the order plot, In b 
vs In (l-x), the fraction remaining and 
thus In (1-x) must be found for times 
along the reaction's profile. These were 
calculated via an integration of the area 
under the deflection curve. Since dq/dt 
relates directly to dx/dt, the fraction 
unreacted Is directly proportional by the 
same constant to the change in area 
between consecutive time intervals over 
the total area under the curve. 

Thus dA t = y 
x] t = x = fraction decomposed 

A 

during the time Interval t = x to t = y. 

~i~::n:;lw+ 
atlons were performed via 
rule approximation. 

Once the values for In (1-x) were calcn- 
lated, the order plot of In b vs In (l-xl 
was computer determined. Once again a 
relatively straight portton was selected 
and the slope (and likewise the order) 
was calculated via linear least squares 
approximation. 

By tabulatlng the temperature of the run 
(actually l/T] and the respective rate 
constants for that temperature, the data 
for the previously discussed Arrhenlus 
plot is available to calculate the activa- 
tion energy (E 1 and the collision fre- 
quency factor BZ). 

7. ERROR CALCULATIONS 

The confidencec5) limits for all values 
were calculated according to the t- 
dlstributron method: 

T= n-2 x-1! 
s 

X 

Note that two degrees of freedom are 
assumed and a distribution of 90 percent 
(t 

.9G 
) was used. 

a. ERROR DISCUSSIONS 

Obviously the method used in determining 
the kinetic constants was uncertain due 
to the digital sampling techniques at 
long time intervals. This sampling may 
have totally overlooked fluctuations In 
the actual decomposition curve. The 
specific heat of the pans, although con- 
stant for the materials of both sample 
and reference pans, may have caused 
significant error due to nonuniformity of 
the pans. Another error consideration 
was the differential temperature calibra- 
tlon of the DSC. Since this was directly 
responsible for a correct balance between 
the two sides of the DSC, a slight lmbal- 
ante would cause a definite change in 
the deflection. b. The greatest DOSSible 

source of error in this study is ascer- 
tained to be the minute decomposition 
which may have occurred In cycling the 
explosive in the oven. However, previous 
experiments had shown that a sample of 
RDX In the DSC II showed no deflection or 
drift on the most sensitive scale. Addl- 
tional DTA/TGA studies showed no weight 
loss from the RDX cycled up to 180°C for 
the profiles selected. 

Although these errors presented are defl- 
nite considerations, the experiment actu- 
ally depended very little on widely 
fluctuating variables and thus presented 
fairly accurate results. 

9. HENKIN TEST 

The RDX used for the DSC studies was from 
the same lot as used in the Henkin test. 
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Samples were sealed In the aluminum tubes 
and cycled in a modified gas chromatograph 
oven fitted with thermocouples to monitor 
the temperature. An electric timer was 
used to monitor the elaosed time of the 
cycles. 

Continuous problems were encountered with 
the Henkin test setup. The apparatus was 
modified with a thermocouple placed 
directly at the center point of the tube 
corresponding to the center of the explo- 
sive sample. This was connected to a 
digital thermometer, accurate to + O.l°F. 

Temperatures were recorded for immersion 
and for time of explosion. It was observed 
that the temperature of the woods metal 
would drop 4-lOoF when the tubes vrere 
placed in the molten metal bath. Also, 
problems were encountered with the thermo- 
couple moving and giving erratic readings. 

Literature value for BDX is given as 217OC; 
our baseline was 222OC, and the cycled 
sample to 176OC gave 224OC. 

However, due to the inherent problems and 
erratic data, these data have been dis- 
regarded until further testing can be per- 
formed. 

10. RESULTS 

Below are tabulated average values for E 
and log Z for the baseline and both cycl@s: 

RDX A 4 (Kcal/mole) u 

Baseline 44.569 f 6.069 17.069 f 2.530 

Cycle A3 41.649 + 6.580 15.858 + 2.743 

Cycle D3 39.915 * 10.373 15.097 f 2.324 

Figures 3 and 4 represent plots of actl- 
vation energy and log pre-exponential 
versus temperature profile. Figure 5 
represents the order plots for the tem- 
perature profiles of the RDX. The plot 
shows an increase in the order profile 
for the 350°F (176.6"C) liquid phase 
decomposition. It was also seen in the 
order plots that the early part of the 
reaction below the melting point is not 
simple; relatively large negative orders 
were obtained for the cycled FLDX. This 
increase suggests an increase in the rate 
of decomposition. 

This area is being investigated further 
along with the delay time obtained from 
the DSC recording. 

It was noted that shorter delay times were 
obtained on the 16OV and 350" F than the 
baseline RDX. Correlation of this delay 
time with the time-to-explosion on the 
Henkin apparatus was the objective; how- 
ever, no reproducible data could be 
obtained with the Henkin. Further inves- 
tigation will continue along these routes. 

11. DISCUSSION 

The activation energies for the baseline 
and cycles show a trend which might sug- 
gest an increased sensitivity in the 
explosive samples upon cycling at higher 
temoerature nrofiles and a Dossible 
increase in thermal instability over 
extended "cycling" conditions. This trend 
is certainly only the very beginning as 
rn itself it cannot be considered con- 
clusive of an actual decrease in stabilits. 

" However, work at Los Alamos Scientific 
Laboratories (LASL) on selected explosives, 
using the wedge test have shown some 
increase to shock sensitivity between 25OC 
and 125OC. 

It appears from the data collected that a 
destabilization of the thermal decomposi- 
tion of the EDX is detectable. The impor- 
tant points here are: (1) the signifi- 
cance of this indication in terms of 
experimental uncertainties, (2) its mean- 
ing in terms of the mechanism of the decom- 
position, and (3) its validitv for appli- 
cation to scale up to the actual weapon 
system level. 

The frequency factor gives an indication 
of an increase in reaction rate with 
cvcled exolosive. The number of colli- 
sions approximately remained the same 
while the time required was decreased. 

Both of these observations tend to uphold 
the preresearch theory that the explosive 
would show increase in sensitivity under 
temperature cycling. 

It should be noted that in real systems 
more complex cases may be observed as 
results of the complexity of the mechan- 
ism by which the chemical reaction of 
decomposition takes place. It is, how- 
ever, always necessary to take into con- 
sideration the possibility of progressive 
dissolution of the original explosive in 
the reaction products, with a correspond- 
ing change in the kinetic laws governing 
the reaction. 
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Figure 1. Typical DSC curve for decomposition of RDX (523.0° K) 
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