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THERMAL INITIATION OF HIGH EXPLOSIVES BY ELECTRON BEAM HEATING

A. Stolovy, A.I. Namenson, J.B. Aviles, Jr.,
E.C. Jones, Jr. and J.M. Kidd

Naval Research Laboratory, Washington D.C. 20375

A 40-MeV electron beam has been used to uniformly heat
confined samples of high explosives until explosion occurs.
From observations of temperature vs time, values were ob-
tained for the thermal initiation thresholds (deposited en-
ergy per gram until explosion) and explosion temperatures.
These are good indicators of thermal explosion sensitivity.
In many cases, the specific heat or the latent heat of fusion
were obtained. Data were obtained on the following materi-
als: HMX, PBX-9404, RDX, HBX-1, Comp. A-3, PBXW-109, TATB,
TNT, DNP, DIPAM, NDAC, TNB and TNBA. Thermal threshold
values vary from 57 cal/gm to 168 cal/gm for these materi-
als. There is some indication that these results are cor-
related with data from impact sensitivity tests. Radiation-

induced decmposition is shown to be very small.
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INTRODUCTION
The behavior of energetic materials subjected to thermal
stimulus has usually been studied by slow heating techniques
such as differential scanning calorimetry, differential ther-
mal analysis, thermogravimetric analysis and pyrolysis on
unconfined samples. These have yielded much valuable infor-
mation on the thermal propérties and kinetics of the chemical

reactions]. Isothermal cook~off experiments have also been

2

done, sometimes with spherical geometry™ to simplify the

analysis. Time-to-explosion measurements with slab or spher-

3-5

ical  geometry”” have yielded valuable information.

Another technique 1is the thermal step test6’7, in which a
pulse of electric current heats a capillary tube containing a
small sample of explosive, and the induction time to
explosion is measured as a function of the temperature.

The technique we have developeds"'0

makes it possible
to uniformly heat confined samples of energetic materials at
a variety of heating rates, and to observe the temperature
and gas pressure as a function of time until explosion
occurs, wusually in a few seconds. This 1is done by
irradiating the confined high explosive (HE) samples with a
high energy (40 MeV) electron beam from the NRL Linac. The
beam is very oenetrating, depositing only a small portion of

its energy in the HE sample. Beam profile measurements

show that, within 10 percent, energy is deposited in the HE
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sample uniformly, so that thermal gradients are very small,
and the results are independent of the size and shape of the
sample. Thus, the thermal behavior of HE materials can be
obtained from relatively small samples. These experiments
yield information on thermal initiation thresholds (deposited
energy per gram, or dose required to initiate a runaway
chemical reaction), explosion temperatures and physical or
¢rystalline phase transitions. The thermal initiation
threshold is obtained directly from the product of the beam
heating rate and the irradiation time until explosion.

There do not seem to be any érevious systematic measure-
ments of thermal initiation thresholds or explosion tempera-
tures for confined HE samples. Phung]] has done some cal-
culations of critical doses and initiation temperatures based
upon a hot spot model, and also performed some e*periments
with a 1-MeV electron beam striking small unconfined sam-
ples. For RDX and HMX, his experiments gave only a lower
limit of 40 cal/g for the "critical dose", and the calcula-
tions yielded values of ahout 38 cal/g, which are much lower
than our experimental results with confined samples. These
early results cannot be compared to our measurements, which
were performed under quite different conditions. The experi-
ments that are closest to those reported here are time-to-ex-

plosion experiments in which confined samples are placed in

183



14: 06 16 January 2011

Downl oaded At:

fixed temperature baths.3'5A critical bath temperature is
defined as the temperature below which no explosion occurs.
This critical temperature is dependent on the size and shape
of the sample, and is obtained from experiments which often
involve long heating times ( > 103 sec) during which much
of the HE has decomposed. Critical temperature values are

1,12 However, these

tabulated 1in several compilations.
data cannot be related to the data reported here, in which
the thermal energy is deposited almost uniformly and rapidly,
so that the samples initiate before appreciable decomposition
has occurred. This point will be decussed in detail in the

discussion of results section.

This report is intended to be a survey of the work we
have done in recent years, so that the data can be available
at this time. An analysis of some of the points associated
with this technique is given in the discussion section. A

more detailed analysis will be given in a subsequent report.

EXPERIMENTAL PROCEDURES

The following HE materials have been examined in this
investigation: HMX,PBX-9404, RDX, HBX-1, Comp. A-3, PBXW-109,
TATB, TNT, ONP, DIPAM, NDAC, TNB and TNBA. Some of the HE
samples were fabricated at the Naval Surface Weapons Center

in the form of a pair of pressed powder disks, each 0.718 cm
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diameter by 0.470 cm thick, with a total weight of 0.5 to
0.7 g. Other samples were pressed in our laboratory using a
die with a diameter of 0.732 cm. The samples were confined
within a stainless steel cell as shown in Fig. 1. The junc-
tion of a small (0.0025 cm diameter) iron-constantan thermo-
couple is oressed between the two HE disks which are sur-
rounded by ceramic cloth insulating material. Indium solder
is used to seal jin the reaction product gases. In some ex-
periments, a pressure transducer was attached to obtain data
on pyrolytic gas pressure as a function of time. The rear
(downstream) window is 0.08 cm thick Al alloy, and is design-
ed to blow out at pressures exceeding 2.8 X 107 Pa (4000
psi). The front (upstream) window is 0.32 cm thick Al
alloy. All experiments were performed in air, with the
electron beam emerging from a water-cooled exit window. The
confinement cells are usually placed about 12 cm from the
Linac exit window to ensure a uniform beam profile across the
HE sample. Heating rates can be changed by varying this
distance, or by changing the pulse repetition rate. The
Linac exit window is protected from explosion debris bv a
0.32 c¢m thick Al plate, or by bending the beam away from the
exit window with a magnet. A computer is used for data
acquisition and for producing plots of temperature or
pressure vs time. In some experiments, data were also

obtained with chart recorders.
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The pulsaed beam parameters usually used in these experi-
ments were as follows: 40 MeV average energy, 1 us pulse
width, 320 mA peak current, and 360 pulses/s repetition
rate. At a distance of 12 ¢m from the Linac exit window,
heating rates were typically about 10 cal g“] s'l, cor-
responding to about ,40°C/s. Heating rates more than an
order of magnitude greater are possible at a position close
to the Linac exit window, but at the expense of the unifor-
mity of irradiation.

The beam profile was measured at the sample position
(12 cm from the Linac exit window) by two methods. In the
first method, we exposed 5 X 5 arrays of calcium fluoride
thermoluminescent detector squares (each with 0.318 cm sides)
to 5 beam pulses, and read them on a caiibrated TLD reader.
These results showed that the beam was uniform within 10 per-
cent over the HE target area. In the second method, radia-
chromic films {which darken upon exposure) were placed at the
sample position and read out at a densitometer. A plot of
horizontal and vertical scans through an exposed film is
shown in Figure 2. This indicates that over the area of the
HE sample, the beam is uniform to within 8 percent.

The HE heating rates are obtained in two ways: from the
HE itself and from an Al calorimeter. The heating rate from

the HE data is obtained from the slope of the temperature vs.
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time curve at the midpoint of the initial inactive region
(before exothermic reactions or phase changes occur). The
product of this slope and the heat capacity at this
temperature is the observed beam heating rate. This is a
little less than the true beam heating rate because of small
conductive cooling losses, but the observed heating rate is
the actual rate at which the HE sample is absorbing energy.
The thermal initiation threshold is then the product of this
ohserved heating rate and the beam irradiation time until
explosion, If a latent heat process such as melting or a
crystalline phase transformation occurs hefore explosion, the
time to explosion will increase (because of the additional
beam heating time required to affect the phase change), thus
increasing the thermal threshold by an amount equal to the
latent heat of the phase change. The calorimeter is an Al
alloy disk, 0.718 c¢m in diameter by 0.318 cm thick with an
attached thermocouple junction, placed close to and up-
stream from the HE sample, as indicated in Fig. 1. Data from
this calorimeter is particularly useful when the specific
heat of the HE is not known.

A steel collimator, 2.54 cm thick is placed upstream from
the confinement cell to reduce activation of the cell by
scattered electrons. It is important to insure that the cell
is electrically grounded; otherwise charge build-up from the

beam produces a very noisy thermocouple output. The low
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melting point materials TNT, NDAC and TNB presented a special
problem in that the molten HE would be absorbed by the soft
insulating material, thus leaving the beam area. For these
materials, machined insulators made from lava rock ceramic
were used instead of soft insulation. For most of the
materials we have examined, melting or crystalline nphase
changes are observed before explosion. In many cases,
explosion occurs during or immediately after melting, so that
the explosion temperature is approximately the same as the
melting point.

EXPERIMENTAL DATA

In the following, we do not give chemical names or for-
mulations of mixtures for the more well-known HE materials;
these can be found in compilations of HE properties, such as
Ref. 1. We give such information only for a few less well-
known materials.

T. HMX

This material 1is known to exhibit four crystalline
phasesl3. As the material is heated, a crystalline phase
transformation from the 8 to the § phase occurs at about
185°C, and appears as a plateau on a temperature vs time
plot, as shown in Fig. 2. The abscissa is also given in dose
units at the too of the figure. The origin of a second

plateau which appears just before explosion in most of the

tests is not clear. It is probably associated with the RDX
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impurity which is alwavs present in military grade HMX, hut
we did not have chemically pure HMX available to perform
tests to confirm this. A comhination of exothermic reactions
in HMX and melting of non-uniformly distributed RDX impurity
could produce this behavior, and the observed fluctuations in
explosion temperature. It should be noted that it is
important to study standard HE materials which contain
impurities which affect their thermal behavior. The results
of nine experiments on pressed powder HMX pellets with no
binders are summarized in Table 1. Threshold values were
obtained from the HE and from the Al calorimeter, as
previously explained. The average threshold values obtained
by these two methods are in good agreement, but there is a
systematic difference between the HE and calorimeter data.
This will be discussed later. The uncertainties shown are
standard deviations of the mean; i.e., the standard deviation
divided by the square root of the number of experiments.
This is correct if we assume that a fixed mean value can be
assigned to each explosive. Blanks in the table indicate
portions of the data which were poor due to a noisy

thermocouple signal.
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TABLE 1

Thermal Initiation of HMX Samples.

Beam Heating Time Until Thermal Threshold Explosion
Rat Explosion Temperature
(cal g1 s°1) (s) (cal/q) (oc)
HE Calor. HE Calor.
4,39 4.83 13.48 59.1 65.1 215
3.88 4.18 15.80 61.3 66.0 ---
3.97 4.10 14.32 56.8 58.7 245
4.99 5.32 12.90 64.3 68.7 245
5.01 5.35 12.15 60.9 65.0 255
6.53 7.00 10.28 67.1 72.0 ---
6.30  ---- 9.87 62.2 e 235
9.88 8.83 7.05 69.6 62.6 260
3.00 2.76 19.11 57.3 58.6 +30

Averages: 62.1 + 1.4 64.6 +1.6 241 +6

N
.

PBX-9404

This often-used material, which is 94 percent HMX, would
be expected to have thermal initiation properties similar to
that of HMX. An example of data taken with this material is
shown in Fig. 3. Explosion occurs suddenly and violently.
Indeed, in two of the eight experiments performed, a
transition to high-order detonation seemed to occur, blowing
out the.  0.318 cm thick Al entrance window as well as the

0.08 cm exit window. The data for the eight experiments are
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TABLE 2

Thermal Initiation of PBX-9404.

Beam Heating Time Until Thermal Threshold Explosion
Rate Explosion Temperature

(cal g-1 s-1) (s) (cal/q) (oc)

HE Calor. HE Calor.

9.65 8.33 6.24 60.2 52.0 2N
11.28 9.68 5.91 66.7 57.2 276
11.25 10.76 5.81 65.3 62.5 278
10.51 9.59 6.00 63.1 57.5 269
11.14  10.54 5.95 66.3 62.7 293

8.15 8.12 7.50 61.1 60.9 277

7.62 6.90 8.30 63.2 57.3 282

9.77 9.72 6.44 62.9 62.6 290

Averages: 63.6 + 0.8 59.1 +1.3 280 + 5

listed in Table 2, showing good consistency. The threshold
values obtained from the HE and calorimeter differ by more
than one standard deviation. The threshold obtained from the
HE is 1in excellent agreement with the value obtained with
pure HMX, but results from the calorimeter data are quite
different. The explosion temperature for PBX-9404 s
considerably higher than that for HMX, probably because this
material does not have the RDX impurity present in our HMX
samplies.

3. RDX

This is another basic nitramine explosive often used in
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combination with other materials. The data for RDX, as given
in Fig. 4, shows evidence of exothermic activity before the
melting point plateau at about 200°C, and then a rapid run-
away reaction to explosion from the molten material. Al-
though the exnlosions are quite energetic, there is no evi-
dence for a transition to high-order detonation, as observed
in HMX-based explosives. In Tahle 3, we list the data from
nine experiments. Agreement between the two threshold aver-
ages is good. The observed exvlosion temperature is simply
the melting point.
TABLE 3

RDX Thermal Initiation Data.

Beam Heating Time Until Thermal Threshold Explosion
Rate Explosion Temperature
(cal g-1 s-1) (s) (cal/q) (oc)
HE Calor. HE Calor.
10.26 9.93 7.29 74.8 72.4 207
8.98 9.96 7.06 63.4 70.3 203
10.26 9.93 6.80 69.8 67.6 200
9.90 7.62 7.43 73.6 56.6 201
9.59 9.24 6.79 65.1 62.8 203
11.84 11.14 5.13 60.8 57.2 203
14.04 14.47 4,58 64.3 66.3 196
14.80 12.97 4.52 66.9 58.6 192
6.62 6.96 9.30 61.5 64.7 196

Averages: 66.7 +1.7 64.1 +1.9 200 + 2
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4. HBX-1

This is a mixture of RDX, TNT, aluminum powder and wax.
An example of a beam heating curve for this material is shown
in Fig. 5. The flattening of the curve near 80°C and
200°C are due to melting of the TNT and RDX components,
respectively. A detailed look at the exothermic region is
shown in Fig. 6, where the interval between points is 1.39 ms
(two data points between beam pulses). The exotherm is seen
to start from the melt plateau, and then the curve flattens
out near 660°C, where the Al powder melts. A runaway exo-
therm to explosion occurs after all the aluminum has melted.
Also shown are data obtained with a pressure transducer9 on
pyrolytic gas pressure, which shows no structure as it rises
monotonically to rupture. The initiation data for ten exper-
iments are listed in Table 4. The HE and calorimeter data
are in reasonable agreement.

The threshold and explosion temperature are both slightly
higher than those for RDX, possibly due to the influence of
the TNT, but RDX seems to dominate the thermal initiation of

this material.
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TABLE 4

Thermal Initiation of HBX-1 Samples.

Beam Heating Time Until Thermal Threshold Explosion
Rate Explosion Temperature
(cal g=1 s-1) (s) (cal/g) (0C)
HE Calor. HE Calor.
20.12  -- 3.34 67.2 -- 196
10.30 9.76 6.88 70.9 67.1 205
9.18 8.05 8.36 76.7 67.3 220
3.08 7.80 7.70 69.9 60.1 200
9.23 8.95 7.13 65.8 63.8 225
6.84 5.66 10.50 71.8 59.4 230
6.76 6.95 10.15 68.6 70.6 215
9.18 9.21 7.83 71.9 72.1 230
8.87 9.36 7.98 70.8 74.7 220
9.86 9.20 7.48 73.7 68.8 _ 210

Averages: 70.7 + 1.0 67.1 +1.7 215 + 4

5. Comp. A-3

This material is 91 percent RDX and 9 percent wax bind-
er. A previous 1'nves'c1'gat:1'on]4 had indicated that the ad-
dition of small amounts ( < 1 percent) of saligenin will de-
sensitize this material, as demonstrated by impact tests.
Therefore, we performed a series of experiments using elec-
tron beam uniform heating to see if the thermal initiation

threshold is affected by the addition of saligeninls. The
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TABLE &

Thermal Initiation of Comp. A-3. Small Amounts of Saligenin
were added as indicated.

Beam Heating Time Until Thermal Explosion
Rat Explosion Threshold Temperature

(cal g-1 s-1) (s) (cal/g) (oc)

Percent

Saligenin HE Calor. HE Calor.
0 4,23 4.90 14,37 60.8 70.4 19
0 10.79 11.28 5.27 56.9 59.5 191
0.1 14.97 13.93 4,16 62.1 58.0 192
0.1 5.44 5,49 12.35 67.2 67.8 208
0.1 5.16 6.56 8.77 45.2 57.6 180
0.2 9.59 12.80 4,10 39.3 52.5 170
02 5.56 5.21 8.50 47.3 44.3 192
0.4 8.24 8.52 6.52 53.7 55.6 191
0.4 6.38 4.84 11.71 74.8 56.7 240
0.6 4.92 5.72 9.56 46.9 54.5 190
0.6 10.83 8.90 7.16 77.5 63.8 225
0.6 4.39 6.25 10.22 44,9 63.9 178
0.6 5.94 7.90 7.92 47.1 62.6 176
0.8 15.30 13.20 4,35 66.5 57.3 238
0.8 12.53 11.35 5.49 68.8 62.3 21
1.0 14.57 M11.27 4.81 70.1 54.2 250
1.0 5.49 7.30 9.80 53.8 7.5 175
1.0 4.98 6.63 9.25 46.1 61.3 175

Averages: 57.2 +2.8 59.7+1.6 199+6
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RDX content was always 91 percent, while the saligenin con-
tent was varied between O percent and 1 percent. The results
are listed in Table 5. An examination of these results shows
no dependence of thermal initiation characteristics on sali-
genin content. We therefore obtained average values for the
entire set of experiments as shown. There is a considerable
amount of fluctuation in these data. The average threshold
is a little lower than that for pure RDX but the difference
is not statistically significant. A typical heating curve is
shown in Fig. 7; it looks very similar to the behavior of RDX.
6. PBXW-109

This 1is another RDX-based explosive. An example of a
beam heating curve is shown in Fig. 8. The melting of RDX is
seen as the plateau-like region near 200°C, but the plateau
is not completely flat. The beam heating and reaction con-
tinue beyond the melt region to explosion at a considerably
higher temperature than observed for RDX or Comp. A-3. The
tabulated results of nine tests are listed in Table 6. The
specific heat for RDX was used in calculating the HE beam
heating rate and threshold. The threshold from the HE data
is in agreement with the result for RDX. The calorimeter

data yield a considerably higher value.
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TABLE 6
Thermal Initiation of PBXW-109.

Beam Heating Time Until Thermal Threshold Explosion
Rate Explosion Temperature
(cal g-1 s-1) (s) (cal/g) (oc)
HE Calor, HE Calor.
8.11  7.92 8.40 68.1 66.5 265
8.15 7.81 8.01 65.3 62.6 255
9.00 11.24 7.13 64.2 80.1 240
8.91 10.86 7.23 64.4 78.5 251
9.01 10.46 7.19 64.8 75.2 245
9.68 9.18 7.12 69.0 65.3 250
11.21 11.11 6.06 67.9 67.3 248
10.94 11.73 6.29 68.8 73.8 248
10.08 11.46 6.49 65.5 74.4 245
Averages: 66.4 + 0.7 71.5 + 2.1 250 + 4
7. TATB

This HE is known to be less sensitive to thermal or shock
initiation than the nitramines. We obtained values of
145 +4 cal/g and 409 +6 °C for the thermal initiation
threshold and explosion temperature, respectively. We have

9

previously reported” extensively on this material, so it

will not be discussed here.

8. INT

This material was experimentally difficult to work with,
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because its melting point is much lower than the explosion
temperature. In order to hold the Tiquid TNT in the beam, we
replaced the soft insulating material shown in Fig. 1 by lava
rock ceramic insulators. The thermocouple signal from the
liquid HE was often very noisy, nossibly due to gas bubbles
and erratic thermal contact. Some of the samples did not ex-

plode until extraordinary doses were deposited (>340 cal/g);
some did not explode at all. Only 5 out of 14 experiments
yielded reasonably consistent results, with relatively quiet
thermocouple signals. These are tabulated in Table 7. An
example of the data is shown in Fig. 9. The melting plateau
at about 80°C is clearly seen, but explosion does not occur
until much later. The average thermal threshold is greater
than any of the other materials we studied. A portion of
this threshold is due to the latent heat of fusion. Assuming
that the beam is the only heating source during the melting
process (no exothermic chemical reactions occur at 80° C),
we can obtain values of the latent heat of fusion from the
product of the beam heating rate and the duration of the plat-
eau; we obtain an average value of 24 + 2 cal g']°C'].

The explosion temperatures are quite high and exhibit a con-

siderable amount of fluctuation.
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TABLE 7

Thermal Initiation of TNT.

Beam Heating Time Until Thermal Threshold Explosion
Rate Explosion Temperature
(cal q'] s‘]) (s) {cal/qg) (°c)
HE Calor. HE Calor.
5.30 5.45 33.8 179.2 184.0 295
7.90 7.27 21.8 17.9 158.1 300
32.90 - 5.24 172.2 -- 370
19.97 14.59 9,34 186.5 136.3 375
12.21 13.49 10.57 129.0 142.6 310
Averages: 168 + 12 155 + 11 330 + 18

9. DNP (Dinitropiperazine)

The thermal behavior of DNP is shown in Fig. 10. It exhib-
its an unusually long melting plateau at about 215°C, and ex-
plodes at slightly above the melting point. The duration of
this plateau varies considerably between tests, resulting in
fluctuations in the thermal threshold values. The results are
tabulated in Table 8. The explosion temperature was not ob-
tained for the first run because of a noisy thermocouple sig-
nal. Since the specific heat of this material is unknown, heat-
ing rates and thresholds were obtained from the calorimeter data
alone. These data can then be used together with the slope of
the HE curve (below the melting plateau) to obtain an average
value of 0.34 +0.04 cal g7! %1 for the specific heat be-

tween room temperature and 200°c.
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TABLE 8

Thermal Initiation Data for DNP. Beam Heating Rates and
Thresholds are from Calorimeter Data.

Heating Time Until Thermal Explosion
Rate Explosion Threshold Temperature
(cal g1 s-1) (s) {cal/q) (oc)
8.79 13.97 122.6 -—-
9.30 13.85 128.8 213
9.63 17.15 165.2 225
9.12 17.00 155.0 240
9.07 14.77 133.9 225
10.26 14.14 145.1 220
7.22 13.77 99.5 214
9.25 11.96 110.6 222
7.00 12.27 85.9 215
8.91 11.86 105.7 224
6.73 16.56 111.4 220
Averages: 124 17 22213

10. DIPAM (Dipicramide)

Nine confined samples of this HE were exposed to a de-
flected beam which, unfortunately, was poorly aligned in some
cases, resulting in low heating rates. Four runs were con-
sidered to be unreliable, and discarded. The data for the

good runs are given in Table 9.
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TABLE 9

Thermal Initiation Data for DIPAM,

Beam Heating Time Until
Rate Explosion Thermal Threshold
(cal g~ s-1) {s) (cal/qg)
HE Calor. HE Calor.
8.69 8.83 14.15 122.9 124.9
11.49 10.79 10.62 122.1 114.6
11.95 13.76 8.15 97.4 112.2
9.84 10.45 13.32 131.1 139.2
11.77  10.33 13.40 157.7 138.5
Averages: 126 +10 126 + 6

There is a considerable amount of fluctuation between these
results, which is due to large variations in the duration of
the melting plateau at about 300°C.  The agreement between
the HE and calorimeter average values is fortuitous. A typi-
cal data curve is given in Fig. 11. The explosion tempera-
ture is the melting point in all cases.

11. NDAC (Nitraminodiacetonitrile)

Since this HE has a low melting point, we used ceramic
insulators to contain the liquid. A heating curve is given
in Fig. 12, showing a long melting plateau at about 90°C,
and explosion at about 250°C. The data are given in Table

10. Since the HE specific heat is unknown, we list heating
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rates and thresholds obtained from the calorimeter only,
Some of the runs were done with rather low heating rates,
probably due to beam misalignment. Because cooling losses
are a considerable fraction of the beam heating rate for
these runs, we obtained average calorimeter heating rates
from the midpoint of these curves. For two of the runs, ex-
plosion temperatures could not be obtained because of noisy
thermocouple signals, probably due to bubbles in the melted
HE. By comparing the initial slopes of the HE and calori-
meter curves, we can obtain values of the specific heat for
the region between 20°C and 90°C; we thus obtain an aver-
age specific heat of 0.30 + 0.04 cal g~ %', Since
melting occurs well below the onset of exothermic reactions,
we can also obtain values for the latent heat of fusion from
the product of the heating rate and the duration of the pla-
teau. This leads to an average value of the Tlatent heat of

31 + 3 cal/g.
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TABLE 10

Thermal Initiation Data for NDAC. Beam Heating Rates and
Thresholds are from Calorimeter Data.

Beam Heating Time Until Thermal Explosion
Rate Explosion Threshold Temperature
(cal g1 s-1) (s) (cal/q) {oc)
4.37 18.11 79.2 215
16.12 5.70 91.8 225
9.94 12.05 119.7 ---
11.55 11.39 131.5 “—=
4.19 26.6 111.5 230
6.86 16.72 114.8 265
7.26 16.30 118.4 270
5.02 25.5 128.0 290
Averages: 112 +6 249 + 12

12. TNB (Trinitrobenzene)

This material behaved quite erratically. Although ten
samples were irradiated, five of them would not explode at
all, and instrumental problems developed in two others.
Thus, we obtained data on only three experiments; the results

are listed in Table 11 for the calorimeter data only, since
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TABLE 11

Thermal Initiation Data for TNB. Beam Heating Rates and
Thresholds are from Calorimeter Data.

Beam Heating Time Until  Thermal Explosion
Rate Explosion Threshold Temperature
(cal g1 s-1) (s) (cal/q) (oc)
12.57 10.75 135.2 350
11.08 13.52 149.8 310
10.27 13.58 139.5 260
Averages: 142 + 4 307 + 26

the HE specific heat is not known. The heating rates are
average values, taken at the midpoint of the irradiation
time. The threshold and explosion temperature are quite

large. Ceramic insulators were used to confine the melted HE.

Fig. 13 shows a melting plateau at about 110%, and explosion
at about 310°C. By comparing the initial slope of the HE and
calorimeter data, we obtain an average value for the specific
heat of 0.32 + 0.04 cal g'] °C'1, for the region between
20° and 100°C. From the plateau lengths, we obtain an

average value of the Tlatent heat of fusion of 24 + 4 cal/g.
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13. TNBA (Trinitrobutyric Acid)

This material has a very low melting point, so ceramic
insulators were used to keep the liquid HE in the beam. A
typical heating curve is shown in Fig. 14, exhibiting a melt-
ing plateau at about 60°C, and explosion at about 235°¢.

The results of seven experiments are given in Table 12. The

TABLE 12

Thermal Initiation Data for TNBA. Beam Heating Rates and
Thresholds are from Calorimeter Data.

Beam Heating Time Until Thermal Explosion
Rate Explosion Threshold Temperature
(cal g1 s-1) (s) (cal/g) (oc)
7.48 15.35 114.8 235
8.13 11.04 89.8 235
8.32 11.62 96.7 235
10.56 8.37 88.4 228
9.23 9.76 90.1 240
10.04 10.18 102.2 225
8.57 10.49 89.9 237
Averages: 96.0 + 3.7 234 + 2
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heating rates and thermal thresholds were obtained from the
calorimeter data only, since the HE specific heat is not
known. Again, we can obtain values of the specific heat from
the ratio of the initial calorimeter heating rate to the ini-
tial slope of the HE curve. This yields an average value of
0.28 + 0.03 cal g”! °C”, for the interval 2°C to 60°C. e
also obtain values of the latent heat of fusion from the
plateau lengths; the average value is 16 + 3 cal/g.

DISCUSSION OF RESULTS

1. Thermal initiation characteristics

A summary of the thermal initiation thresholds and explo-
sion temperatures for the 13 HE materials we have examined is
given in Table 13. In many cases, thermal threshold values
obtained from the HE and calorimeter data differ by several

! of the HE was

standard deviations. When the specific heat
known as a function of temperature, we have listed the result
obtained directly from the HE as the best value, but with an
uncertainty reflecting the spread in results obtained from
the HE and the calorimeter. When the specific heat was not
previously known, we have listed thresholds obtained from the
calorimeter, with errors which include uncertainty in a geo-
metrical correction factor (since the Al calorimeter is not
quite in the same position as the HE). Thus, all the errors

quoted in Table 13 are larger than the statistical standard

deviation of the mean values given in the previous section.
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TABLE 13

Thermal Initiation Characteristics of High Explosives from
Electron Beam Heating Experiments.

Explosive Thermal Threshold Explosion Temperature
(cal/qg) (oC)
HMX 63 +4 240 + 6
PBX-9404 64 +3 280 + 5
RDX 67 +5 200 + 4
HBX-1 1 +5 215 + 5
Comp.A-3 57 +5 199 + 8
PBXW-109 66 + 5 250 + 4
TATB 145 + 4 409 + 6
TNT 168 + 12 330 +18
DNP 124 + 7 222 + 4
DIPAM 126 + 10 304 + 5
NDAC 112 +10 249 + 15
TNB 142 + 15 307 + 30
TNBA 9% + 5 234 + 4

The PBX-9404 initiation parameters are very similar to
that of pure HMX. Similarly, the RDX-based materials (HBX-1,
Comp. A-3 and PBXW-109) have initiation parameters that are
within about 20 percent of those for RDX. It should be noted
that although HBX-1 also contains TNT, its thermal initiation

is dominated by the more sensitive RDX component. TATB has a
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threshold which is about twice that of the HMX or RDX-based
materials. The threshold for TNT is still higher. There is
much interest in the last five materials listed although they
are not in common usage; they have fairly high thresholds, so
they should be thermally stable. The order of explosion
temperatures does not necessarily follow the order of thermal
thresholds, because the latter is affected by latent heat
processes (usually melting). Thus, the threshold for TNT is
greater than that for TATB, although its explosion tempera-
ture is lower.

As a by-product of these experiments, we often obtain
information on other thermal properties of these explosives.

These are listed in Tahle 14. We obtained the latent heat of

TABLE 14

Thermal Properties of High Explosives from Electron Beam
Heating Experiments.

Explosive Melting Latent Heat Specific Temperature
Point of Fusion Heat Range
{oc) (cal/g) (cal g~V oc-1) (oc)

TNT 80 24 + 2 -- --

DNP 215 -- 0.34 + 0.04 20 — 200

NDAC 90 31 +3 0.30 + 0.04 20 — 90

TNB 115 24 + 4 0.32 + 0.04 20 — 100

TNBA 60 16 + 3 0.28 + 0.03 20 — 60
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fusion only for those cases where the melting point is well
below the explosion temperature, so that we can be reasonably
sure that exothermic reactions have not yet begun, and the
beam is the only heat source during the melting process.
Specific heat values were obtained only for those materials
for which it was not previously measuredl. These are aver-
age values over the temperature range indicated in the last
column.

Considerable fluctuation is observed between individual
threshold measurements on the same HE material, and also
between the HE and calorimeter data. It is not clear if
these fluctuations are due to experimental errors, variations
between the samples, small differences in experimental
conditions or the statistical nature of energetic material
hehavior. To obtain good average values, it i$ necesssary to
perform many nearly identical experimental tests. Our best
results were obtained for materials on which 8 or more tests
were done.

2. Comparison with impact tests

It is interesting to compare our thermal initiation pa-
rameters with impact sensitivity tests, such as drop hammer,
gap and Susan tests. This is difficult because impact test
results are often strongly dependent upon density, grain
size, binder, humidity and the test apparatus]ﬁ. Peter-

sen]7 has made a critical evaluation of these tests, has
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normalized them to a common hazard index and ranked them ac-
cording to an average index for all tests. We have looked
for correlations between our results and these impact tests.
Since the probability distributions are not known for any of
these data, it is best to use a distribution-free test such

18 or the disarray test 18.

as the correlation by ranks
Although either of these tests would be appropriate, we have
used the disarray test because it runs faster on a computer,
greatly facilitating Monte Carlo analysis of the data. It is
also more accurate when the number of data points is small.
We have assumed that a negative correlation is not physically
meaningful, so we have calculated the one-sided significance

18 Thus, a comparison of our thermal in-

of correlation.
itiation threshold and explosion temperature values with
impact tests yield the significance of correlation values
given in Table 15, for the 10 cases in which there are over-

lapping data.

TABLE 15
Significance of Correlation Between Thermal Initiation and
Impact Tests in Percent, for 10 Explosives.

Average, Drop Average, Average, All
Hammer Tests Gap Tests Impact Tests

Thermal Threshold 95 85 92

Explosion Temperature 91 92 95
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These numbers indicate that a correlation exists between
our thermal initiation data and the impact tests, but it is
not strong. In fact, there is less than a 0.5 percent chance
that the data are totally correlated. However, the correla-
tion improves to significant levels ( > 99 percent) if we use
the impact data for cast TNT, rather than pressed. Apparent-
ly, cast powder samples are much less sensitive to impact
jnitiation than pressed samples are, but this is not true for
our thermal initiation tests, which are sensitive only to the
chemistry of the material, not its mechanical properties.
Monte Carlo checks on these data indicate that our assigned
uncertainties are reasonable; i.e., the significance levels
do not change much when the results are varied within the
quoted uncertainties. The correlation between thermal and
impact tests is not surprising, because in impact tests, the
kinetic energy is converted to heat.

3. Thermal decomposition

In this section, we present some general features of the
thermal dinitiation process which are applicable to these
experiments (thermal gradients assumed negligible) based upon
the simplest model available: a first order reaction in which
the rate constant has an Arrhenius temperature dependence.

The basic equations are:
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dN/dt = -IN exp[-E/RT] (1)

C, dT/dt = q + QZN exp[-E/RT] , (2)

in which:

N = fraction of original material

7 = frequency factor (s™1)

E = activation energy (cal/mole)

Q = heat of reaction (cal/g)

d = beam heating rate (cal g'] 571y

C, = heat capacity at constant volume (cal g'] °C'])

As the system approaches initiation, the chemical energy
release term in Eq. (2) makes a transition from a value which
is small compared to q to a value which greatly exceeds it.
It is natural to introduce a temperature Te at which the

chemical term becomes equal to q:

q = QZN, exp[-E/RT.] . (3)

We identify Te with the explosion temperatures found
experimentally and listed in Table 13.

To obtain an estimate of the decomposition fraction up to
the explosion temperature, we divide Eq. (1) by Eq. (2),
integrate, and note that the result is dominated by the upper

temperature limit Te' For the decomposition fraction at
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Te’ we obtain:

2
(l-Ne):E ¢, Te 1n2 /Q(E/R). (4)

If we consider TNT, and use the values Q = 300 cal/g,
£ =34.4 Kcal/mole  and C, = 0.33 cal g'] o¢ -1 from
Ref.1, and our value T, = 330°C (603%), we obtain
(1- N,) £0.0183.  For HMX, (1- Ng) $0.0040. In gener-
al, the model predicts very little decomposition up to the
explosion threshold. Experimental evidence for this can be
seen by examining the exothermic region in HBX-1 shown in
Figure 7. Evidence for gaseous decomposition products ap-
pears as a pressure rise only after the initiation thresh-
old. Further evidence comes from recent studies by

Shar-ma]9

of electron-beam irradiated HE samples; he found
very little decomposition, even for doses near threshold.
The temoerature rise at threshold due to the exothermic

reaction can similarly be shown to be small. It is given by:

- 2
AT, = (1-N0/C, < T, © 1n2 /(E/R). (5)

For TNT and HMX, AT, is less than 14.7°C and 6.7°,
respectivelv. Therefore, almost all of the decomposition and
self-heating occurs in the exothermic reaction beyond
threshold.

This simple model does not include effects due to phase

changes or impurities (these could he modeled). It serves
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only to show how useful information can be obtained by this
method, and to estimate the parameters of the reaction.

4, Radiation-induced decomposition

When a high energy (many MeV) beam electron strikes a
molecule, an atomic electron is usually ejected, leaving the
ionized molecule highly excited. The ejected electron
collides with other molecules in a cascading process until
the energy is distributed over many excited ionized molecules
with an average excitation energy I.

The molecules can deexcite in several ways, one of which
is unimolecular decomposition, where the rate of decomposition

is proportional to the energy deposition rate:

dN/dt = - agN , (6}

where a jis the fractional decomposition per unit deposited
energy:

a = (AN/N)/Aq , (7)

where Aq = § At, and AN and Aq are small. Integration
of Eq. (6) vields

t
N = exp[- aq], where q =f q dt (8)
0

is the energy deposited in a time t.

The quantity N Aq is the total energy deposited per unit
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mass in the undecomposed molecules by a heam electron. Ini-
tially this energy is confined to a small number of mole-
cules, AN. If all these molecules decompose, NAg = IAN,
Comparing this to Eq. (7}, we sée that @' = I. This im-
plies that we could use average values of I to obtain esti-
mates of radiative decomposition. For a typical HE molecule,
[ 2 80 eV, which is a large excitation energy {due to pre-
dominantly inner shell ionization) compared to the energy to
break a molecular bond. Thus radiative decomposition is en-
ergetically possible.

In order to experimentally study radiative decomposition,
we performed a series of experiments in which unconfined
0.12 g samples of TNT were irradiated to varying total
doses. The irradiations were done very differently from the
other experiments in this report, since our objective was to
avoid thermal decomposition. The combination of a low pulse
rate (15/s}, an Al conducting holder and a blower fan preven-
ted any appreciable temperature rise. The irradiated samples
were then chemically analyzed by thin layer chromatogra-
phy20 to determine the fraction decomposed as a function of
deposited energy. The results are shown in Fig. 16. This
semi-logarithmic plot shows that the results are reasonably
consistent with the exponential form given in Eq. (8). From

the Tleast-squares fitted slopa, PRl 3.70 «x 109 rads.

Exnressed in more useful units, a'1 = 8850 cal/g or
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a1 =870 MeV/molecule. We can now estimate the amount
of radiative decomposition at explosion from Eq. (8), using
qe = 168 cal/g for TNT:

Ne = exp[-168/8850] = 0.98 . (9)

Thus the non-thermal radiative effect accounts for only about
2 percent of the decomposition in the explosion.

The average excitation of a molecule is a weighted aver-
age over the atoms in the molecule. For the atoms H, C, N
and 0, I =17.6, 77.3, 76.8 and 98.5 (in eV) respective-
1y.21 For TNT, this average is I = 69.1 eV, which is rea-
sonably close to the experimental value al = 87.1 eV.
Thus, it seems reasonable to use average values of I to ob-
tain estimates of radiative decomposition at threshold for
other HE material using Eq. (8). The results for TATB, HMX
and RDX are about 2, 1 and 1 percent, respectively; i.e., it
is very small in all cases.

The radiative decomposition of a molecule is accompanied
by energy absorption (bond breaking) or energy release (exo-
thermic decomposition). Let us designate the average energy
change per unit mass by Qr’ which can be either positive of
negative. Assuming no thermal decomposition, the rate equa-

tion is:

C, dT/dt = g - Q. dN/dt = q[1 + @ Q] (10)
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from Egq. (6), with N2 1. We do not %now the magnitude of
Or; if it is comparable to the heat of reaction, then
«Q0.03. In principle, this energv change would show up
as a difference between thresholds obtained from the HE and
the inert calorimeter. However, the effect is probably too
small to see. The data show many differences between HE and
calorimeter average threshold results which are not
consistent. This suggests a systematic error which varies
from run to run that has not yet been uncovered. However,
the difference is not large, indicating that aQr must be
small.

In summary, we have shown that under the conditions
studied in this paper, radiative effects produce only a very
small amount of decomposition products, which would be
unlikely to have any observable effect on the thermal
properties of the HE. The beam eneray is deposited almost
entirely thermally; i.e., it increases the internal energy of
the system, producing the observed temperature rise.
Corroborative evidence comes from a study of molecular
fragmentation in sub-initiated TATBZQ, which showed that
the decomposition products from electron beam and normal
heating are very similar, while 1impact and UV produce
different products. These considerations give us confidence
that rapid uniform electron beam heating is a valid technique
for studying the thermal and initiation properties of

energetic materials.
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5. Effect of beam heating rate

We have previously8 indicated that the explosion temper-
ature and thermal threshold may be weakly (logarithmically)
dependent on the beam heating rate, as can be seen by solving
Eq. (3) for T,. Ho]tkam923 has examined our data to
search for this. In our experiments, the thermal thresholds
are calculated from the product of the beam heating rates and
times to explosion, so that any experimental errors in the
beam heating rates will be propagated into the thresholds,
producing non-physical calculational correlations. To avoid
this problem, we look for anti-correlations of the times to
explosion with the thresholds, because the times to explosion
are measured with good precision (errors < 1 percent), so
there are essentially no errors propagated to the threshold
values. Again, it is necessary to apply distribution free
statistics, so we have used the disarray test18 (for the
same reasons mentioned in the section on comparison with
impact tests). The results of these calculations are given
in Table 16,

In most cases, the fluctuations in results (even for
experiments done with approximately the same heating rates)
precludes the possibility of observing a significant
correlation. In the case of HMX, a real anti-correlation

appears. On the basis of these data, we cannot draw any
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conclusions about a general dependence of thresholds on
heating rates.
TABLE 16

Correlation of Times to Explosion with Thermal Initiation
Thresholds, Using the Disarray Test

Number of Corr. or Significance
Explosive Experiments Anti of Correlation
HMX 9 Anti 0.98
PBX-9404 8 Anti 0.82
RDX 9 Corr 0.23
HBX-1 10 Corr 0.62
Comp. A-3 18 Anti 0.27
PBXW-109 9 Anti 0.86
TATB 7 Corr 0.86
TNT 5 --- 0.00
DNP N Corr 0.78
DIPAM 5 Corr 0.77
NDAC 8 Anti 0.45
TNB 3 - 0.00
TNBA 7 Corr 0.76
SUMMARY

We have shown that a high energy electron beam can be
used to heat confined HE samples uniformly and rapidly to

obtain thermal initiation data. Almost all of the thermal
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decomposition occurs after threshold. Radiation-induced
decomposition was shown to be very small. Thermal thresholds
and explosion temperatures were shown to be correlated with
impact test results. An anti-correlation between thermal
thresholds and beam time to explosion was found for HMX, bhut
not for the other HE materials.
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Thermal hehavior of confined TNB under beam heating.
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