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Abstract: This experimental study investigated the effects of confinement, starting mass, and heating rate on TATB
thermal decomposition and sublimation using a combined Thermo-Gravimetric Analyzer and Differential Scanning
Calorimetry (TGA/DSC) instrument. The confinement of volatile products was varied using different pinhole sizes
with TGA/DSC pans. The measurements showed the open pan experiments without lids/pinholes resulted in com-
plete sublimation of TATB between 320°C and 360°C. The heat of sublimation was determined to be 176 kJ/mol,
consistent with literature data obtained from other experimental techniques. The use of pinholes suppressed the
sublimation of TATB such that the decrease in pinhole size resulted in 1) an increase in the enthalpy of reaction
and an increase in the amount of carbonaceous material remaining at the end of decomposition, and 2) convergence
of the two peak temperatures corresponding to maximum heat flow and maximum weight loss. Also, a transition
from a two-exotherm thermal decomposition behavior towards a single-exotherm occurred as the pinhole size was
decreased for a given starting mass or as the starting mass was increased for a given pinhole size. These results
indicate the kinetics of TATB sublimation, TATB thermal decomposition, and gas diffusion out of a TGA/DSC pan
can all compete and result in significantly different enthalpies, amounts of remaining materials, and peak tempera-
tures depending on the pinhole size and starting mass used in the measurements. The results also indicate precise
control of process variables (pinhole size, starting mass, and heating rate) in TGA/DSC measurements is required
for thermal safety assessment of explosives.

Keywords: TATB, thermal decomposition kinetics, sublimation, diffusion, DSC, TGA

decomposition for 2,4,6-trinitrotoluene (TNT), 1,3,3-Tri-
nitroazetidine (TNAZ), and ammonium perchlorate (AP)3-
5. For a given pinhole size, a similar transition in DSC
curves was observed for 3,5-dinitro-1H-pyrazole (35-
DNP) when the environmental pressure was increased
from 0.1 MPa to 5 MPa®. Behrens showed even a 0.5-
mm-diameter orifice resulted in complete evaporation of
3-amino-5-nitro-1,2,4-triazole (ANTA) inside the high vac-
uum environment of a simultaneous thermogravimetric
modulated beam mass spectrometer’. Therefore, the or-
ifice size was reduced to 0.025 mm to observe the de-
composition products. These studies indicate the right
combination of pinhole size and external pressure is re-
quired to suppress sublimation so that reliable thermal
decomposition data can be obtained. For example, a
study on TATB thermal decomposition reported a rela-
tively low Ea value® compared to the other studies?9-11,
and later studies?? attributed this discrepancy to the dom-
ination of sublimation.

1 Introduction

TATB (1,3,5-triamino-2,4,6-trinitro benzene) is a proto-
typical insensitive energetic molecule. Understanding the
origin and extent of insensitivity of TATB is important for
developing models to predict its behavior in abnormal
thermal environments. Koroglu et al. recently reported a
detailed review of the literature on the thermal decompo-
sition chemistry of TATB!. They also utilized the kinetic
effect of isotopic substitution to help elucidate the TATB
decomposition pathways. TATB underwent sublimation
before thermal decomposition, requiring a crucible with a
small pinhole to minimize material loss due to sublimation.
However, the effects of pinhole size on sublimation and
thermal decomposition kinetics were not explored. Burn-
ham et al. investigated differential scanning calorimetry
(DSC) measurements as a function of gas pressure for a
given pinhole size2. The DSC measurements showed a
transition from a two-exotherm behavior towards a single
exotherm and a substantial increase in the enthalpy of
thermal decomposition when the gas pressure was in-

The choice of pinhole size seems to be somewhat arbi-
trary in thermal analysis of energetic materials as long as

creased from 0.1 MPa to 7 MPa. These recent works
suggest conducting a systematic study to explore the ef-
fects of experimental variables (e.g., pinhole size, start-
ing mass, and ramp rate) on thermal decomposition/sub-
limation kinetics of TATB.

Few studies have investigated the effects of pinhole (or
orifice) size on thermal decomposition and sublimation
behaviors of energetic materials. The uses of open and
closed DSC pans were shown to result in a transition
from  endothermic  evaporation to  exothermic

the evaporation/sublimation is suppressed. However, the
level of confinement of volatiles can influence the thermal
decomposition kinetics of high explosives.
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For example, decreasing the pinhole size (e.g., 0.100
mm, 0.025 mm, and 0.005 mm) was shown to increase
the rate of thermal decomposition for various explosives
(e.g., HMX, RDX)7:13-15, This was attributed to enhanced
autocatalysis with increased level of gaseous products
containment. The confinement of volatiles was also
studied using five different orifice sizes between 0.010
and 1 mm to help develop a decomposition mechanism
for triamino-guanidinium 5,5-azobitetrazolate
(TAGZzT). Larger orifices reduced the number of sec-
ondary reactions, allowing the first steps of decomposi-
tion to be explored, whereas small orifices were used to
promote secondary reactions between the decomposi-
tion products. To the best of our knowledge, there is no
study on the effect of pinhole size on TATB thermal de-
composition kinetics, mechanism, or sublimation.
Although there is not a specific experimental recipe in
terms of pinhole size, starting mass, and heating rate
for thermal analysis of energetic materials that go
through sublimation, previous DSC studies investigated
the effect of pinhole size on vapor pressure measure-
ments of various other substances!’??. These past
studies helped establish the ASTM E1782-22 method?3,
which recommends pinhole sizes between 0.050 to
0.075 mm with 40-uL-volume pans for vapor pressure
measurements at atmospheric pressures using 1 to 5
mg of solid (or 1 to 5 yL of liquid) at a heating rate of
5 °C/min. Increasingly larger pinholes (e.g., 0.350 mm)
are recommended for vapor pressure measurements at
lower external pressures (e.g., 0.2 kPa), because 0.050
to 0.075-mm pinholes lead to self-pressurization inside
the DSC pan when the measurements are performed
below atmospheric pressures. The self-pressurization
effect shifts the boiling point to higher temperatures and
broadens the endothermic peak and thus lowers the ac-
curacy of the onset temperature (i.e., boiling point) anal-
ysis. Although these studies are particularly important
for vapor pressure measurements, they also shed light
on the influence of pinhole size on sublimation/evapo-
ration endotherms measured by DSC.

In this study, we investigate the effects of pinhole size,
starting mass, and heating rate on TATB thermal de-
composition and sublimation. The results of this study
will guide acquisition and interpretation of thermal anal-
ysis data on TATB. In addition, the measured data will
be useful for developing models to study the interplay
between gas advection, gas diffusion, thermal decom-
position, and sublimation/evaporation kinetics.

2 Experimental Section

2.1 Combined Thermo-Gravimetric Ana-
lyzer (TGA) and Differential Scanning Cal-
orimeter (DSC) Measurements

A new TGA/DSC system (Mettler Toledo, TGA/DSC3+)
was used for the experiments. All tests were performed
at atmospheric pressure with 100 mL/min of N2z gas flow
(split 80:20 between furnace and balance). The vendor
calibrated instrument was first tested with well-known
materials to verify the accuracy of the weight and heat
flow measurements. The accuracy of the weight signal
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was checked using calcium oxalate monohydrate (purity
> 99%), which decomposes in three steps:

CaC204*H20 (s) — CaC204 (s) + H20 (g)
CaC204(s) — CaCOs(s) + CO (g)
CaCOs(s) — CaO (s) + CO2 (g)

Figure 1 shows the measured weight signal as a func-
tion of temperature during thermal decomposition of cal-
cium oxalate monohydrate as it was heated up to
1000 °C in an alumina pan. Measured percentages of
weight losses due to H20 and COz: differ from theoretical
values only by 0.1% for the first and third reactions, re-
spectively. The second step shows a slightly higher dis-
crepancy (0.5%), which can be attributed to the for-
mation of CO:2 in the presence of CO according to the
Boudouard equilibrium reaction: 2CO « CO2 (g) + C
(s)?*. We confirmed the presence of CO:2 in the second
step of the decomposition process by transferring the
product gases into a Mass Spectrometer (Pfeiffer,
Thermo-Star GSD320).

Measured (Theoretical)
100
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< 801 18.7% (19.2%)
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O
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40
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Figure 1. The weight loss percentages of calcium oxalate
monohydrate measured by TGA.

The mass spectrometry measurements also revealed it
took 30 min to purge the TGA/DSC system with N2 to
eliminate Oz, which was introduced through air when the
system was opened during sample placement. Prelimi-
nary measurements performed without prior N2 purging
showed big differences between measured and theoret-
ical weight losses for the second step of CaC204°H20(s)
decomposition. This should be due to the exothermic
reaction between CO and Oz (2CO + Oz — 2COz2). The
DSC measurements also confirmed the presence of the
exothermic step without prior N2 purging. Therefore, the
measurements shown in Figure 1 and all the subse-
qguent tests were performed with an hour-long N2 gas
purge at room temperature before heating the samples.

The accuracy of heat flow measurements was checked
by heating Zn (Metter Toledo, purity: 99.995%) and Pb
(Trace Sciences International, purity 98.9%) in separate
experiments. These two elements were chosen be-
cause the sublimation and thermal decomposition tem-
peratures of TATB lie in between the melting points of
Pb (327.5°C) and Zn (419.5°C). Figure 2 displays the
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DSC curves. The measured melting points of Pb and Zn
differ from their previously reported values?® by 0.1°C
and 0.2°C, whereas the enthalpies differ by 6% and 5%,
respectively.
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Figure 2. Melting temperatures and enthalpies of Pb and Zn
measured by DSC.
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2.2 Samples

TATB used in this work has a purity of 98% as meas-
ured by high performance liquid chromatography?5.
Pressed samples of TATB were used in this study. The
pressed sample was cut into small pieces and a single
piece was used for each experiment. The single piece
of TATB was weighed before the experiments using a
0.1-ug resolution micro-balance (Mettler Toledo, XPR6
U). The sample was placed inside an aluminum crucible
of 40-uL volume. A press was used to hermetically seal
an aluminum lid on to the crucible. The lid was either
purchased from the vendor pre-drilled (0.050-mm and
0.075-mm) or pierced to make a pinhole.

2.3. Experimental Conditions

Table 1 summarizes the experimental conditions for the
TATB experiments. The measured data (e.g., enthalpy,
remaining mass, etc.) are also included in the table, but
they will be discussed in the results section. The pinhole
size, starting mass, and heating rate can all influence
the self-heating of samples. Self-heating results in large
temperature gradients across the sample and therefore
should be avoided for thermal analysis. The three vari-
ables (pinhole size, starting mass, and heating rate rate)
were chosen such that the maximum heat flow (HF) sig-
nal did not exceed 8 mW, which is the ASTM limit for
self-heating?®. A few data points that slightly exceeded
the 8-mW limit were also included in the results section
to demonstrate the self-heating effect.

Table 1: Summary of experimental conditions (heating rate, pinhole size, and starting mass) and measured data
(peak heat flow, specific enthalpy, percentage of remaining material, and temperatures at peak heat flow and
peak weight loss rate)

T Heating Pinhole  Starting Specific Percentage  Temperature  Temperature
est : Peak Heat o :
No rate size mass Flow [mW] Enthalpy of remaining at peak heat at peak weight
[°C/min] [mm] [mg] [mJ/mg] mass [%] flow [°C] loss rate [°C]

1 6.0 (open)  0.223 -1.15 -681 0.0 343.3 340.7

2 0.75 0.203 0.06 -326 5.9 385.2 381.6

3 0.35 0.218 1.09 269 8.6 385.8 384.9

4 0.075 0.194 5.93 1134 15.9 384.3 384.9

5 0.050 0.195 6.42 1238 25.4 383.6 384.2

6 10 (closed) 0.179 6.21 1442 27.6 384.6 385.1

7 0.120 2.72 990 20.3 386.3 386.0

8 0.136 3.78 1170 20.1 385.5 385.5

9 0.145 4.37 1448 22.4 386.0 385.8

10 0.182 5.65 1337 16.6 385.5 385.7

11 0.203 8.47 1365 21.1 383.7 384.4

12 0.222 8.35 1578 21.9 384.3 384.9

13 0.186 1.09 222 21.2 375.4 374.8

14 0075 0.217 1.72 669 22.5 375.3 374.7

15 ' 0.228 2.38 860 21.6 375.3 375.0

16 0.248 4.03 1225 24.2 374.8 374.6

17 0.262 4.55 1273 26.7 374.6 374.5

18 5 0.314 6.29 1338 25.9 374.1 374.2

19 0.337 4.19 957 22.7 374.4 374.5

20 0.366 4.79 1136 22.8 374.8 374.7

21 0.378 8.82 1332 24.5 373.4 373.6

22 0.408 8.24 1514 25.2 373.9 374.1

23 0.75 0.259 0.10 -306 9.8 373.5 368.8
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24 0.300 0.29 -157 10.2 373.9 370.4
25 0.368 0.34 25 11.2 374.4 371.0
26 0.402 0.52 28 11.5 374.8 372.1
27 0.485 157 307 16.1 374.5 372.9
28 0.554 2.77 483 16.6 373.7 373.2
29 0.612 4.64 566 19.5 373.5 373.6
30 0.698 4.73 660 18.1 374.3 374.1
31 0.774 9.71 785 19.5 3734 373.6
Four different pinhole sizes, an open pan (i.e., withouta 3 RESULTS

lid), and a closed pan (sealed lid without a pinhole) were
used to investigate the effect of confinement for a given
starting mass (nominally 0.2 mg of TATB). The 0.050-
mm and 0.075-mm pinholes were laser drilled by Mettler
Toledo and TA Instruments, respectively. The 0.350-
mm and 0.750-mm pinholes were prepared in-house.
The heating rate was set to 10 °C/min for these experi-
ments (Tests 1 to 6 in Table 1). The influence of starting
mass was explored for two different pinhole sizes (0.075
mm and 0.75 mm) and two different heating rates
(10°C/min and 5 °C/min). The starting mass was varied
between 0.120 mg and 0.222 mg for the measurements
performed using a 0.075 mm pinhole at 10 °C/min
(Tests 7 to 12 in Table 1). The heating rate was de-
creased to 5 °C/min in subsequent experiments, ena-
bling us to explore a wider range of starting mass with-
out self-heating (HF < 8 mW)23. The starting mass
ranged from 0.186 mg to 0.408 mg with 0.075-mm pin-
holes (Tests 13 to 22 in Table 1), whereas it varied be-
tween 0.259 mg and 0.774 mg with 0.75-mm pinholes
(Tests 23 to 31 in Table 1). For all experiments, the
sample heating ended at 500 °C.

Figure 3 (a) displays a picture of one of the aluminum
pans used for the experiments with a vendor-provided
pinhole of nominal diameter 0.0750 mm. Figure 3 (b)
shows a magnified image of the pinhole. Image-J pro-
gram?’ was used to convert the image to a binary image
as shown in Figure 3(c) to detect the edges of the pin-
hole and to determine the orifice area. The correspond-
ing average diameter was determined to be 0.0768 mm.
The same procedure was applied for the other pans/lids
used in this study, and a 12% difference at most was
observed between the measured pinhole size and the
nominal values reported by the vendor. The difference
between the measured pinhole size and nominal values
reported in this study was at most 5% for the pinholes
prepared in-house (0.35-mm and 0.75-mm pinholes).

Optical microscope image of the pinhole. (¢) Processed image
in black and white with a yellow contour drawn around the
hole. The pinhole size was determined to be 0.0768 mm.

Figure 4 shows an example TGA/DSC measurement of
TATB. Heat flow (red curve), weight loss (blue curve),
and rate of weight loss (green curve) are plotted as a
function of temperature. The enthalpy, remaining mass,
and peak temperatures were determined from similar
measurements and tabulated in Table 1. A 0.05-mm
pinhole was used for the result shown in Figure 4 (Test
No 5 in Table 1). The gas-phase products accounted for
74.6% of the starting weight, whereas 25.4% of the
weight remained as black char at the end of the test at
500 °C. The enthalpy of thermal decomposition was de-
termined to be 1237.6 J/g, which was calculated by in-
tegrating the heat flow curve over time. The time limits
of integration corresponded to 300 °C and 400 °C.
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Figure 4. Heat flow (red curve), weight loss (blue), and nor-

malized rate of weight loss (green) as a function of sample
temperature; 0.050 mm pinhole lid; 10 °C/min heating rate.

Figure 4 shows the rate of weight loss has a single peak,
whereas the exotherm has a leading shoulder during
TATB decomposition. The peak temperatures corre-
sponding to maximum rate of weight loss (384.2 °C) and
maximum heat flow (383.6 °C) were different by 0.6 °C
only. Some of the past studies reported two ex-
otherms?82% and a single weight loss curve?°, whereas
others®! reported a single exotherm similar to that de-
picted in Figure 4. As discussed in the next section, the
pinhole size, starting mass, and ramp rate influence the
shape and relative intensities of the heat flow curves
and the temperature differences between the peak heat
flow and peak rate of weight loss.



3.1. Effect of Confinement

Figure 5 (a) compares the DSC curves obtained from
experiments performed with six different pinhole sizes.
A broad endotherm was observed from 320 °C to
360 °C for the experiment performed without a lid (i.e.,
open pan). This means TATB entirely sublimed in the
open-pan test. As the orifice size was decreased to 0.75
mm and 0.35 mm, two exotherms became apparent.
Further decrease of the orifice size to 0.075 mm and
0.050 mm suppressed sublimation and resulted in a
transition from two exothermic peaks towards a single
peak. An experiment performed without a perforated lid
(i.e., nominally closed) resulted in a very similar DSC
curve. The weight signal still decreased during this test
(not shown), indicating the aluminum crucible leaked
due to pressure build-up inside the pan.

Figure 5 (b) shows the enthalpy of reaction as a function
of pinhole size. Note that the nominally closed pan was
assigned a pinhole size of 0.001 mm. The enthalpy in-
creased with decreasing pinhole size because sublima-
tion became less significant. The enthalpy determined

a) 18
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—— 0.050 mm pin hole 10 °C/min
——0.075 mm pin hole
—— 0.350 mm pin hole
154 ——0.750 mm pin hole
open pan
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A
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2
o
L
®
(7]
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from the open pan test result is 681 J/g (42 kcal/mol),
which is very close to the heat of sublimation measured
by Langmuir (40 kcal/mol)®? and Knudsen (43
kcal/mol)®? effusion experiments performed under vac-
uum pressures (e.g., 10 Torr).

Figure 5 (c) shows the amount of remaining material at
the end of the thermal decomposition tests as a function
of pinhole size. Due to complete sublimation, there was
not any material left when the experiments were per-
formed in an open pan. As the pinhole size decreased,
the weight loss leveled out at around 25%. Figure 5 (d)
shows the peak temperatures corresponding to the
maximum heat flow (Twr) and maximum rate of weight
loss (Tors). The two temperatures were different from
each other by 4°C when there was significant sublima-
tion (e.g., open pan and 0.75 mm pinhole tests). The
difference (Twr — Totc) decreased to 1.8°C and 0.6°C as
the pinhole size was decreased to 0.35 mm and 0.075
mm, respectively. Figure 5 (d) also shows an increase
in the peak temperatures as the pinhole size was de-
creased (i.e., a transition occurs from a sublimation-
dominated regime towards thermal decomposition).
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Figure 5: (a) Heat flow profiles at different pinhole sizes vs sample temperature. The data were acquired at a heating rate of
10 °C/min with nominally 0.2 mg of TATB. (b) Enthalpy of reaction vs pinhole size. (c) Amount of remaining material at the end
of the tests vs pinhole size. (d) Temperatures from peak heat flow (Tur) and peak weight loss (Totc) vs pinhole size.



3.2. Effect of Starting mass

Figure 6 (a) shows the heat flow profiles as a function
of starting mass for the experiments performed with
0.075 mm pinholes at a heating rate of 10 °C/min. The
starting mass was varied over a narrow range (~100 ug)
from 0.120 mg to 0.222 mg. The first exotherms ap-
peared as leading shoulders before the second ex-
otherms for all the starting masses explored. The sec-
ond exotherm became sharper as the starting mass in-
creased. Figure 6 (b) shows that the enthalpy of
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reaction increased by about 600 J/g with increasing
starting mass. Figure 6 (c) and (d) show the amount of
remaining material and peak temperatures as a function
of starting mass, respectively. The remaining mass was
relatively constant except for two data points (0.182 mg
and 0.194 mg) that showed slightly lower values. The
specific enthalpies were also lower for the same data
points, so there seems to be a correlation between the
specific enthalpy and amount of remaining material. The
peak temperatures showed a generally decreasing
trend with increasing starting mass.
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Figure 6: (a) Heat flow profiles at different starting masses vs sample temperature. The data were acquired at a heating rate of
10 °C/min with nominally 0.075 mm pinholes. (b) Enthalpy of reaction vs mass. (c) Amount of remaining material at the end of
the tests vs starting mass. (d) Temperatures from peak heat flow (Twr) and peak weight loss (Totc) vs starting mass.

Figure 7 (a) shows the DSC curves as a function of
starting mass for the experiments performed with 0.075
mm pinholes at a heating rate of 5 °C/min. The range of
starting mass was wider (200 pg) in this case from 0.186
mg to 0.408 mg. Two separate exotherms were ob-
served when the starting material was small (e.g., 0.186
mg). The relative intensity of the second exotherm with
respect to the first increased as the starting mass was
raised from 0.186 mg to 0.314 mg. Above that mass, the
resolution of the first and second exotherms varied a

little with no clear trend. Figure 7 (b) shows the specific
enthalpy of reaction as a function of starting mass. The
overall trend in enthalpy is to increase from about 200
J/g to about 1500 J/g as mass increases from 0.186 to
0.408 mg. Simultaneously, the second exotherm
becomes more prominent and tends to merge with the
leading shoulder. So, there seems to be a correlation
between the heat flow profiles (i.e., a transition from two
peaks towards a single peak) and the enthalpy of
reaction indicative of more complete reaction with larger



mass. The deviation from a smooth trend may reflect
measurement precision, an effect of particle shape, or
some combination thereof.

Figure 7 (c) and (d) show the amount of remaining ma-
terial and peak temperatures as a function of starting
mass, respectively. The remaining mass followed a very
similar trend with enthalpy, i.e., the enthalpy first in-
creased and then slightly decreased but increased back
again as the starting mass increased. The difference
between the two peak temperatures was around 0.6°C
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when the starting mass was small (e.g., 0.186 mg).
However, as the starting mass increased to 0.262 mg,
the difference decreased to less than 0.1°C. In addition,
as the starting mass increased closer to the self-heating

limit?3, the temperatures obtained from the heat-flow
curves became lower than those obtained from the
weight loss measurements. The peak temperatures had
a generally decreasing trend with increasing starting
mass.

b) 2000

1000

ST

o
1

Specific Enthalpy [J/g]

-1000 . . .

w
o

(@]
~

N
o
1

-
o
1

Remaining mass [%]

o
1

d) 378

376+

Y A- :\
e \‘=‘\g¢"/\x
7‘

0.42

374

Temperature [°C]

372

024 030 036
Initial Mass [mg]

0.18

Figure 7: (a) Heat flow profiles at different starting masses vs sample temperature. The data were acquired at a heating rate of
5 °C/min with nominally 0.075 mm pinhole. (b) Enthalpy of reaction vs starting mass. (¢c) Amount of remaining material at the
end of the tests vs starting mass. (d) Temperatures from peak heat flow (Trr) and peak weight loss (Tors) Vs starting mass.

Figure 8 (a) shows the DSC curves as a function of starting
mass for the experiments performed with 0.75 mm pin-
holes at a heating rate of 5°C/min. The starting mass was
varied in a much wider range (500 ug) from 0.259 mg to
0.774 mg. An endotherm and a barely discernable ex-
otherm were observed for the smallest mass studied. Two
exotherms having equal magnitudes were seen until the
starting mass was increased to 0.485 mg. The magnitude
of the second exotherm increased with respect to the first
with further increase of the mass. Figure 8 (b), (c), and (d)
show the enthalpy of reaction, remaining mass, and peak

temperatures as a function of starting mass, respectively.
The two peak temperatures (Tur and Tore) were signifi-
cantly different from each other (> 1.5°C) until the starting
mass was raised to 0.485 mg. Further increase of the start-
ing mass reduced the temperature difference to 0.2°C.
This agrees with the results shown in Figure 5 (i.e., the
temperature difference is large when there is significant
sublimation). Similarly, the specific enthalpy and remaining
mass increased as the starting mass was increased, which
is due to sublimation being less significant at larger starting
masses.
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Figure 8: (a) Heat flow profiles at different starting masses vs sample temperature. The data were acquired at a heating rate of
5 °C/min with nominally 0.75 mm pinhole. (b) Enthalpy of reaction vs mass. (c) Amount of remaining material at the end of the
tests vs starting mass. (d) Temperatures from peak heat flow (Twr) and peak weight loss (Torc) vs starting mass.

To see the influence of all three variables (starting mass,
heating rate, and pinhole size) on heat flow, we have plot-
ted Figure 9, which displays the peak heat flow along the
left y-axis (with filled circles) as a function of starting mass
for two different heating rates (10 and 5 °C/min) and two
different pinhole sizes (0.075 and 0.75 mm). For a specific
pinhole size and heating rate, increasing the starting mass
increases the peak heat flow in all three cases. For a 0.075
mm pinhole, increasing the heating rate from 5 to 10
°C/min increases the peak heat flow for a given starting
mass. For 5 °C/min heating rate, increasing the pinhole
size from 0.075 to 0.75 mm reduces the maximum heat
flow due to sublimation. Figure 9 also shows the tempera-
ture differences corresponding to the peak heat flow val-
ues. The temperature difference is between the reference
pan (Treference) and sample pan (Tsampe). The temperature
differences are plotted along the right y-axis with hollow
circles. The ASTM? limit of self-heating (HF < 8 mW) is
included in the figure as a dashed horizontal line. To avoid
self-heating and the resulting temperature gradients within
the sample, the temperature difference between the

reference and sample pans should be kept below 0.4°C
for TATB, which is slightly lower than recommended
earlier?.
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Figure 9: Peak heat flow (filled circles) and A(Treference-
Tsampte) (hollow circles) are plotted along the left and right-y
axes, respectively.
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4. DISCUSSION

The efflux of the volatiles from a TGA/DSC pan depends
on geometric factors such as the pan volume (fixed to
40 pL in this study) and pinhole size, and the rate at
which the gas-phase chemical species are produced via
phase change (e.g., sublimation) and thermal decom-
position. TATB sublimation is a function of temperature
and if the vapor pressure of TATB reaches its saturation
pressure at a given temperature inside the TGA/DSC
pan, then TATB will no longer sublime. As a result,
TATB will thermally decompose rather than sublime.
This is the reason why Figure 5 shows an increasing
trend in enthalpy and remaining mass with decreasing
pinhole size for a given starting mass (0.2 mg of TATB).
A transition occurs from a sublimation-dominated re-
gime towards a decomposition-dominated regime by in-
creasing the confinement.

Both peak temperatures (Twr and Totc) also increase
with decreasing pinhole size, and they also converge.
When the pinhole size is small (e.g., 0.075 mm), the in-
crease in starting mass results in smaller increases in
the enthalpy of reaction and amount of remaining mass,
as shown in Figures 6 and 7 for 10 °C/min and 5 °C/min,
respectively. In these two cases, the results do not
seem to be dictated by TATB sublimation. There could
be an enhancement in autocatalytic reactions with in-
creasing starting mass in a well-confined TGA/DSC pan
due to an increase in the containment of gas-phase spe-
cies. The decreases in peak temperatures shown in Fig-
ures 6 and 7 also support this argument. Furthermore,
Figures 6 and 7 show some data points with slight de-
creases in enthalpies and remaining masses with in-
creasing starting masses. These data points show cor-
responding changes in heat flow profiles (e.g., a transi-
tion back to a single exotherm from two exotherms). A
detailed model of the diffusion/advection process out of
the TGA/DSC pan could be a future study to explain this
behavior. For example, the decrease in sublimation at
certain starting masses might first increase the amount
of thermal decomposition products inside the pan, and
as a result, raise the partial pressure inside the pan.
This could change the dynamics of the diffusion/advec-
tion process out of the pan and influence the sublima-
tion process. As a result, sublimation might become rel-
evant again for a certain regime of starting masses.

The results shown in Figure 8 seem to exhibit both be-
haviors discussed above: a transition from a sublimation
dominated regime and an enhancement in autocatalytic
reactions. This could be due to the use of a large pinhole
(0.75 mm) and a larger range of starting mass (500 pg).
For starting masses smaller than 0.5 mg, the two peak
temperatures are quite different from each other. They
both increase with increasing starting mass and then
converge. This resembles the behavior displayed in Fig-
ure 5. Therefore, this should be the sublimation domi-
nated regime. Increasing the starting mass past 0.5 mg
somewhat increases the enthalpy and remaining mass,
and there is a slight decrease in peak temperature cor-
responding to the maximum heat flow. In this regime,
the two peak temperatures follow a similar trend with
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increasing mass. These behaviors look very similar to
those depicted in Figures 6 and 7.

The DSC technique has been applied to TATB in
previous publications?8-31.34-37_ The results have been
widely varied, particularly in the relationship of the two
exotherms, whether the first is a leading edge shoulder
or a distinct exotherm. In this study, this variability is
observed with changes in pinhole size as shown in
Figure 5 (due to the competition between sublimation
and decomposition), as well as with changes in sample
size as shown in Figures 7 and 8 (potentially due to the
added effect of enhanced autocatalysis with increasing
starting mass). A major finding of this study is the real
need for control of variables affecting instrumental
output — sample size, pinhole size, and heating rate.
Until precise control of the conditions is manifested,
comparison of other process properties (e.g., TATB
synthesis method3"38, solvents used for TATB
purification3%-44) will not be possible to achieve, and the
utility of using DSC for safety evaluations will be greatly
diminished.

5. CONCLUSIONS

The influence of three variables (confinement, starting
mass, and heating rate) on TATB sublimation and ther-
mal decomposition were investigated using a combined
Thermo-Gravimetric Analyzer and Differential Scanning
Calorimetry (TGA/DSC) setup. The measurements
were performed at atmospheric pressure. The range of
experimental variables were chosen such that the max-
imum heat flow signal did not exceed 8 mW and there-
fore the self-heating of the samples was minimized. This
study showed self-heating of the samples was not only
a function of starting mass and heating rate, but it also
depended on the degree of confinement. The confine-
ment of volatiles inside the TGA/DSC pans was varied
by changing the pinhole sizes of the lids. Six different
orifice sizes were tested. The influence of starting mass
was studied using two different pinhole sizes (0.075 and
0.75 mm) and two different heating rates (10 and 5
°C/min).

The measurements performed as a function of pinhole
size showed a strong competition between the rate of
TATB sublimation and TATB thermal decomposition.
As the pinhole size was decreased for a given starting
mass and heating rate, the enthalpy of reaction in-
creased. Similarly, the amount of remaining material
and the peak temperatures corresponding to maximum
heat flow and weight loss increased as well. The differ-
ence between the two peak temperatures (Tuwr and
Tote) decreased from 4 °C to 0.6 °C. In addition, a tran-
sition from two exotherms towards a single exotherm
occurred with decreasing pinhole size. The enthalpy
calculated from the open pan test result allowed us to
determine the heat of TATB sublimation, 681 J/g (42
kcal/mol). The highest value of enthalpy was deter-
mined to be 1578 J/g (97.3 kcal/mol), and it was meas-
ured using a 0.075 mm pinhole at a heating rate of 10
°C/min with 0.222 mg of TATB. In a future study, sealed
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pans that can withstand high pressures could be used
to obtain the upper limit of the thermal decomposition
enthalpy of TATB.

The measurements performed as a function of starting
mass using a large pinhole (0.75 mm) indicated a simi-
lar transition from a sublimation dominated regime to-
wards a thermal decomposition dominated regime. The
increase in starting mass increased the enthalpy,
amount of remaining material, and peak temperatures.
When an order of magnitude smaller pinhole was used
(0.075 mm), sublimation was suppressed substantially
and increasing the starting mass resulted in slight in-
creases in enthalpy and remaining mass. Interestingly,
the peak temperatures showed a generally decreasing
trend with increasing starting mass. This could be due
to the enhancement of autocatalytic reactions with an
increase in the containment of gas-phase species. Also,
a clear correlation was observed in heat flow profiles
such that a transition from two exotherms towards a sin-
gle exotherm always resulted in an increase in the en-
thalpy of reaction and amount of remaining material.
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