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Thermal Damage of Energetic Materials

 What is thermal damage of TATB: thermal damage is defined as when TATB 
is heated, it becomes more sensitive to stimuli (decomposes into more 
sensitive compounds) 

 Why do we care: because if TATB is more sensitive and can react, then we 
must know how to handle the material safely
— Example: testing facilities—sensitized material can not be the same is the 

parent material.  New protocols and protective measures must be in place
— Example: fire!—first responders will have to be guided to handle the fire safely.  

When to fight and when to run
— Example: clean-up—when the event is over, how do you handle the residue 

safely?

 How do we do understand thermal decomposition of TATB: determine 
what causes the sensitivity
— Determine whether intermediates are more sensitive
— Detect intermediates in damaged samples so the danger can be assessed
— Improve decomposition models to predict time to explosion to covert the space

This presentation summarizes our research into the thermal sensitization of TATB
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Previous Studies on Thermal Decomposition Products

TATB thermal decomposition studies started around 1970

Characterization decomposition products

Sharma et al. circa 1980

XPS of  N1s 

binding 

energies of 

TATB heated to 

260 °C

621 

the calculated time to explosion; SF > 3 

recommended. 

 

TABLE 1. Process conditions for thermal damage 

experiments 

Material Soak 

temperature. 
oC 

Soak 

time, 

hours 

Safety 

factor 

LX-04 140 22 ∞  

 190 2 > 3 

LX-10 180 4 > 6 

LX-17 190 4 ∞  

LX-17 250 2 > 12 

 

Characterization of Pristine and Damaged 

Materials 

 

Several material properties (density, sound 

speed, gas permeability, porosity, surface area, burn 

rate) of pristine and damaged samples were 

measured and characterized.  Most of the samples 

were characterized at room temperature except for 

some gas permeability measurements and burn rate 

measurements which were performed in-situ, i.e. 

right after thermal damage experiments were done 

and samples were at high temperature.  Some of 

damaged samples were also evaluated for their 

sensitivities to impact, friction and spark. 

 

RESULTS AND DISCUSSIONS 

Sample Discoloring, Density, and Dimensions 

Sample exposure at high temperatures 

resulted in significant discoloring but negligible 

weight loss.  Dimensions and weights of some 

cylindrical pressed parts were carefully measured 

before and after thermal experiments, as shown in 

Table 2 and Table 3 for LX-04 and LX-17, 

respectively.  Weight losses after thermal treatment 

were insignificant (less than < 0.5%).  Samples 

expanded significantly after thermal exposure at 190 

°C.  The bulk density of LX-04 decreased by 0.27% 

and 7.17% at 140 °C and 190 °C, respectively.  For 

LX-17, bulk density decreased by 4.08% and 8.01% 

at 190 °C and 250 °C, respectively.  The results 

suggest that the samples have become more porous 

after heating. 

TABLE 2. LX-04 Sample volume and bulk 

density after thermal damage 

Sample Wt., g Vol., cc Bulk 

density, 

g/cc 

%TMD 

Pristine 

LX-04 

3.5616 1.9181 1.857 98.3 

140 °C, 

22 hrs 

3.5600 1.9214 1.852 98.04 

% 

Change 

-0.045 +0.72 -0.27  

Pristine 

LX-04 

3.5605 1.9206 1.854 98.14 

190 °C, 

2 hrs 

3.5550 2.0662 1.721 91.08 

% 

Change 

-0.154 +7.579 -7.17  

 

TABLE 3. LX-17 Sample volume and bulk 

density after thermal damage 

Sample Wt., g Vol., cc Bulk 

density, 

g/cc 

%TMD* 

Pristine 

LX-17 

9.7379 5.1183 1.9024 97.86 

190 °C, 

4 hrs 

9.7289 5.3316 1.8248 93.87 

% 

Change 

-0.090 +4.16 -4.08  

Pristine 

LX-17 

9.7364 5.0967 1.9103 98.27 

250 °C, 

2 hrs 

9.726 5.5272 1.7572 90.39 

% 

Change 

-0.240 +8.45 -8.01  

* TMD is theoretical maximum density 

 

Estimate of Total Porosity and Fractions of 

Closed Pores and Open Pores 

 

Micrometer can measure dimension and 

volume of certain samples; the resulting density is 

often called bulk density because closed pores, blind 

pores, and through pores are not included in the 

measurement.  Blind pores and through pores are 

open pores since they are reachable by gas 

molecules.  The gas pycnometer uses gas 

displacement principle with a gas pressure of 20 psig 

and the density obtained from the measurement is 

called true density.  It is very closed to theoretical 

maximum density (TMD) of the sample if the 

fraction of closed pores in the sample is insignificant.  

Several small LX-10 pressed parts thermally 

damaged at 180 °C for 4 hours and sample volumes 

were measured with micrometer and pycnometer.  

Changes in sensitivity upon heating 

Hsu et al. circa 2006

Volume and 

density of LX-

17 heated to 

190 and 250 °C

Models of decomposition

Hobbs & Kaneshigi circa 2014

4 step reaction mechanism

Synthesis of decomposition products

Belmas et al. circa 2004

Synthesis of 

dibenzo-furazan
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What happens to TATB when heated?

Mild 

severity

PODTX

More 

Severity

SSVCT
Most 

severe

STEX

Before After
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Experimental—Sensitization Methods

Treatment methods chosen to widely vary thermal conditions 

LX-17 86 & 98% TMD

PODTX (Pressure monitored One Dimensional Time to Explosion)

Reacted ~ 2-g sample

Sample heated 200 to 300 °C

Held for s to h

Seals did not rupture

Not taken to explosion 

STEX (Scaled Thermal 

Explosion eXperiment)

1000-g samples

Taken to explosion

Wall ruptures

SSVCT (Small-Scale 

Vessel Cook-off Test)

100-125-g samples

Nominal 3000 psi limit

Sample taken to 

venting of reactor

Top come off
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Gas formation

Residue

SSVCT PODTX

TR STEX

MS

DSC-TGA

SDT-MS

XPS

IR

NMR

SSST

DMSO soluble

Acetone Soluble

Insoluble Residue

HPLC-DAD

Ionic Liquid Soluble

GC-MS

Treatment

Product flow

Analysis

Key

LC-MS

TATB

Thermal Sensitization and Analysis

Four thermal treatments;  SSST and molecular characterization
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Small-Scale Safety and Thermal Testing
ERL Impact ABL Friction

	

	

Custom ESD

ABL ESD
DSC

CRT
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an HE/alien mixture contains 0.25 g of HE and 0.25 g of alien material for a total sample 

mass of 0.50 g. 
 

For a chemical compatibility test of two HE materials (e.g. a & b), duplicate samples are 

prepared as follows: Two sample aliquots of 0.125 g of each HE are weighed in the 

crucibles on an analytical balance.  Duplicate HE(a)-HE(b) mixture samples are then 

prepared by combining one 0.125 g sample aliquot of HE(a) and one 0.125g sample 

aliquot of HE(b) for a total sample mass of 0.25 g. 

 

All individual sample aliquot weights recorded to the nearest 0.001 g in the CRT lab 

notebook along with detailed information about each sample. 

 

Reactor vessel preparation:   

 

Each weighed sample aliquot (single substance or mixture) is weighed into a stainless 

steel crucible as outlined above. A small amount of glass wool is placed above the sample 

in the crucible to keep the sample contained. A stainless steel reactor vessel, shown in 

Figure 1, is assembled in the following order: Spacer 1, crucible with sample, spacer 2, 

and the weight followed by a new Swagelok 5/8 NI-10-VCR-2 gasket 

http://www.swagelok.com.  
 

 
Figure 1.  CRT Reactor vessel  

Loading samples on the manifold 

 

The custom reactor vessel is made from 304 series stainless steel for resistance to 

corrosion and for controlled heating of the sealed sample during the 22 h heating cycle. 

All of the other components are made from 316 stainless steel and welded to fit together. 

The internal volume of the reactor vessel is 17 cc. The reactor vessel is connected to the 



UCRL-PRES-755241 (942108)

8

Sample DH50, cm1 Friction TIL, kg2 ESD TIL, J3,4

LX-17 > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.31 (0 Ω)
PETN 15 1/10 @ 6.4 0/10 @ 1 (510 Ω); 0/10 @ 0.031 (0 Ω)
190 °C/4 h (u) > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω)
250 °C/2 h (u) > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω)
STEX 68 y > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.075 (0 Ω)
STEX 68 b > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.88 (0 Ω)
STEX 69 b > 177 0/10 @ 36.0
STEX 69 y > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.88 (0 Ω)
STEX 70 y > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.13 (0 Ω)
STEX 71 y > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.25 (0 Ω)
SSVCT 1 > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.88 (0 Ω)
SSVCT 3 > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.88 (0 Ω)
SSVCT 5 > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.88 (0 Ω)
SSVCT 6 > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.88 (0 Ω)
1 (200 °C) > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.38 (0 Ω)
2 (310 °C) > 177 0/10 @ 36.0 0/10 @ 1 (510 Ω); 0/10 @ 0.075 (0 Ω)
PODTX 17054 > 177 0/10 @ 36.0
PODTX 17053 > 177 0/10 @ 36.0

SSST—Impact, Friction, Spark Sensitivity

Products do not show sensitivity by Drop Hammer and BAM Friction, 

Minor changes in ABL ESD testing, closer to HMX than PETN
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Tmax = 379.0 °C

∆H = 1102 J/g

SSVCT 6

brown 

solid

300 400 500

LX-17

300 400 500

Tmax = 385.1 °C

∆H = 894 J/g
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300 400 500

Temperature, °C

Tmax = 344.5 °C

∆H = 325 J/g

SSVCT 5

black solid

400 500300

Tmax = 0 °C

∆H = 0 J/g

SSVCT 3

black solid

300 400 500

SSST—Standard Scanning Calorimetry (DSC)

DSC (from SSVCT) shows wide range of profile parameters

Most samples look like this one
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SSST—Thermal Stability Test (CRT)

sample N2 O2 CO NO CO2 N2O  cc/g

STEX 68b 0.0124 0 0.0052 0 0.1001 0.0031 0.1208 0.96 Y

STEX 68y 0.0029 0 0.0011 0.0063 0.0301 0.0035 0.0439 0.17 Y

STEX 69b 0.7940 0 0.0372 0 0.8152 0.0054 1.6518 6.56 N

STEX 70y 0 0 0 0 0.0258 0.0016 0.0273 0.11 Y

STEX 71y 0.0050 0 0.0013 0.0104 0.0259 0.0020 0.0445 0.18 Y

SSVCT 1b 0 0 0.0165 0 0.1721 0.0012 0.1897 1.50 Y

SSVCT 3b 0 0 0.0136 0 0.1317 0.0005 0.1458 1.16 Y

LX-17 0 0 0 0 0.0127 0.0008 0.0135 0.05 Y

PODTX 17054 0.0276 0 0.0110 0.0046 0.1196 0.0028 0.1656 0.66 Y

PODTX 17053 0.0009 0 0.0014 0.0015 0.0413 0.0020 0.0471 0.19 Y

Samples heated @ 120 °C for 24 hours

Gas species detected by gas meter

Sample size 0.125 to 0.251 g

Gas values are in cc

Y = stable; N = unstable

B = black residue; y = yellow residue

All thermally treated samples produce more gas than LX-17
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Gas formation

Residue

SSVCT PODTX

TR STEX

MS

DSC-TGA

SDT-MS

XPS

IR

NMR

SSST

DMSO soluble

Acetone Soluble

Insoluble Residue

HPLC-DAD

Ionic Liquid Soluble

GC-MS

Treatment

Product flow

Analysis

Key

LC-MS

TATB

Thermal Sensitization and Analysis

Four thermal treatments;  SSST and molecular characterization
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Reaction of LX-17 in Micro Thermal Reactor (TR)

CN species

TATB goes away and thermal products form

In-situ thermal with spectroscopic characterization by Infrared

LX-17 powder; 7 °C/min heating rate; TR under pressure
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Characterization—Detection of Molecular Intermediates

HPLC separation of DMSO 
extract of residues

APCI-MS mass verification 
at specific retention times

indicates no intensity 
at a specific retention time

TATB, Fx1, F2, Fx2, F3, Fx3, 
T3A, T4A verified by 
standards

m/z 241, 300, 237, 221, 
335 yet to be unequivocally 
identified (M-H)

Column separation of DMSO extracts shows several high 

molecular weight intermediates by APCI-MS detection 

STEX 68



UCRL-PRES-755241 (942108)

14

Characterization—Intermediates Distribution

SSVCT Products; DMSO Extract; relative concentrations to TATB concentration

F1 is the most abundant TATB-like decomposition product

Concentrations follow inverse of TATB concentration in sample

Similar behavior appears in the STEX and PODTX samples
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Characterization—Detection of Molecular Intermediates

Light	and/or

Oxidation	

Thermal

TATB-FX1

C6N6O6H4 MW	256.13
TATB-FX2

C6N6O6H2 MW	254.12
TATB-FX3

C6N6O6 MW	252.10

TATB-FX2A

C6N5O4H3 MW	252.10

TATB-FX1

C6N6O6H4 MW	256.13

TATB-F1

C6N6O5H4 MW	240.13
TATB-F2

C6N6O4H2 MW	240.13
TATB-F3

C6N6O3 MW	204.10
TATB-F2A

C6N5O2H3 MW	177.12

TATB

C6N6O6H6 MW	258.15

GC separation of acetone extract of residue 

APCI MS verification at specific retention times   

APCI-MS at 9.2 min

F3 standard

STEX 71 residue

SSVCT 6 residue

Acetone extract shows significant amount of F3 in most residues
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𝑣1

𝑣2
𝑣3

𝑣4

𝑣5

CN band

Characterization—FTIR of Solid Residue 

FTIR shows carbon-nitride bonding network, similar to para-iso-cyanogen 

FTIR shows functional groups; residue spectra taken in diamond anvil cell;

Two concentration of the same sample

𝑣1, 𝑣3, 𝑣4, 𝑣4 are indicative of C-N bonding, 𝑣2 is background subtraction CO2

SSVCT 5
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Characterization—XPS of Solid Residue 

surface

sputtered sputtered

surface

N-H
N-CC-H/C-NH

C-CC-O/C-CF

C 1s and N 1s XPS analyses indicate amorphous carbon-nitride in 
amorphous carbon; no indication of nitro groups  

13C-NMR corroborates complex C-N structures

X-ray photoelectron spectroscopy shows functional groups
Sputtered is using atom sputtering to clean surface

SSVCT 5
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Characterization—Light Gas Analysis by SDT-MS

0.00E+00

1.00E-10

2.00E-10

3.00E-10

4.00E-10

5.00E-10

6.00E-10

7.00E-10

8.00E-10

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

SSVCT #5 m/z 27

2000 4000 60000
Time, s

In
te

n
s

it
y
 (

X
 1

0
-1

0
)

7

5

3

1

Tmax = 756 °C

224.75sec

1936.75sec

1714.49sec
47.25%·sec/°C

4272.75sec

3171.54sec
265.2%·sec/°C

0.1

0.2

D
e

ri
v
. 
W

e
ig

h
t 

(%
/°

C
)

10

5

0

5

10

H
e
a

t 
F

lo
w
 (

W
/g

)

0

20

40

60

80

100

120

W
e

ig
h

t 
(%

)

0 1000 2000 3000 4000 5000 6000 7000

Time (sec)

Sample: LX17_SSVCT Shot # 5

Size:  5.4510 mg

Method: RT  1150 @ 10 cpm

Comment: Kahl/Yancey_UHPN2_5.622mg

DSCTGA
File: \\...\Desktop\QD18286.001

Operator: J. Montgomery

Run Date: 12Mar2018 14:46

Instrument: SDT Q600 V20.9 Build 20

Exo Up Universal V4.5A TA Instruments2000 4000 60000
Time, s

2000 4000 60000

Time, s

In
te

n
s

it
y
 (

X
 1

0
-1

0
)

2.5

1.5

0.5

0.00E+00

5.00E-11

1.00E-10

1.50E-10

2.00E-10

2.50E-10

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

LX-17 m/z 27

2000 4000 60000
Time, s

LX-17 

m/z 27 

(HCN)

LX-17 

DSC-TGA

Tmax = 366 °C

Tmax = 703 °C

2000 4000 60000

W
e
ig

h
t,

 %

H
e
a
t F

lo
w

, W
/g

20

40

60

80

100

Green is 

weight 

loss

Blue is 

enthalpy 

change

SSVCT 5

DSC-TGATmax = 735.5 °C

Tmax = 343.9 °C

SSVCT 5

m/z 27

(HCN)

Light gas evolution follows overall enthalpy release and weight loss
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Conclusions

 Bulk Properties do not show much change—impact (n), friction 
(n); spark (y), DSC (y), CRT (y);

 Molecular characterization show pathway—TATB to 
benzofurazans (benzofuroxans?) to C-N in amorphous C-residue

 Thermal analysis show gas evolution—light gases, for example 
HCN, are a product of TATB and TATB residue decomposition 

 Parameters that have not been varied but need to be considered
— Effects of different polymers in formulations
— Particle size distributions
— Water contents
— Synthesis

 What does this indicate about design 

 What does this indicate about response?


