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Abstract: Thermal methods play an important role among various measuring 
techniques used in the analysis of explosive materials. These methods are mostly 
used for the investigation and determination of thermal properties of energetic 
materials (e.g. melting process, polymorphic transformations, temperature of 
initiation, etc.), as well as to estimate thermal stability, and to study thermal 
decomposition. 
Furthermore, thermal methods can be also used for analytical purposes, such as 
identification of some commonly used high explosives, determination of their 
purity, determination of phlegmatiser content, etc. 
The aim of this work was to study the possibility of application of isothermal and 
non-isothermal thermogravimetry for determination of nitroglycerine content in 
double based propellants.
It has been found out that thermogravimetry can be used not only to distinguish 
clearly between nitrocellulose and double based propellants, but also for rough 
determination of nitroglycerine content in double based propellants. 
The difference between an actual and experimentally determined content of 
nitroglycerine in double based propellants (i.e. accuracy of the method) is 
dependent on composition of propellant and data treatment method. 

Keywords: thermal methods, thermogravimetry, identification, homogeneous 
propellants, double based propellants, nitroglycerine content

Introduction

Thermal analysis is defined as a group of methods by which the physical 
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or chemical property of a sample is measured as a function of temperature or 
time, while the sample is subjected to a controlled temperature program [1]. 
The program may involve either heating or cooling (dynamic), or holding the 
temperature constant (isothermal), or any sequence of these. Thermal methods are 
multi-component techniques and include thermogravimetry (TGA), differential 
scanning calorimetry (DSC), dynamic mechanical analysis (DMA), and 
thermomechanical analysis (TMA). These methods find widespread use in both 
quality control and research applications on industrial products such as polymers, 
fine organic chemicals and pharmaceuticals, metals and alloys – generally in the 
field of characterization and investigation of materials.

Thermal methods play an important role among various measuring 
techniques used in the analysis of explosives materials. These methods are 
mostly used for the investigation and determination of the thermal properties of 
energetic materials [2-6], as well as to estimate thermal stability [7-9], and to 
study thermal decomposition [10-13].

Thermal methods can be used for detecting the presence of an energetic 
material in a sample of unknown material [14-15]. Furthermore, they can identify 
the specific type of energetic materials by comparing the measured thermograms 
for the unknown sample to reference thermograms from reference library. From 
the shapes of thermograms, characteristic points (e.g. melting temperature, 
temperature of decomposition, heat of reaction, etc.) it is possible to identify 
specific energetic materials or specific type of energetic materials. It is important 
to note that the comparison of thermograms should only be made when their 
measurements are run under the same conditions (such as mass of the sample, 
heating rate, atmosphere surrounding the sample, etc.).

Generally for the chemical analysis of explosive materials, besides the 
classical methods, the following instrumental methods can be used: gas 
chromatography (GC), thin layer chromatography (TLC), high performance 
liquid chromatography (HPLC), UV spectrophotometry, atomic absorption 
spectrophotometry (AAS), etc. [16]. HPLC methods are most frequently used 
since they are rapid and are performed with high precision. 

Besides the above methods, thermal methods can also be used for the 
analytical purposes [17-20], such as identification of some commonly used 
high explosives, determination of their purity, determination of phlegmatiser 
content, etc. 

In this work we have studied the possibility to apply thermogravimetry 
(TGA) for the identification of the homogeneous propellants type, as well as 
for the determination of nitroglycerine content in the double based propellants.
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Experiments

The study was carried out on nitrocellulose (NC) and double based (DB) 
propellants having different composition (Table 1). The measurements were 
carried out using differential scanning calorimetry (TA Instruments DSC, Model 
2910) and thermogravimetry (SDT, Model 2960).

Table 1. Composition of studied propellants
NC1 NC2 NC3 DB4 DB5 DB6 DB7

C
om

po
si

tio
n:

NC-98.5%
DPA-1.5%

NC-97%
DPA-2%

+Additives

NC-97%
DPA-2%

+Additives

NC-80%
NGL-17%
DNT-0.9%

EC-2%
+Additives

NC-56%
NGL-26.7%
DNT-8.5%

EC3%
+Additives

NC-57%
NGL-28%
DNT-11%

EC-3%
+Additives

NC-51%
NGL-41%
DNT-2.5%

EC-3%
+Additives

Legend: NC – nitrocellulose; NGL – nitroglycerine; DNT – dinitrotoluene; DPA – diphenylamine; 
EC – ethylcentralite.

The DSC measurements were carried out using samples weighing 
4.0 ± 0.2 mg. The samples were tested in aluminium sample pans covered by 
perforated cap, with a heating rate of 5 °C/min and under nitrogen atmosphere 
with a flow rate of 100 ml/min.

Dynamic TGA measurements were carried out using samples weighing 
1.0 ± 0.2 mg. The samples were tested in aluminium sample pans, with a heating 
rate of 2 °C/min and under nitrogen atmosphere with a flow rate of 50 ml/min.

Isothermal TGA measurements were carried out using approximately 
rectangular samples having thickness between 0.15 and 0.4 mm and weighing 
4.0 ± 0.2 mg. The samples were tested in aluminium sample pans, in the 
temperature range from 100 °C to 140 °C and under nitrogen atmosphere with 
a flow rate of 50 ml/min.

Results and Discussion

Non-isothermal TGA results
The TGA curves of the tested propellants are presented in Figure 1. As 

is visible from Figure 1, the TGA curves differ and they are characteristic for 
particular type and composition of propellant. 

For example, NC propellants have one-step mass loss (intensive mass loss 
starts at about 180 °C), while DB propellants have two-step mass loss. The first 
step occurs in the temperature range from 80 °C to 150 °C and it is predominantly 
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connected with the evaporation of NGL. The second step occurs between 150 °C 
and 200 °C and it is connected with decomposition of NC. These two facts allow 
one to clearly identify type of homogeneous propellant, i.e. to distinguish between 
single base and double base propellants. 
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Figure 1. Non-isothermal TGA curves of homogeneous propellants having 
different composition.

It is important to note that the remaining mass of the samples at 300 °C can 
be nearly 20% of the initial sample mass (Figures 1, 2). This residue is a charcoal-
type material containing mostly carbon.

As shown in our previous papers[15, 23], non-isothermal TGA measurements 
allow one not only to identify type of homogeneous propellant, but also 
to determine roughly the amount of NGL in DB propellant. Although the 
identification is possible simply on the basis of TGA curve shape, we used more 
reliable approach based on the “quantification” of TGA curves. TGA curves are 
quantified by determining values of several characteristic parameters/points on 
the curves, as shown in Figure 2. 
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a)

b)

Figure 2. Typical non-isothermal TGA and derivative TGA curves of 
nitrocellulose (a) and double based propellants (b).
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Table 2. Values of characteristic parameters/points on non-isothermal TGA 
curves 

Characteristic points on 
TGA curves Unit NC1 NC2 NC3 DB4 DB5 DB6 DB7

Extrapolated peak 
onset temperature of 
evaporation (Tevap.NG)

°C 99.08 78.95 84.82 87.94

Extrapolated peak 
onset temperature of 
decomposition (TieNC)

°C 182.3 181.6 180.9 180.7 171.6 171.3 175.8

Extrapolated peak 
end-set temperature of 
decomposition (TfeNC)

°C 197.9 204.8 198.6 203,9 201.9 200.9 198.5

Mass loss due to NGL 
evaporation (ΔmNG) % 18.40 23.02 26.57 39.58

Maximum evaporation 
rate (βmax.evap.) 

%/min 0.429 0.535 0.584 1.151

Maximum decomposition 
rate (βmax.decomp.) 

%/min 12.03 7.907 10.53 6.796 3.852 4.191 4.380

Temperature at maximum 
evaporation rate (Tmax.evap.)

°C 124.2 100.9 110.0 106.8

Temperature at maximum 
decomposition 
rate (Tmax.razg.)

°C 188.6 191.7 186.9 190.3 181.9 181.4 184.2

It is clear from the shape of TGA curves (Figures 1 and 2), as well as from 
the values of characteristic points on TGA curves (Table 2) that one may clearly 
distinguish between single based and double based propellants.

Furthermore, it follows from the comparison of the experimentally obtained 
sample mass loss due to NGL evaporation (i.e. in the temperature range ~80-
150 °C) and the actual content of NGL in the tested propellants that the difference 
between them is less than 4% (Figure 3). This means that we can roughly 
determine content of NGL in a DB propellant from the experimentally obtained 
sample mass loss data.
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DB4 DB5 DB6 DB7
Determined content of 

NGL, % 18.4 23.2 26.57 39.59

Actual content of NGL, % 17 26.7 28 41
Difference, % -1.4 3.5 1.43 1.41
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Figure 3. Comparison of experimentally determined and actual amount of 
NGL in tested DB propellants.

Determination NGL content in DB propellants by isothermal TGA
In order to determinate NGL content from isothermal TGA measurements, 

the first step was to find optimal experimental conditions, i.e. to find an isothermal 
temperature at which, within limited experimental time, an intensive mass loss 
of NGL will occur but decomposition of NC will be very small (or negligible). 
In other words, the goal was to find a temperature at which we can separate NGL 
evaporation from NC decomposition.

This task was done on the basis of a series of non-isothermal DSC 
measurements, and isothermal and non-isothermal TGA measurements on NC 
and DB propellants (Figures 4-6). From non-isothermal TGA curves (Figure 4) 
it is obvious that a measurable mass loss of NC propellant starts above 150 °C, 
while a measurable mass loss of DB propellant starts above 80 °C. At the same 
time, it is visible from non-isothermal DSC curves (Figure 5) that there is no 
any measurable exothermic process until approximately 140 °C for both DB and 
NC propellants. This means that the mass loss of DB propellants in the range 
80-150 °C is due to NGL evaporation, while the mass loss of NC propellant 
above 180 °C is due to NC decomposition. In other words, we can separate NGL 
evaporation process from NC decomposition if we use temperature below 140 °C.
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Figure 4. Non-isothermal TGA curves of NC and DB propellants.

Figure 5. Typical DSC curves of NC and DB propellants. 

Additional tests were done to find the temperature at which the mass loss 
due to NC decomposition is minimal but at the same time the mass loss due to 
NGL evaporation is considerably within limited experimental time period – in 
this case up to 1400 min.
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From Figure 6, showing isothermal TGA curves of NC propellants at 
different temperatures, it is visible that the mass loss for temperatures below 
120 °C is very small, less than ~2 % at 1400 min. It was found that 0.65% of that 
mass loss is due to residual solvent evaporation at the early beginning of heating, 
while the rest (about 1.3%) is probably due to DPA evaporation. At temperatures 
above 120 °C the mass loss is considerable. From these tests, the temperature 
of 110 °C was selected as optimal temperature to study NGL evaporation, i.e. 
to determine NGL content in DB propellants. 

Isothermal TGA curves of the studied DB propellants, obtained at 110 °C 
temperature, are shown in Figure 7.
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Figure 6. Isothermal TGA curves of NC propellants during isothermal heating 
at 100 °C, 110 °C, 120 °C, 130 °C and 140 °C.
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Figure 7. Isothermal TGA curves of tested DB propellants at 110 °C.

It is visible from Figure 7 that the mass loss rate is very high at the beginning 
of the heating, and almost constant after 600 min. The difference in mass loss 
at 600 min and 1400 min is less than 2.5%. That means that NGL evaporation 
process approaches to its completeness after 600 min.

Two approaches were applied for the determination of NGL content on 
the basis of data given in Figure 7. The first approach is based on the following 
assumptions: a) after 1400 minutes NGL is completely removed (evaporated), 
b) the mass loss due to NC decomposition is negligible, and c) the mass loss due 
to evaporation of any other compound present in a propellant is also negligible. 
This means that the sample mass loss after 1400 minutes is entirely due to NGL 
evaporation and it serves as a measure of NGL amount in the sample. The results 
obtained in this way are presented in Figure 8.
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DB4 DB5 DB6 DB7
Difference, % 2.14 -2.76 -2.59 2.25
Actual content, % 17.0 26.7 28.0 41.0
Determined content, % 14.86 29.46 30.59 38.75
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Figure 8. Comparison of actual and experimentally determined content of 
NGL in tested DB propellants.

It is obvious from Figure 8 that using this approach one can roughly 
determine NGL content in DB propellants of unknown compositions. The 
obtained difference between actual and experimentally determined content of 
NGL is less than 3%.

Another approach to determine content of NGL starts from the assumption 
that the mass loss of the tested DB propellant is the consequence of simultaneous 
evaporation of NGL and DNT (if present). Thus, neglecting evaporation or 
decomposition of any other propellant’s components, one can write:

mDB = mNGL + mDNT , (1)

where mDB is experimentally obtained mass loss, mNGL is mass loss due to NGL 
evaporation, and mDNT is mass loss due to DNT evaporation.

It is realistic also to suppose that NGL and DNT cannot completely evaporate 
during the studied time period of 1400 min. Introducing the parameter called 
“degree of evaporation“, at a given heating time, as a ratio of experimentally 
obtained mass loss due to NGL and DNT evaporation and their actual contents 
in the DB propellant (wNGL and wDNT respectively):

NGL

NGL
NGL w

mk = , and 
DNT

DNT
DNT w

mk =  , (2)
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where kNGL is degree of evaporation of NGL and kDNT is degree of evaporation 
of DNT, Eq. 1 can be rewritten in the following form:

mDB = kNGL · wNGL + kDNT · wDNT (3)

The degrees of evaporation (kNGL and kDNT) can be calculated from the 
experimentally obtained mass loss data if actual amounts of NGL and DNT in 
propellants are known. For example, applying Eq. 3 to the mass loss data at 
t = 1400 min, one can write the following equations:

For DB4: 14.86 = kNGL×17.0 + kDNT×0.9
For DB5: 29.46 = kNGL×26.7 + kDNT×8.5
For DB6: 30.59 = kNGL×28.0 + kDNT×11.0

 (4)

For DB7: 38.75 = kNGL×41.0 + kDNT×2.5

From the above equations the degrees of evaporations at t = 1400 min are 
calculated (as a mean values) to be: kNGL(1400 min) = 0.89 and kDNT(1400 min) 
= 0.59. This means that 89% of NGL evaporated in the time period of 1400 min, 
while in the same time period 59% of DNT evaporated. 

The value kNGL = 0.89 is in good agreement with the experimentally obtained 
value for DB4 propellant containing only 0.9% of DNT. Neglecting the presence 
of DNT in a DB propellant, the Eq. 3 reduces to: 

mDB = kNGL · wNGL , (5)

thus giving for DB4 propellant kNGL(1400 min) = 14.86/17 = 0.87.
It should be noted that the degrees of evaporation depend on the experimental 

conditions; first of all on sample shape and size. 
Using this approach the degrees of evaporation were also calculated for 600 

and 1000 min heating times. The values obtained are: kNGL(600 min) = 0.85 and 
kDNT(600 min) = 0.52, kNGL(1000 min) = 0.88 and kDNT(1000 min) = 0.55. Applying 
these values of the degrees of conversion, the mass losses are calculated for tested 
DB propellants applying Eq. 3 and using actual contents of NGL and DNT. The 
calculated results are compared to the experimentally determined mass losses 
of DB propellants (Figure 9).
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DB4 DB5 DB6 DB7

600 min -1.12 0.91 -1.13 1.09

1000 min -0.60 0.74 -0.89 0.76

1400 min -0.80 0.68 -0.82 0.78
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Figure 9. Difference between experimentally obtained mass loss of DB 
propellants and calculated mass loss using known values of kNGL 
and kDNT and actual content of NGL and DNT.

It is obvious that such an approach will give better accuracy, however, 
in order to apply it for determination of NGL content in DB propellants, it is 
necessary to know the content of DNT, as well as the degrees of evaporation of 
NGL and DNT for given experimental conditions. 

However, if we assume that DNT is not present, i.e. that mass loss is 
completely due to NGL evaporation (mDB = kNGL×wNGL), than we can apply Eq. 5 
to calculate the mass loss due to NGL evaporation using known value of kNGL 
and actual content of NGL. Such calculations have shown that there is very 
good agreement between mass loss of DB propellants and calculated amount 
of NGL for the propellants not containing (or containing very small amount) of 
NGL (e.g. propellants DB4 and DB7). However, for the propellants containing 
considerable amount of DNT (e.g. DB5 and DB6), the difference will be much 
greater (Figure 10).
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DB4 DB5 DB6 DB7

600 min -0.65 5.34 4.59 2.39

1000 min -0.10 5.41 5.16 2.13

1400 min -0.27 5.70 5.67 2.26
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Figure 10. Difference between experimentally determined mass loss of DB 
propellants and calculated content of NGL using known value of 
kNGl and neglecting presence of DNT.

This approach gives very good agreement for a propellant without DNT, 
but in the case of DNT presence the error increases proportionally to DNT 
content. It can be shown by simple analysis that the error is proportional to 
DNT content in the propellant. It follows from the experimental results that 
the ratio of the degrees of evaporation of DNT and NGL equals approximately 
0.6 (kDNT / kNGL ≈ 0.6). Taking this value and assuming that NGL has completely 
evaporated (i.e. mNGL= wNGL, which means that kNGL = 1), the following equation 
can be derived from Eq. 3:

mDB – mNGL = 0.6 wDNT . (6)

Since we have supposed that mDB = mNGL = wNGL, it follows that the difference 
between experimentally obtained mass loss and true content of NGL is equal to (0.6 · wDNT). For example, if a propellant contains 10% of DNT, the difference will 
be 6%. This agrees very well with the results given in Figure 10. For example, in 
the case of DB5 the difference is around ~5.5% (actual content of DNT is 8.5%), 
in the case of DB6 the difference is ~5.5% (actual content of DNT is 11%), and 
in the case of DB7 the difference is ~2% (actual content of DNT is 2.5%). 
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Conclusions

The results presented in this paper have shown that isothermal and non-
isothermal thermogravimetry can be used for identification of the homogeneous 
type of propellants, as well as for rough quantitative determination of 
nitroglycerine content in DB propellants. 

The results have shown that using either non-isothermal or isothermal 
termogravimetry, nitroglycerine content in double based propellants can be 
roughly determined from the mass loss data. A simple approach based only on 
DB propellants sample mass data has shown that NGL content in DB propellants 
containing NGL and up to 10% of DNT, can be determined within less than 4% 
difference between the actual and experimentally determined content. 

In the case of DNT-free DB propellants, and when taking into account an 
actual degree of evaporation of NGL at given experimental conditions, the amount 
of NGL can be determined within the difference of even less than 1%. However, 
this approach gives less accurate results for propellants containing considerable 
amount of DNT. The error will be proportional to the amount of DNT.

However, it should be mentioned that many parameters can affect mass 
loss of DB propellants (e.g. sample shape and size, properties of ingredients, 
experimental conditions, etc.). It was demonstrated in our previous paper [23] 
that it is highly recommended to use thin samples in order to completely remove 
NGL at a suitable experimental temperature and reasonably long experimental 
time, as well as to use the same experimental conditions.

The described method can be used to distinguish NC and DB propellants, 
as well as for the rough determination of the amount of NGL in DB propellants. 
However, the method described is not aimed to replace well established methods 
for the analysis of propellants (chromatographic methods: TLC, HPLC, GC; 
spectroscopic methods: IMS, AAS, UV etc.) [16, 21, 22], but to demonstrate 
a possible application of thermal methods for analytical purposes in the field of 
explosives.
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