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Sammanfattning 

Idag är det vanligaste använda raketer flytande-bränsle- och fast-bränsle- 
raketer. Flytande-bränsle-raketer har fördelen att det kan manövrars men de 
har en komplex design och problem med förvaring. Fast-bränsle-raketer har en 
enkel design och kan förvaras men de har en miljöpåverkan och bränslet kan 
vara svårhanterligt. En tredje typ av raketer, hybridraketer, kan kombinera 
enkelheten från fasta-bränsle-raketer med manövreringsbarheten från vätske-
bränsle-raketer. Trots fördelarna med hybridraketer används de inte på grund 
av att bränslet har låg regressionshastighet och låg densitet. Organiska additiv 
har visat sig förbättra dessa egenskaper. 50 organiska additiv granskades med 
avseende på deras specifika impuls, densitet, kostnad och användarvänlighet. 
De mest lovande organiska additiven utvärderades sedan experimentellt. 
Termogravimetrisk analys (TGA), isotermviktförlust, kompatibilitet och 
differentiell svepkalorimetri (DSC) användes. Resultaten indikerar att hexamin, 
fluorene, anthracene och 1,4-dicyanobenzene har mest potential att förbättra 
bränslet i hybridraketer.   

 

Nyckelord:  Hybridraketer, bränsleformulering, organiska additiv, hexamin, 
fluoren, anthracen, 1,4-dicyanobenzen
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Summary 

Liquid propellant and solid propellant rockets are the most commonly used 
rockets.  
Liquid propellant rockets have the advantage of being manoeuvrable with a 
high specific performance while they exhibit problems with storage and a 
complex design. Solid propellant rockets offer simplicity and are storable while 
they have a large environmental impact and could be difficult to handle. A third 
type of rocket, hybrid propellant rocket has the potential to combine the 
simplicity of solid propellant rocket with the manoeuvrability of liquid propellant 
rockets. While the hybrid propellant rocket offers advantages over liquid 
propellant and solid propellant rocket it have problems with its fuel which have 
a low regression rate and low density. Organic fillers were evaluated since they 
may increase in the regression rate and the density of the solid fuel. 50 organic 
fillers were assessed with regards to their specific impulse, density, cost and 
handling properties. The organic fillers with the most promising properties were 
then experimentally evaluated. Thermogravimetric analysis (TGA), isothermal 
weight loss test, compatibility test and differential scanning calorimetry analysis 
were conducted. The results indicate that hexamine, fluorene, anthracene and 
1,4-dicyanobenzene are the most suitable organic fillers of those evaluated. 

Keywords: Hybrid rocket propellant, fuel formulation, organic fillers, hexamine, 
fluorene, anthracene, 1,4-dicyanobenzene 
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1  Introduction  
Liquid propellant and solid propellant rocket are the two main types of rockets 
used in today’s applications. Liquid propellant rockets have the fuel and oxidizer in 
the liquid phase while in a solid rocket propellant the oxidizer and the fuel are 
mixed into a single grain. A third type of rocket propulsion is the hybrid rocket. The 
hybrid rocket propulsion concept consists of both a liquid and a solid propellant. 
The most common configuration is to have a solid fuel grain and a liquid oxidizer, 
however liquid fuel with solid oxidizers have been studied as well [1]. Hybrid 
rockets falls in between the liquid and solid rockets in complexity and 
performance. Since the oxidizer is kept separated from the fuel it offers safety in 
storage and operation [2]. Compared to solid rockets it offers throttling 
capabilities, higher theoretical impulse and smaller environmental impact.  

Hybrid rockets have been studied since the 1930s but have yet to reach the 
performance of solid and liquid propellant rockets [3]. Even though it has almost 
been around for almost a century it is still a developing field with much room for 
improvement and better understanding. Efforts have been made in many 
countries, universities and companies to advance the research and to identify 
possible application for its use. For example, the hybrid rocket motor could fulfil 
low-risk requirements associated with maned commercial flights. Some success 
with this technology can be found in SpaceShip One and Two which are vehicles 
developed for sub-orbital tourism [4]. Another application currently investigated is 
small launchers [5]. New ideas of applications have been proposed or are in 
development and therefore optimizing the performance and usability of hybrid 
rockets is in line to be able to compete with the more traditional rockets.  

In Figure 1, a sketch of a hybrid rocket motor is presented to give an overview of a 
traditional hybrid rocket motor.  

 

 

 

 

 

 

 

In the hybrid rocket motor, the oxidizer is injected into the combustion chamber 
which contains the fuel grain. The commonly used oxidizers are liquid oxygen 
(LOX), nitrous oxide (N2O) and hydrogen peroxide (HP). Other oxidizers have 
been considered but when toxicity, reactivity, performance, storability and cost are 
taken into consideration, these three are suitable for hybrid propellant rockets. 
Nitrous oxide self-pressurises and is relatively safe to handle, but at the cost of a 
lower performance compared to liquid oxygen and hydrogen peroxide. It is 
suitable for use at universities and laboratory scale tests. Liquid oxygen systems 
need external pressurization and a system which convers liquid to gas before 
combustion [6]. Hydrogen peroxide is easier to handle than liquid oxygen, storable 
and has a performance between nitrous oxide and liquid oxygen [7].    

A commonly used binder for hybrid rockets is hydroxyl terminated polybutadiene 
(HTPB), which is used in state-of-the-art solid rockets propellant [8]. HTPB is 
cross-linked with diisocyanate to form a polymer matrix. Cross-linked HTPB has 
good mechanical properties, good aging properties and is readily available making 
it a logical choice as the binder for hybrid fuels [9] [10] [11]. However, its 

Solid fuel grain 

Nozzle Injector 

Igniter 

Oxidizer 

Figure 1. A sketch of a hybrid rocket 
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regression rate and density are low [12] which have caused researchers to focus 
on different techniques to improve these properties [10] [1] [9] [13]. The regression 
rate and density of HTPB can be increased by changes in the fuel formulation. It 
has been demonstrated that both organic [10] and inorganic [14] additives 
increases the regression rate and density. While additives could increase these 
properties, they should be chosen so that they do not compromise the hybrid 
rocket inherent properties such as being safe and easily handled. 

Since regression rate for HTPB is low, other potential fuels have been 
investigated. Paraffin wax is a promising alternative fuel for hybrid rockets. A 
regression rate 3-4 times higher than pure HTPB have been obtained [15] [16]. 
This is believed to be because of a mechanism called entrainment, which is a 
process where small droplets forms on the surface of the fuel which are then 
pulled into the combustion flame [17]. The disadvantages of paraffin to overcome, 
is the poorer structural stability and its low density [18].  

The purpose of this study was to identify solid organic additives with potential to 
increase cured HTPBs regression rate and density without lowering its specific 
impulse and its mechanical properties.  

1.1 Fuel Formulation 

The properties desired in hybrid rocket fuels are similar to those for solid 
propellants; (1) thermal stability through an extensive temperature range, (2) 
adequate mechanical properties, to avoid cracking when stored through thermal 
cycling, (3) low vapour pressure. The following properties are also important for 
hybrid rockets.   

• Density 

• Specific impulse 

• Regression rate 

• Mechanical properties 

These properties could be affected by means of additives. Below follows a short 
description about the properties.  

1.1.1 Density 

A high density is important because it will allow for smaller and lighter rocket 
which will decrease the inert vehicle weight. In hybrid rocket fuels the densities 
are usually rather low and therefore fillers are used to increase it [10].  

1.1.2 Specific impulse 

The specific impulse (Isp) is a measure of the rocket propellant performance. A 
higher value equals a higher performance. The specific impulse is affected by the 
mean molecular weight of the products that are formed during combustion and the 
combustion temperature following [19]: 

𝐼𝑠𝑝 = 𝑓(√𝑇 𝑀)⁄                                    (1) 

When the mean molecular weight (M) is low and the flame temperature (T) is high 
the specific impulse will increase. Consequently, a high heat of combustion (ΔHc) 
is desired since it increases the combustion temperature. The heat of combustion 
can be calculated as: 

∆𝐻𝑐  =  ∆𝐻𝑓  −  𝑎∆𝐻𝑓 (𝐶𝑂2) − (𝑏 2⁄ ) ∆𝐻𝑓 (𝐻2𝑂)        (2) 
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Where a and b are the stoichiometric number of carbon dioxide and water 
respectively at complete combustion, ΔHf is the heat of formation of the propellant. 
From (2) it can be observed that a high heat of formation is preferable to maximize 
the energy during combustion [20].  

1.1.3 Regression rate 

The regression rate is the speed of which the solid fuel is burning. A higher 
regression rate enable a motor with a smaller volume which in turn would reduce 
the net weight of the vehicle. Since there is no oxidizer in the solid fuel grain the 
combustion does not occur at the surface but above it in the combustion zone. 
The heat transferred from the combustion zone cause the fuel to pyrolyze and 
causes char to erode in pieces by the gas stream ruching over the surface. [1] 
[21]. Figure 2 illustrates a simplified model of the hybrid combustion process. The 
regression rate is therefore influenced by the temperature at which the fuel 
vaporizes and how well the fuel/products is sheared off the surface. A high 
regression rate should therefore be obtained if the fuel vaporize at a low 
temperature and is easily sheared off the surface as in the case for paraffin wax 
[1] [21].  

 

Figure 2. Simplified model of regression rate for classical fuels 

1.1.4 Mechanical properties 

In solid propellants the mechanical properties are very important because cracks 
in the propellant increase the burning area which, during motor operation, 
increases the volume of gas produced which result in increasing chamber 
pressure. The increasing chamber pressure increases the rate of gas production 
in a feed-back loop which could cause the motor to be over pressured. It has been 
determined that the regression rate is essential independent of the pressure for 
hybrid rocket with organic fuels. This means that there is no positive feedback 
loop and the hybrid rockets is therefore less sensitive to cracks in the solid fuel. 
This is due to that the regression rate of hybrid rockets being limited by the 
oxidizer mass flow, since the mass flow limits the amount of gas molecules 
produced per unit time. Mechanical properties are still important due to induced 
strain caused by thermal variations in storage conditions and good strain 
properties are needed to avoid tearing or cracking during storage [10].  

Density, specific impulse, regression rate and mechanical properties could be 
altered with additives and by varying the amount of additive added. The focus of 
this study was to investigate potential additives which could increase the 
regression rate and the density while keeping or improving the specific impulse 
compared to pure cured HTPB and maintaining good mechanical properties 
suitable for rocket fuels. Therefore additives with a high density, high theoretical 
impulse and a low pyrolysis temperature was desired. The mechanical properties 
of the casted grains were however not investigated in this study.   

Nozzle 

Fuel rich zone 

Combustion zone 

Oxidizer rich zone 

Fuel grain 

Oxidizer flow 
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2 Experimental  

2.1 Materials 

The materials used are shown in Table 1 and were used as received without 
further purification, if not otherwise stated.  

Table 1. Materials used in the experimental work.  

Compound CAS no Supplier Article No Batch/Lot 

1,4-Diaminobenzene 106-50-3 Lancaster 2688 10040349 

1,4-Dicyanobenzene 623-26-7 Alfa Aesar B23137 10212399 

4-Phenylphenol 92-69-3 Alfa Aesar A10817 10158312 

Anthracene 120-12-7 Aldrich A8920-0 X 

Desmodur W 
(dicyclohexylmethane 
diisocyanate) 

5124-30-1 Bayern 
Material 
Science 

04230217 LL 45/7-26 

Dicyandiamide 461-58-5 Merck 
Sohvchardt 

802491 100994 

Fluorene 86-73-7 Aldrich 12,833-3 X 

Hexamine 100-97-0 Alfa Aesar 

Merck's 
Reagenzer 

119716 10193231 

4343 

HTPB  69102-90-5 Evonik Polyvest 
EP 

152512, 
142508 

Naphthalene 91-20-3 Alfa Aesar A13188 10203635 

Piperazine 110-85-0 Alfa Aesar A15049 or 
L02603 

10105206 

Polystyrene* 9003-53-6 X X 53094 

Triethylenediamine 280-57-9 Alfa Aesar A14003 or 
L04460 

10143672 

Xylitol 87-99-0 Alfa Aesar A16944 10207449 

*Polystyrene powder of unknown origin. Sieved < 630 µm.  

2.2 Analytical Methods  

2.2.1 Rocket Propulsion Analysis 

The Rocket Propulsion Analysis (RPA) computer code was used to calculate the 
theoretical specific impulse in vacuum at the optimal oxidizer/fuel ratio with the 
three most common oxidizers, LOX, N2O and HP, were calculated for the 
additives. The in data of the oxidizers are shown in Table 2 and the parameters 
for the additives in Appendix  2. The chamber pressure was set to 3 MPa and the 
nozzle expansion area ratio was set to 30. The heat of formation and chemical 
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formula, which are needed for the calculations, were either obtained from the RPA 
data base [22] or the ICT data base [23].  

 

2.2.2  Thermogravimetric Analysis 

The vaporization temperature was measured with a Mettler Toledo TGA 850 
thermogravimetric analyser. All tests and calibrations were performed with a 
heating rate of 10 °C/min in nitrogen atmosphere. Flow rates were set to 20 
mm/min and 60 mm/min for protective and carrier gas respectively. The sample 
were put in a 70 µl aluminium oxide crucible. All samples were run in duplicate. 
The sample weight was between 10 and 20 mg. Calibration was done with indium 
(Tm = 156.6 °C) and aluminium (Tm = 660.3 °C). The vaporization temperature 
was determined as the temperature at which the sample had 50 weight % loss. 

2.2.3 Isothermal Weight Loss 

Isothermal stability was measured with a heating block at 50 °C. The samples 
were put in vials with a sample weight of 0.5 to 0.8 g. The temperature of the 
heating block was controlled with an external thermometer. The sample masses 
were recorded regularly for at least 10 days. All tests were done in duplicate and 
the results are presented as the average.  

2.2.4 Compatibility Test  

Compatibility between the components (HTPB, Desmodur W and additives) were 
tested by making castings with 10 weight percent of additives. The mixtures were 
mixed by hand in a beaker. HTPB and Desmodur W were mixed thoroughly to 
which the respective additive was added. In Table 3 the formulation used are 
shown. The mixtures were put in an oven at 50 °C for 20 minutes after which they 
were degassed for 30 minutes. The mixtures were cured at 50 °C until hardened. 
The cured mixtures were then visually evaluated.  

All mixtures were mixed with a stoichiometric quantity of isocyanates e.g. the ratio 
between NCO/OH was equal to unity. The amount of isocyanate was calculated 
with equation 3:  

𝑚𝐷𝑒𝑠𝑚𝑜𝑑𝑢𝑟 𝑊 =
𝑚𝐻𝑇𝑃𝐵𝑀𝑒(𝐷𝑒𝑠𝑚𝑜𝑑𝑢𝑟 𝑊)

𝑀𝑒(𝐻𝑇𝑃𝐵)
   (3) 

In equation 3 m is the mass and Me is the equivalent weight, a measure of the 
functionality of the substances in g/mol.  

  

Table 2. Properties of liquid oxygen, hydrogen peroxide and nitrous oxide used for estimation of 
chamber performance. Data was obtained from RPA data base [22].   

Oxidizer Chemical Formula ΔHf (kJ/mole) 

Liquid oxygen O2 -12.979 (90.17K) 

Hydrogen peroxide (98%) H2O1.9629 -191.541 (298.15 K) 

Nitrous oxide N2O 65.1 (298.14 K) 
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Table 3. Masses used in the compatibility test and the equivalent weight (Me) for HTPB and 
Desmodur W.  

Substance Mass (g) Me (g/mol) 

HTPB 32 1169  

Desmodur W 3.6 131  

Additive 4 X 

Total 39.6 X 

2.2.5 Differential Scanning Calorimetry 

Phase transitions were analysed with a Mettler Toledo DSC 822e differential 
scanning calorimeter, equipped with a ceramic sensor. All tests and calibrations 
were run in a nitrogen atmosphere with a flow rate of 80 ml/min. The heating rate 
was 10 °C/min and were run from -50 to 400 °C. The sample weight was 5 mg 
and put in 40 µl aluminium cup with a pierced lid. All tests were run in duplicate.  

2.2.6 Scale up casting 

Scale up casting was performed in a Femix mixer with a capacity of mixing 250 g. 
HTPB was stirred under vacuum at 40 °C for 40 minutes. Additives were added by 
one fourth at a time and stirred for 10 – 20 minutes each. The curative was added 
and stirred for 5-10 minutes after which the material was cast into a plastic 
beaker. The mixture was cured at 50 °C. The formulation is shown in Table 4.   

Table 4. Formulation for grains with 65 and 70 weight percent additives.  

Substance Formulation 65 weight % 
additive (g) 

Formulation 70 weight % 
additive (g) 

HTPB 20 20 

Desmodur W 2.24 2.24 

Additive 41.3 51.9 

Total 63.54 74.14 

 

2.2.7 Density 

The density of the materials were measured with Micrometrics AccuPycTM 1340 
pycnometer, using helium gas. The measurements were performed at 19.5 psig at 
20 °C. Samples were put in a 10 cm3 aluminium cup with a sintered filter lid. 
Calibration was performed with a 10 cm3 AccuPycTM calibration standard set with a 
total volume of 6.371924 cm3. All samples were measured in triplicate and the 
average values are displayed with the calculated standard deviation.  
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3 Result & Discussion 
A selection of potential organic filler was carried out by means of a literature 
search and by using the ICT thermochemical database [23]. In the initial selection, 
compounds with the chemical formula of CaHbNcOd, a high density and a high ΔHf 

was selected. Organic fillers that others have tried or suggested were considered 
as well. A total of 50 organic fillers were selected and are shown in Appendix 1. 
The organic fillers specific impulse was calculated with the RPA software for three 
different oxidizers at the optimum oxidizer/fuel ratio, the results are shown in 
Figure 3 and in Appendix  2.  

It was described in 1.1.2 that a higher heat of combustion and a lower mean 
molecular weight of the exhaust increases the specific impulse. In Figure 3 the 
specific impulse is plotted as a function of the heat of combustion to observe if the 
heat of combustion can be used as good criteria for the selection of potential 
organic fillers. There seems to be a trend that compounds with a higher heat of 
combustion have a higher specific impulse, but the scattered data shown indicates 
that other factors, such as the mean molecular weight of the combusted 
compound, needs to be considered as well. It is therefore not possible to select 
potential organic fillers only based on the heat of combustion and an analysis of 
their specific impulse is necessary when selecting potential fillers.    
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Figure 3. Additives performance for different oxidizers versus heat of combustion. 

It can be observed from Figure 3 that the fillers performance depends on the 
oxidizer used. The performance of an additive increases with the following order 
of oxidizer LOX > H2O2 (98%) > N2O as expected. An unexpected result was that 
substances with the higher specific impulse for one kind of oxidizer did not 
necessarily have the higher specific impulse for another oxidizer. This was taken 
into consideration when choosing the most promising fillers. 

The organic fillers were evaluated by considering the following properties:  
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• Density 

• Specific Impulse 

• Availability and Cost 

• Toxicity 

After the evaluation, 12 organic fillers were chosen for further investigation. The 
properties of these substances are shown in Table 5. A short motivation why 
some of the compounds were not further investigated in this project is written in 
Appendix 1. 

Table 5. Chemicals for further investigation in order from highest to lowest performance. 

*Densities obtained from ICT Thermochemical database [23]  
** Calculated with RPA. *** Calculated from eq. 1.  
****Price taken from Sigma-Aldrich. 

 

Compound ρ 
(g/cm3)* 

Isp vacuum 
(s)** 

ΔHc (kJ/g) 
*** 

Cost (SEK/kg) 
**** 

Fluorene 1.18 303 39.9 3200 [24] 

Triethylenediamine 1.14 303 36.6 2500 [25] 

Piperazine 1.1 303 34.7 900 [26] 

Polystyrene 1.12 302 41.6 X 

Hexamine 1.33 301.5 30.0 400 [27] 

Naphthalene 1.15 300 40.2 250 [28] 

HTPB  0.93 300 43.7 X 

Anthracene 1.28 299 39.6 3600 [29] 

1,4-
Dicyanobenzene 

1.29 298 31.1 9840 [30] 

1,4-
Diaminobenzene 

1.25 298 32.5 2200 [31] 

4-Phenylphenol 1.31 296.5 35.5 1700 [32] 

Dicyandiamide 1.4 289.5 16.4 300 [33] 

Xylitol 1.52 286 16.9 800 [34] 
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Fluorene, anthracene and naphthalene have similar chemical structures, 
consisting of aromatic rings, as shown in Figure 4. They were of interest due to 
their high density which results in a higher volumetric heat of combustion than 
HTPB. Fluorene and anthracene have been suggested as organic energetic 
additives for solid ramjet fuel [35]. Anthracene were found to have been 
investigated earlier. It did not show an increase in the regression rate which could 
be due to the low additive content, 20 weight percent [13], it was therefore 
investigated in this project. An investigation has been conducted with naphthalene 
as an additive and an increase in the regression rate was observed [9]. To the 
authors’ knowledge fluorene has not been investigated as an organic filler in a 
hybrid rocket fuel grain.   

 

Figure 4. Chemical structure of anthracene, fluorene and naphthalene. 

Triethylenediamine shown in Figure 5, has a high specific impulse of 303 s and a 
positive enthalpy of formation of 28.24 kJ/mol indicating that it could maximize the 
heat of combustion. To the authors knowledge it has not been investigated as an 
organic filler for hybrid rockets.  

 

Figure 5. Chemical structure of triethylenediamine. 

Piperazine shown in Figure 6 was chosen for investigation due to its high 
theoretical impulse and its low flash point of 87 °C. Its density was considered 
sufficient at 1.1 g/cm3. No investigation was found concerning it as an organic 
additive for hybrid rocket solid fuel.  

 

Figure 6. Chemical structure of piperazine. 

Polystyrene, Figure 7, shows good theoretical values with an impulse at 302 s and 
a sufficient density at 1.12 g/cm3. It was of interest due to its high volumetric heat 
of combustion. It has been suggested to be used as a butadiene-styrene co-
polymer [36]. An investigation has been conducted with large particles of 
polystyrene as an additive which did not show an increase in the regression rate 
[37]. In this study particles with the size of 350 um were investigated.    
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Figure 7. Chemical structure of a repeating unit of polystyrene. 

Hexamine, shown in Figure 8, was chosen as a candidate due to its high specific 
impulse and its availability. It has an adamantane structure with nitrogen 
occupying the bridgehead positions. Hexamine has been tried before with results 
showing an increase in regression rate [10]. It is also of interest since it sublimes 
instead of melts [38].  

 

Figure 8. Chemical structure of hexamine. 

1,4-Diaminobenzene, Figure 9, was of interest since it has been investigated as a 
hypergolic filler for hybrid rocket solid fuel but the regression rate was not 
investigated [39]. Since amines reacts with isocyanates, it is possible that this 
substance will react with the isocyanates instead of the hydroxyl group of HTPB 
and interrupt the curing process. It was chosen due to its high density at 1.25 
g/cm3 and its relatively high specific impulse at 298 s.  

 

Figure 9. Chemical structure of 1,4-diaminobenzene. 

1,4-Dicyanobenzene has a similar structure as 1,4-diaminobenzene and similar 
properties but instead of the amino groups it contains two cyano groups which 
should not react with the isocyanate. It could therefore be of interest if it is shown 
that the 1,4-diaminobenzene does indeed react with the isocyanates. To the 
authors knowledge 1,4-dicyandiamide has not been investigated as a filler.  

 

Figure 10. Chemical structure of 1,4-dicyanobenzene. 

4-Phenylphenol, Figure 11, has a density of 1.31 g/cm3, its melting point is around 
164 °C and a calculated impulse of 297s. [40]. It was chosen due to it high 
volumetric heat of combustion. To the authors knowledge has not been 
investigated as a filler.  
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Figure 11. Chemical structure of 4-phenylphenol. 

Dicyandiamide, shown in Figure 12, is a possible candidate and have been 
investigated by Dean and Blackmon [10]. They used it together with hexamine in a 
55% hexamine and 15% dicyandiamide, but the result was a lower regression rate 
than obtained without dicyandiamide, no further work was done with it during that 
study [10]. It has specific impulse of 290s and a density of 1.4 g/cm3. It could be of 
interest due to its high density and since in the earlier investigation it was 
analysed as an additive mixture with hexamine it was of interest to analyse its 
properties when used alone.  

 

Figure 12. Chemical structure of dicyandiamide. 

Xylitol, shown in Figure 13, has a similar chemical structure as sorbitol. It has a 
slightly higher density at 1.52 g/cm3 and melting point at 94-97 °C. The DARE 
organization have used sorbitol-based fuels [18] it was therefore of interest to use 
an additive with a similar chemical structure and properties.  

 

Figure 13. Chemical structure of xylitol. 

3.1 Thermogravimetric Analysis 

A lower decomposition temperature than cured HTPB was a desirable 
characteristic for the organic fillers since it could possible increase the regression 
rate. This was measured by their 50 % weight loss temperature which was 
determined with TGA. The results are presented in Table 6 and show that all the 
fillers had a lower 50 % weight loss temperature than cured HTPB. A typical TGA 
curve obtained is displayed in Figure 14. showing one weight loss step. In two 
cases, for dicyandiamide and cured HTPB, the TGA curves had more weight loss 
steps than one, as shown in Figure 15 and Figure 16 respectively. It can be 
observed in Figure 15 that dicyandiamide had three weight loss steps before 
losing 50 % of its weight, and in agreement with Zhang et.al [41]. Most of the 
compounds had a 40 °C difference between their 10 and 50 % weight loss as 
compared to dicyandiamide which had 100 °C difference. The slow decrease in 
mass could explain the low regression rate when used as an additive by Dean and 
Blackmon [10]. Two weight loss steps are observed for cured HTPB which have 
been seen in earlier studies [42] [43] [44].   
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Figure 14. TGA plot of hexamine. Heating rate of 10 °C/min under nitrogen atmosphere.   
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Figure 15. TGA plot of dicyandiamide. Heating rate of 10 °C/min under nitrogen atmosphere.   
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Figure 16. TGA plot of cured HTPB (NCO/OH=1). Heating rate of 10 °C/min under nitrogen 

atmosphere. 

In previous studies, it has been seen that when hexamine is used as an additive in 
HTPB, bubbles forms during curing [45] [46] [10]. This led to an investigation if 
there were any differences between hexamine batches and modifications, for 
example, if impurities could be observed. Four different batches of hexamine were 
analysed, explained below, with TGA. The results show only a small difference 
between their weight loss temperatures. The small difference could be due to 
different sample sizes. There were no indications that any of the batches was 
preferable compared to the others. 

“Hexamine Batch 4343”, an old hexamine from the 1960s, was analysed since it 
had a less odour than the “Hexamine Desiccator”. “Hexamine Batch 4343” were 
used as received from Merck’s Reagenzer, Batch no. 4343. “Hexamine ReCr” was 
recrystallized with methanol and then stored in a desiccator. “Hexamine 
Desiccator” was dried at 50 °C for two days and then stored in a desiccator. 
Hexamine ReCr and Desiccator were hexamine from Alfa Aesar. “Esbit” is an 
outdoor fuel tablet whose main component is hexamine.  
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Table 6. Weight loss temperature at 10 % and 50 % determined with TGA ordered by highest weight 
loss temperature. 

*HTPB cured with Desmodur W 

3.2 Isothermal Weight Loss 

A low decomposition temperature is expected to increase the regression rate of 
the fuel, but the substances needs to be thermally stable enough to be cast and 
cured. The temperature the filler would be exposed to is 40 °C during mixing and 
50 °C during curing. Therefore, it is important that the chosen fillers are stable 
enough at these temperatures. The weight loss of respective additive at 50 °C as 
a function of time is shown in  Figure 17. The results show three substances that 
are not stable enough for this project. These are triethylenediamine, piperazine 
and naphthalene which lost 97 weight %, 80 weight % and 42 weight % 
respectively. Triethylenediamine and piperazine had the second and third highest 
impulse and the two lowest vaporization temperature indicating that they were 
promising additives. It was considered if it would be possible to use them as fillers 
if the casting and curing were performed at a lower temperature. However, a 
literature search showed that they also are hygroscopic [47] [48] which would 
cause problems when curing the grain, due to a reaction between water and 
isocyanate, and it would be difficult to dry them due to their thermal instability. No 
further work were done with them during this project. Naphthalene had previously 
been shown to be unsuitable as an additive [9] these results agrees with these 
previously observations and it was not further investigated.  

In Table 7 the final weight loss of the fillers is displayed. The remaining fillers had 
a weight loss of 0-1 % and was considered to be stable enough. It is to be noted 
that polystyrene had a weight loss of 2 %. Since a polymer should not have a 

Additives 
 

Temperature at 10 % 
weight loss (°C) 

Temperature at 50 % 
weight loss (°C) 

HTPB-based binder* 418 458 

Polystyrene 372 407 

Dicyandiamide 283 385 

Xylitol 264 299 

Anthracene 211 248 

4-phenylphenol 207 246 

Hexamine Batch 4343 191 229 

Hexamine ReCr 190 228 

Hexamine Desiccator 188 229 

Esbit (Hexamine based) 188 226 

1.4-diaminobenzene 176 211 

1,4-dicyanobenzene 175 211 

Fluorene 166 212 

Naphthalene 114 151 

Triethylenediamine 97 133 

Piperazine 84 106 
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weight loss below their decomposition temperature it could be due to impurities or 
moisture.  

Due to problems hexamine displayed during curing, as previously stated, three 
different batches were analysed. Esbit was not investigated since it did not seem 
to have any advantages and it would be difficult to obtain in bulk. It was expected 
that Hexamine Batch 4343 and Hexamine ReCr MeOH would have a lower weight 
loss than Hexamine Desiccator since they had less of an odour. The results 
showed that the batches had a weight loss of 1% and there were no differences 
between the batches. Dicyandiamide and xylitol were excluded from the 
investigation at this point due to their lower performance and higher weight loss 
temperature than the remaining additives.  

Table 7. Shows the total weight loss in % after 10 days.  

*13 days instead of 10 days 

 

Additives Weight Loss 10 days (%) 

Triethylenediamine 97 % 

Piperazine 80 % 

Naphthalene * 42 % 

Polystyrene * 2 % 

Fluorene 1 % 

4-Phenylphenol * 1 % 

Hexamine Desiccator 1 % 

Hexamine ReCr. MeOH 1 % 

Hexamine Batch 434 1 % 

Dicyandiamide 0 % 

Anthracene 0 % 

1,4-Diaminobenzene 0% 

Xylitol * 0% 
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Figure 17. Isothermal weight loss at 50 °C.  

3.3 Initial curing test 

Trapped bubbles was expected to be observed when hexamine was cured in 
HTPB due to the observations from previous studies. The three different batches 
of hexamine used previously were investigated. In Figure 18 cured HTPB with 10 
weight % hexamine, Hexamine Desiccator, is shown. The HTPB was clear and 
there no bubbles were observed. The same result applied to the other batches. 
This could be due to the low weight percent of hexamine added compared to 
previous experiments which had more than 60 weight %. It was observed that the 
curing time was about two weeks at 10 weight % hexamine while 60 weight % 
cured within one day. Due to the long curing time it is possible that the bubbles 
could escape enclosure, while when the curing time is fast the bubbles are 
trapped. The fast curing time should be due to the catalytic effect of hexamine 
[10]. The TGA plot, the isothermal weight loss test and the compatibility test did 
not indicate that there were any differences between the batches investigated. 
Hexamine, batch from Alfa Aesar, was thus selected for further studies since there 
were no problems observed. 
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Figure 18. HTPB with 10 weight % hexamine cured at 50 °C. 

1,4-Dicyanobenzene, Figure 19, did not show any visual problems when cast. The 
fine particles did not sediment  

 

Figure 19. HTPB with 10 weight % 1,4-dicyanobenzene cured at 50 °C.  

Fluorene, Figure 20, did sediment in the matrix. There were no observable 
problems when cured. It was noted that it had a slight irritating odour even after 
cured.  

 

Figure 20. HTPB with 10 weight % fluorene cured at 50 °C. 
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Anthracene, Figure 21, did sediment but some particles can be observed to have 
dispersed in the polymer matrix. There were no observable problems with the 
compatibility.  

 

Figure 21. HTPB with 10 weight % anthracene cured at 50 °C.  

4-Phenylphenol, Figure 22, interfered with the curing of the HTPB matrix. In the 
right picture it is shown that the 4-phenylphenol particles were not enclosed in the 
matrix instead it was stuck at the bottom. It was sticky, comparable to pure HTPB, 
therefore it is believed that the hydroxyl group of 4-phenylphenol might have 
reacted with the isocyanate instead of HTPB interrupting the curing.  

 
 

 

Figure 22. HTPB with 10 weight % 4-phenylphenol cured at 50 °C.  

Polystyrene, Figure 23, did sediment in the matrix and was compatible with HTPB 
and the curing agent.  
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Figure 23. HTPB with 10 weight % polystyrene cured at 50 °C.  

1,4-Diaminobenzene, Figure 24 did not cure satisfactory. A brown powder was 
formed. This was expected, since amino-groups are known to react with 
isocyanates.   

 

Figure 24. HTPB with 50 weight % 1,4-diaminobenzene cured at 50 °C. 

The compatibility test was a preliminary test to evaluate the chosen fillers. A 
summary of the test results is shown in Table 8. 4-phenylphenol and 1,4-
diaminobenzene, who both interfered with the curing, were rejected. The 
remaining fillers were selected for further studies. 
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Table 8. Summary of the HTPB curing test. 

Organic filler Comment 

Hexamine Cured without problems 

1,4-Dicyanobenzene Cured without problems 

Fluorene Cured without problems 

Anthracene Cured without problems 

4-Phenylphenol Influenced curing. Sticky 

Polystyrene Cured without problems 

1,4-Diaminobenzene Influenced curing. Brown powder 
formed 

3.4 Differential Scanning Calorimetry 

It is reasonable to assume that the fuel grains will be exposed to thermal cycling 
when stored. It is thus important that the filler do not have any phase transitions in 
the storage interval. A phase transition results in a volume change of the filler 
which could induce cracks in the fuel. A storage temperature interval that the fuel 
could be exposed to would be between -40 to 60 °C. Therefore, changes 
occurring in this interval were of interest. To analyse eventual phase transitions a 
DSC was used. The TGA and SDTA plots compliments the DSC data and were 
used to validate the results. All DSC plots show a higher decomposition 
temperature than observed from the TGA plots. A calibration error was considered 
but since the melting points determined by DSC and SDTA correlates, this was 
obviously not the case. Since a calibration error was rejected it could be due to 
the use of different crucibles. The TGA test were run with a completely open 
crucible, while DSC were run with a pierced lid. This might result in an easier 
mass transfer in the TGA than in the DSC resulting in a faster weight loss and 
thus the difference between the decomposition temperatures.   

Hexamine, Figure 25, showed one large endothermic peak at 220-280 °C. By 
comparing the TGA and DSC curves it could be determined that the phase 
transition should be a sublimation since only one peak is observed before the 
mass is zero. The result agrees with the literature [20].  
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Figure 25. The DSC, SDTA and TGA plot of hexamine. Heating rate 10 °C/min in nitrogen 
atmosphere.  

1,4-Dicyanobenzene, Figure 26, showed one small endothermic peak at 168-175 
°C and two larger endothermic peaks at 223-229 °C and 229-260 °C. The peak at 
223-229 °C is the melting point. It had an onset at 223 °C, which corresponds with 
the literature value of 224 °C [49]. The peak visible after the melting point should 
be the vaporization of the material since the TGA displays the weight loss there. It 
should be noted that the two larger peaks are overlapping each other indicating 
that melting and vaporization occur simultaneously. The small endothermic peak 
could be a solid-state phase transition, it occurs outside the temperature interval 
of -40 to 60 °C and would thus not affect the fuel when stored.  
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Figure 26. The DSC, SDTA and TGA plot of 1,4-dicyandiamide. Heating rate 10 °C/min in nitrogen 
atmosphere. 

Fluorene, Figure 27, displayed peaks at 115-120 °C and 200-270 °C. The first 
large peak is the melting point at 115 °C, which is in good agreement with 
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literature data (115-117 °C) [50]. The second peak should correspond to the 
vaporization of fluorene which seems to agree with the TGA result.  
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Figure 27. The DSC, SDTA and TGA plot of fluorene. Heating rate 10 °C/min in nitrogen atmosphere. 

Anthracene, Figure 28, displayed peaks at 215-220 °C and 260-320 °C. The first 
peak should be the melting point with an onset of 216 °C. It agrees rather well with 
the literature value of 218 °C [51]. The second peak should correspond to the 
vaporization of the material.  
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Figure 28. The DSC, SDTA and TGA plot of anthracene. Heating rate 10 °C/min in nitrogen 
atmosphere. 

The results show that the temperature between the melting point and the 
vaporization temperature differs between the substances. Fluorenes melting point 
is 115 °C while its vaporization starts around 200 °C, which is 85 °C higher than 
the melting point. While for anthracene the melting point is 215 °C and its 
vaporization point starts at around 260 °C, 45 °C higher than the melting point. 
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1,4-dicyanobenzenes melting point and its vaporization initiates at the same 
temperature, having no difference between melting and vaporization. A low 
melting point could possible lead to a mechanism similar to what paraffin wax 
displays, entrainment. It is therefore possible that fluorene, which have a melting 
point almost a 100 °C lower than the other compounds, would show a higher 
regression rate than anthracene and 1,4-dicyanobenzene. Nonetheless it should 
not be forgotten that the additives are enclosed in a polymer matrix which might 
hinder the entrainment of the additives since the cross-linked bonds still needs to 
be broken before the additives can enter the burning zone.  

There were no observable peaks in the storage temperature range for any of the 
substances indicating that the additives are suitable as hybrid rocket fuel and 
could thus be tried in a larger scale. A summary of the results obtained from the 
DSC analysis are displayed in Table 9. 

Table 9. Summary of the results obtained from DSC analysis. 

Filler Phase 
transitions 

ΔHm (J/g) Mp (measured) 

(°C) 
Mp (literature) 

(°C) 

Hexamine Sublimation n.a. 220-260 260  

1,4-
Dicyanobenzene 

Solid-solid 
Melting 
Decomposition 

0.25 
266 

168-175 
223 

 
224 

Fluorene Melting 
Decomposition 

111 115 
200-270 

115-117 

Anthracene Melting 
Decomposition 

154 
 

216 
260-320 

218 

 

3.5 Density 

The quality of the fuels were evaluated by comparing their theoretical density with 
the real value. The difference should be lower than 0.5 % for it to be considered a 
successful grain. The density of a mixture of two substances is calculated as: 

𝜌𝑡𝑜𝑡 =
1

w1
𝜌1

+
𝑤2
𝜌2

     (4) 

were ρtot is the total density of the mixed substances, w1 and w2 is the mass 
fraction of substance 1 and 2 respectively and ρ1 and ρ2 are the densities of 
substance 1 and 2.  

In Table 10, the measured densities that were used when evaluating the quality of 
the fuel are shown. The measured values are both higher and lower than the 
literature. The deviation between the measured and the literature densities could 
be due to the temperature the measurement were conducted at or differences in 
purity.  

It is interesting to note the difference between the two measured densities of 
hexamine, Table 10. A casting made with hexamine that had been stored in a 
desiccator was made, denoted Hexamine Desiccator. The casting was made with 
65 weight % of hexamine and the resulting grain contained a lot of bubbles. 
Hexamine was thus dried in a desiccator at 90 °C for 16 h remove water or 
potential volatile impurities. The resulting grain was satisfactory cured. Details 
about the casting with dried hexamine are described in 0 * Cured HTPB with 
Desmodur W (NCO/OH = 1) 



   

 

 29 

Scale up casting. Since the casting was successful with dried hexamine and an 
increase in density was observed, it might be possible to use the density to 
indicate that hexamine have been sufficiently dried.  

The literature shows a scattered density of HTPB. Which should be due to that 
HTPB can have different chemical formula depending on the number of hydroxyl 
groups and the NCO/OH ratio used for cross-linking, thus the data is presented as 
an interval. The measured density of the cured HTPB is in between this interval.  

Table 10. Measured densities at 20 °C. All samples were measured in triplicate. The average value 

with the standard deviation is displayed. The density from literature was obtained from ICT 
Thermochemical database [23]. The temperature at which the literature values were measured are 
given in parenthesis.   

Filler Density (g/cm3) Density from 
literature (g/cm3)  

1,4-dicyanobenzene 1.2722 ± 0.0005 1.29   

Anthracene 1.2466 ± 0.0002 1.283 (25 °C) 

Fluorene 1.1920 ± 0.0003 1.181 (20 °C) 

Hexamine desiccator 1.3289 ± 0.0005 1.331 (-5 °C) 

Hexamine dried 1.3413 ± 0.0007 1.331 (-5 °C) 

HTPB based binder 0.9265 ± 0.0006 0.90-0.95 

Polystyrene 1.0660 ± 0.0003 1.05 [52] 

* Cured HTPB with Desmodur W (NCO/OH = 1) 

3.6 Scale up casting 

A casting was performed with a higher weight % of additives in a mixer with a 
capacity of 250 g. Anthracene, fluorene, polystyrene and 1,4-dicyanobenzene 
were casted at a 65 weight % and hexamine at 65 and 70 weight %. The viscosity 
of the mixtures increased as the filler content increased. A high viscosity mixture 
can be difficult to cast and might result in defects in the fuel grain. The viscosity 
can be optimised by controlling the particle size, morphology and by the use of a 
multimodal system [53]. These castings were not done with optimal particles 
which made their viscosity high and the resulting grains might exhibit defects due 
to the particle size and distribution rather than unsuitable fillers.  

Hexamine, anthracene and fluorene were cast with a bimodal suspension, with 
large and small particles. The large particles were used a received while the small 
particles were ground in a mortar. The mass fraction was 70 % large particles and 
30 % small particles. The particle size was not characterized. Hexamine particles 
were dried at 90 °C in a desiccator for 16 h. Anthracene and fluorene particles 
were not dried. Polystyrene and 1,4-dicyanobenzne were used as a unimodal 
system, the particles were used without modification. They were not dried.  

In the 65 weight % hexamine blend no bubbles were observed, see Figure 29. In 
the 70 weight % a few large bubbles were observed at the edge after the casting. 
They were likely due to the high viscosity of the blend, see Figure 30. The grains 
cured within 24 h. The quality of the grains was determined by the difference in 
the theoretical density and the measured density. The results are shown in Table 
11. The measured density for the 65 weight % mixture was slightly higher than the 
theoretical value, this is probably due to that during the handling of the HTPB 
prepolymer some were spilled and it was not possible to know the exact amount. 
The cast grains showed a difference from the theoretical that was less than 0.5 % 
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which demonstrates that the grains were successfully cast and that it is possible 
to cast hexamine without the formation of bubbles and a sufficient quality. The 
short curing time could become a problem if the fuel should be produced in a 
larger scale and should thus be analysed.   

 

Figure 29. HTPB with 65 weights % hexamine cured at 50 °C. 

  

Figure 30. HTPB with 70 weights % hexamine cured at 50 °C.  

The viscosity of the formulation containing anthracene was relatively low and was 
possible to cast relatively easy. There were no bubbles observed when poured 
into the beaker. The cured mixture is shown in Figure 31. The curing time was 
more than a week therefore there should be no problem with the pot-life when 
scaling up. The measured density was higher than the theoretical density as seen 
in Table 11. This could be due to a small increase of the amount of diisocyanate 
at 2.54 g instead of 2.24 g. This would increase the density of the cast grain while 
the theoretical density is calculated with a stoichiometric amount of isocyanate 
which results in the higher measured value. Having noted this, the grain was still 
evaluated with respect to the difference between the theoretical and measured 
density which were less than 0.5 % at 0.33 %. 

 

Figure 31. HTPB with 65 weights % anthracene cured at 50 °C.   

Fluorene did have some bubbles after cast into the beaker, mainly at the edges. 
This should be due to the high viscosity. The bubbles were not visible the day 
after casting. The grain after curing is shown in Figure 32. The edges were a bit 
rough due to it being sticky when removing it. The curing time was more than 
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seven days which is long enough for an eventual scale-up casting. The theoretical 
value is shown in Table 11. The measured and the theoretical density was equal 
which indicates a successful casting.  

 

Figure 32. HTPB with 65 weights % fluorene cured at 50 °C.  

1,4-dicyanobenzene particles were like a fine powder. Two clumps were formed in 
the mixer when the particles were added. The viscosity decreased marginally 
when the curative was added making it possible to cast. The cured grain looked 
homogenous except for a few air bubbles. These large bubbles did not disappear 
as in the case of fluorene due to the high viscosity. The curing time was more than 
seven days which is a long enough pot-life for a large casting. When measuring 
the density of the grain, pieces without visible bubbles on the surface were used. 
The difference below the theoretical and measured density was 0.25 %. 

Figure 33. The left figure displays HTPB with 65 weight % 1,4-dicyandiamide before curative is 
added. The middle and right figure displays HTPB with 65 weight % 1,4-dicyanobenzene cured at 50 
°C.  

The polystyrene mixture ran slowly into the casting pot. A few bubbles were 
observed when cast, most of them were not visible the day after. The cured grain 
is shown in Figure 34. Bubbles can be observed at the edge of the grain. Since 
only a few bubbles were observed they should be due to the viscosity of the 
mixture. The pot-life was more than seven days making it long enough for an 
eventual scale-up casting. The measured density was 98.76 % of the theoretical 
density even though the cross-section of the grain does not seem to contain any 
defects. The difference could be due to the bubbles observe at the edge of the 
grain. The measured density does not satisfy the demand of a difference less than 
0.5 % of the theoretical density. The result should be as a result of the particle 
size making it difficult to cast and not due to incompatibility.  
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Figure 34. HTPB with 65 weights % polystyrene cured at 50 °C.  

Table 11. The measured and theoretical densities with their standard deviation.  

Formulation Theoretical 
density 
(g/cm3) 

Measured 
density 
(g/cm3) 

Difference 
(%) 

65 % 1,4-
Dicyanobenzene 

1.1263 ± 
0.0031 

1.1291 ± 
0.0006 

0.249 

65 % Anthracene 1.1123 ± 
0.0008 

1.116 ± 
0.0011 

0.333 

65 % Fluorene 1.0839 ± 
0.0017 

1.0839 ± 
0.0024 

0.0 

65 % Polystyrene 1.0164 ± 
0.0090 

1.0038 ± 
0.0007 

- 1.240 

65 % Hexamine 1.1596 ± 
0.0019 

1.1644 ± 
0.0018 

0.414 

70 % Hexamine 1.1825 ± 
0.0010 

1.1826 ± 
0.0007 

0.008 

 

The results show the possibility of using hexamine, anthracene, fluorene,  
1,4-dicyanobenzene and polystyrene as organic fillers in a hybrid rocket fuel grain. 
A summary of the results are shown in Table 12. The discussion about which filler 
is the most promising one is complex. Factors such as the application of the 
rocket should be specified and considered. Since the effect the fillers have on the 
regression rate was not determined the discussion will assume that a lower 
decomposition temperature would be favourable for the increase of the regression 
rate. If the assumption is eligible, polystyrene seems to be less likely to increase 
the regression rate. It does also have a low density compared to the other fillers. 
These two properties would make it the least attractive choice. The remaining 
fillers does not have a large difference in the decomposition temperature, making 
it difficult to speculate which one would be the best alternative. 

Paraffin shows a high regression rate due to entrainment. The entrainment is due 
to the low melting point of paraffin, making it possible to shave off paraffin from 
the fuel into the combustion flame. It might therefore indicate that fluorene which 
have a lower melting point than 1,4-dicyanobenzene and anthracene would 
display a similar mechanism of mass transfer. Thus, fluorene could be a more 
attractive choice than 1,4-dicyanobenzene and anthracene. However, it is not 
known whether the polymer matrix would hinder entrainment.  
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Hexamine does not have a melting point but sublimes, which decreases the steps 
involved to vaporize, which might also show an increase in the regression rate. 
Therefore hypothetically, fluorene and hexamine might be more likely to increase 
the regression rate than 1,4-dicyanobenzene and anthracene.  

The density of the fillers differs and a high density of the fuel is advantageous. A 
comparison between hexamine and fluorene, the fillers with the highest and the 
lowest density respectively, shows a difference of approximately 12.5 %. By 
comparing their 65 weight % formulation with cured HTPB an increase in density 
of 25 % and 17 % was obtained for hexamine and fluorene respectively. While it is 
advantageous with a high density, the regression of the fuel is important as well. 
Which factor that would be the most advantageous depend on the application.  

Cost of the fillers is of interest though it is difficult to compare since the prices are 
depending on the demand. The cost displayed in Table 12 are from Sigma, which 
are much higher as compared to the industrial prices but might give an indication 
to the relative price between the fillers. It can be observed that hexamine have the 
lowest cost. The most expensive is 1,4-dicyanobenzene which is 25 times as 
expensive as hexamine while anthracene and fluorene are approximately ten 
times as expensive.  

The performance is determined by the specific impulse and in a hybrid propellant 
rocket the specific impulse vary with the amount of oxidizer available, as show in 
Figure 35. The amount of oxidizer will vary during operation since the surface of 
the fuel increases when burned. Therefore, a high performance over a wide range 
of oxidizer/fuel ratio would be a good trait of the filler so that an even performance 
can be obtained during operation. From Figure 35, it can be seen that fluorene and 
anthracene have the widest range and might thus display a more even 
performance during operation. While fluorene and anthracene seem to be able to 
display a more even performance, it can also be seen that the O/F ratio are higher 
for them at their optimum performance. Fluorene and anthracene have their 
optimum O/F ratio at around 8 while hexamine and 1,4-dicyanobenzene have their 
around 5.  

The discussion about which organic filler would be the better one is difficult, 
especially since the regression rate have not been measured and thus it cannot 
be determined if the fillers does have the expected effect on the regression rate. 
Thus, this discussion has been conducted in hope of giving the reader some 
understanding of what might be of importance when researching for suitable fillers 
for hybrid rocket fuel.  
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Figure 35. The specific impulse, calculated with N2O as oxidizer, at different O/F ratios. 

Table 12. Summary of the most promising additives and cured HTPB properties of interest.  

*Calculated with nitrous oxide as the oxidizer at optimum O/F ratio. 
** Cured HTPB with Desmodur W (NCO/OH = 1)  

Filler ρ 
(g/cm3) 

Isp 

vacuum 
(s)* 

Cost 
(SEK/kg)  

Temperature 
at 50 % weight 
loss (°C) 

Mp (°C) 

Fluorene 1.1920 
± 
0.0003 

299 3200 [16] 211 115 

Hexamine 1.3413 
± 
0.0007 

301 400 [19] 230 180  

1,4-
Dicyanobenzene 

1.2722 
± 
0.0005 

298 9840 [22] 211 223 

Anthracene 1.2466 
± 
0.0002 

299 3600 [21]  248 215 

Polystyrene 1.0660 
± 
0.0003 

303 X 407 X 

HTPB based 
binder ** 
 

0.9265 
± 
0.0006 

300  X 458 X 
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4 Conclusion 
50 organic fillers were evaluated with consideration to density, specific impulse, 
heat of combustion, cost and handling properties. Of these, 12 were chosen for 
experimental evaluation. The analytical methods conducted were; TGA to 
determine the decomposition temperature, isothermal weight loss to determine 
their thermal stability, compatibility with HTPB and Desmodur W, DSC to 
determine the phase transitions. Triethylenediamine, piperazine and naphthalene 
were found to not be thermally stable enough to be used as fillers. Dicyandiamide 
and xylitol were excluded due to their higher decomposition temperature and 
lower performance compared to the remaining fillers. The compatibility test 
showed that 4-phenylphenol and 1,4-diaminobenzene were not compatible with 
HTPB and Desmodur W due to interference with the curing reaction, resulting in 
non-cured grains.  

Formulations 65 and 70 weight % grains were successfully cast with anthracene, 
fluorene, 1,4-dicyanobenzne, polystyrene and hexamine. Previous studies of 
hexamine showed that bubbles forms during curing [46] [45] [10]. In this study a 
65 and 70 weight % hexamine grain were successfully made without formation of 
bubbles when the hexamine had been dried at 90 °C for 16 h. The density 
measurement showed that the density of hexamine increases when dried.  

Hexamine, fluorene, 1,4-dicyanobenzene and anthracene are believed to have the 
highest probability to increase the regression rate and it was showed that they can 
increase the density of a HTPB based hybrid rocket fuel.  

4.1 Future work 

The following tasks are to be considered to be done: Cast fuel grains with high 
solid loading for hexamine, fluorene, 1,4-dicyanobenzene and anthracene in order 
to test fire and analyse their regression rate. Evaluate the mechanical properties 
of the fuel grains. Analyse the effect hexamine have on the curing time.  

4.2 Acknowledgements 

The author would like to thank; Niklas Wingborg, at FOI for his large commitment 
and guidance in this work, and Professor Mikael Hedenqvist, at The Royal 
Institute of Technology, polymeric materials division, for valuable discussions.   

The author would also to thank Jessica Kjellberg at FOI for her help with the 
analytical instruments and with laboratory procedures. Marita Sjöblom at FOI for 
supervising during the use of Femix mixer and important guidance when mixing 
additives. Mattias Liljedahl at FOI for supervising during the use of the Femix 
mixer. Stefan Ek at FOI for recrystallization of hexamine.  



   

 

 36 

5 References 
 

[1]  T. A. Boardman, ”Hybrid Propellant Rockets,” i Rocket Propulsion 
Elements, John Wiley & Sons, Inc, 2001, pp. 579-607. 

[2]  S. A. Whitmore, Z. W. Peterson och S. D. Eilers, ”Analytical and 
Experimental Comparisions of HTPB and ABS as Hyrbid Rocket Fuels,” 
AIAA, Utah, 2011. 

[3]  K. M. Boronosky, ”Non-homogeneous Hybrid Rocket Fuel for Enchanced 
Regression Rates Utilizing Partial Entrainment,” San Jose State University, 
USA, 2011. 

[4]  S. Rich, ”Nasa,” 23 03 2008. [Online]. Available: 
https://www.nasa.gov/multimedia/imagegallery/image_feature_66.html. 
[Använd 19 09 2018]. 

[5]  Nammo, ”Nammo,” 9 05 2017. [Online]. Available: 
https://www.nammo.com/news-and-events/news/going-hybrid-in-space/. 
[Använd 28 08 2018]. 

[6]  A. Karabeyoglu, ”Mixtures of Nitorus Oxide and Oxygen (Nytrox) as 
Oxidizers for Rocket Propulsion Applications,” i Joint Propulsion 
Conferences & Exhibit, Denver, Colorado, 2009.  

[7]  M. Wernimont, G. G. Ventura and P. Mullens, “Past and Present Uses of 
Rocket Grade Hydrogen Peroxide,” General Kinetics, LLC Aliso Viejo, CA 
92656, 1999. 

[8]  J. L. Chen och T. B. Brill, ”Chemsitry and Kinetics of Hydroxyl-terminated 
Polybutadiene (HTPB) and Diisocyanate-HTPB Polymers Druing Slow 
Decompostion and Combustion-like Condition,” Combustion and Flame, nr 
87, pp. 217-232, 1991.  

[9]  C. B. Luchini, P. Wynne, M. K. Hudson och S. Rooke, ”Hydrocarbon hybrid 
rocket fuel regression rate studies,” i Joint Propulsion Conference & Exhibit 
32nd, Lake Buena Vista, 1996.  

[10]  D. L. Dean och J. B. Blackmon, ”Hybrid Fuel Formulation and Technology 
Development,” McDonnell Douglas Aerospace-Huntsville, Huntsville, 1995. 

[11]  R. Manjari, V. C. Joseph, L. P. Pandureng och T. Sriram, ”Structure-
Property Relationship of HTPB-Based Propellants. 1. Effect of Hydrocyl 
Valu of HTPB Resin,” Applied Polymer Science, vol. 48, nr 2, pp. 271-278, 
1993.  

[12]  O. Orlandi, H. Blanchard, P. Yvart, P. Gautier, L. Galfetti, C. Paravan, L. 
Merotto, M. Boiocchi, A. MAzzetti, F. Maggi, L. DeLuca, A. Russo-Sorge 
och F. C. Carmicino, ”Toward advanced solid fuels for hybrid propulsion,” i 
Space Propulsion Conference, San Sebastian, 2010.  

[13]  L. Xintian, T. Hui, Y. Nanjia och C. Guobiao, ”Experimental invesitagtion of 
fuel regression rate in a HTPB based lab-scale hybrid rocket motor,” Acta 
Astronautica, vol. 105, nr 1, pp. 95-100, 2014.  

[14]  G. A. Risha, B. J. Evans, E. Boyer, B. B. Wehrman och K. K. Kuo, ”Nano-
sized Aluminum-and Boron-Based Solid-Fuel Characterization In A Hybrid 



   

 

 37 

Rocket Engine.,” i Joint Propulsion Conference and Exhibit 39th, Huntsville, 
AL, 2003.  

[15]  J. Dyer, E. Doran, Z. Dunn, K. Lohner, C. Bayart, A. Sadhwani, G. Zilliac, 
B. Cantwell och A. Karabeyoglu, ”Design and Development of a 100 km 
Nitrous/Paraffin Hybrid Rocket,” i Joint Propulsion Conference and Exhibit 
43rd, Cincinnati, OH, 2007.  

[16]  D. Van Pelt, J. Hopkins, M. Skinner, A. Buchanan, R. Gulman, H. Chan, M. 
Karabeyoglu och B. Cantwell, ”Overview of a 4-inch od paraffin-based 
gybrid sounding rocket program,” i 40th Joint Propulsion Conference & 
Exhibit , Fort Lauderdale, Florida, 2004.  

[17]  M. A. Karabeyoglu, D. Altman och B. J. Cantwell, ”Combustion of 
Liquefying Hybrid Propellants: Part 1, General Theory,” Journal of 
Propulsion and Power, vol. 18, nr 3, pp. 610-620, 2002.  

[18]  T. Knop, R. Huijsman, S. Powell, R. Werner, J. Ehlen, J. Wink, C. Becker, 
K. Samarawickrama, B. Zandberg och A. Cervone, ”Sorbitol-Based Hybrid 
Fuel Studies with Nitrous Oxide for the Stratos II Sounding Rocket,” i 49th 
Joint Propulsion Conference, San Jose, CA, 2013.  

[19]  M. B. Khan, ”Energetic Composites,” i Handbook of engineering polymer 
materials, Jhelum, Pakistan, CHEMTEC & Prime, 1997, pp. 705-724. 

[20]  D. L. Dean, ”High Performance Hybrid Fuels,” i 31st Joint Propuslion 
Conference and Exhibit, Washington, 1995.  

[21]  D. L. Dean, ”Advances in Clean Burning Hybrid Rocket Fuels,” i 2nd 
Aerospace Environmental Tech Conf, USA, 1996.  

[22]  A. Ponomarenko, ”Propulsion-analysis,” [Online]. Available: 
http://propulsion-analysis.com/index.htm. [Använd 19 09 2018]. 

[23]  ICT Thermochemcial Database, 2008.  

[24]  F. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/sweden/om-oss-i-sverige.html. [Använd 20 
08 2018]. 

[25]  T. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/sial/d27802?lang=en&region
=SE. [Använd 20 08 2018]. 

[26]  P. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/sial/p45907?lang=en&region
=SE. [Använd 20 08 2018]. 

[27]  H. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/sial/15614?lang=en&region=
SE. [Använd 20 08 2018]. 

[28]  N. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/aldrich/147141?lang=en&re
gion=SE. [Använd 20 08 2018]. 

[29]  A. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/aldrich/a89200?lang=en&re
gion=SE. [Använd 20 08 2018]. 



   

 

 38 

[30]  1.-D. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/aldrich/d76722?lang=en&re
gion=SE. [Använd 20 08 2018]. 

[31]  1.-D. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/sigma/p6001?lang=en&regio
n=SE. [Använd 20 08 2018]. 

[32]  4.-P. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/aldrich/134341?lang=en&re
gion=SE. [Använd 20 08 2018]. 

[33]  D. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/aldrich/d76609?lang=en&re
gion=SE. [Använd 20 08 2018]. 

[34]  X. Sigma-Aldrich, ”Sigma-Aldrich,” [Online]. Available: 
https://www.sigmaaldrich.com/catalog/product/aldrich/w507930?lang=en&r
egion=SE. [Använd 20 08 2018]. 

[35]  C. Perut, ”Propellants for Integral Rocket Ramjey Systems,” i Solid Rocket 
Propulsion Technology, Perfamon Press, 1992, pp. 525-553. 

[36]  G. E. Moore och K. Berman, ”A Solid-liquid Rocket Propellant System,” 
General Electric Company, Jey Propulsion, vol. 26, nr 11, pp. 965-968, 
1956.  

[37]  A. Peretz, O. Einav, B.-A. Hasmonay, A. Birnholz och Z. Sobe, 
”Development of a Laboratory-Scale System for Hybrid Rocket Motor 
Testing,” Journal of Propulsion and Power, vol. 27, nr 1, pp. 190-196, 2011.  

[38]  ”Pubchem,” National Center for Biotechnology Information, Monday May 
2018. [Online]. Available: 
https://pubchem.ncbi.nlm.nih.gov/compound/4101. [Använd 9 10 2018]. 

[39]  G. Waernbaum, ”Spontantändande Fasta Bränslen För Hybridraketer,” 
FOA, Stockholm, 1964. 

[40]  ”SigmaAldrich,” 3 10 2017. [Online]. Available: 
https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?countr
y=SE&language=sv&productNumber=134341&brand=ALDRICH&PageTo
GoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fprod
uct%2Faldrich%2F134341%3Flang%3Den. [Använd 9 10 2018]. 

[41]  J.-B. Zhang, Z.-C. M. S.-H. Tan, S.-H. Li och L.-M. Zhang, ”Heat capacity 
and thermal decompostion of dicyandiamide,” Thermochimica Acta, vol. 
307, nr 1, pp. 11-15, 1997.  

[42]  J. K. CHEN och T. B. BRILL, ”Chemistry and kinetics of hydroxyl-
terminated polybutadiene (HTPB) and diisocyanate-HTPB polymers during 
slow decomposition and combustion-like conditions.,” Combustion and 
Flame, vol. 87, nr 3-4, pp. 217-232, 1991.  

[43]  D. Tingfa, ”Thermal Decompostion studies of solid propellant binder 
HTPB,” Thermochmica Acta, vol. 138, nr 2, pp. 189-197, 1989.  

[44]  D. W. Brazier och N. V. Schwartz, ”The Effect of Heating Rate on the 
Thermal Degradation of Polybutadiene,” Journal of Applied Polymer 
Science, vol. 22, nr 1, pp. 113-124, 1978.  



   

 

 39 

[45]  M. Brantlind, ”Gjutning Polyvest/Hexamin,” FOI, Stockholm, 2017. 

[46]  M. Brantling, ”Formulering av HTPB/Hexamin,” FOI, Stockholm, 2017. 

[47]  C. Book, ”ChemcialBook,” [Online]. Available: 
https://www.chemicalbook.com/ChemicalProductProperty_EN_CB5852824
.htm. [Använd 8 10 2018]. 

[48]  C. Book, ”ChemcialBook,” [Online]. Available: 
https://www.chemicalbook.com/ChemicalProductProperty_EN_CB9164730
.htm. [Använd 08 10 2018]. 

[49]  ”Sci-Finder,” [Online]. Available: 
https://scifinder.cas.org/scifinder/view/link_v1/substance.html?l=t7c60yhXV
6tZGL8lZqR2xYiDBzqzvvBPmtJw0AvpPEnOHOh8sj_jjP0ggx08N2OD. 
[Använd 21 08 2018]. 

[50]  ”Sci-Finder,” [Online]. Available: 
https://scifinder.cas.org/scifinder/view/link_v1/substance.html?l=t7c60yhXV
6sylF1Mo8lN12lqv0AxPpjsmtJw0AvpPEnDBTw_lJb0rVvwSDhfVQj7. 
[Använd 21 08 2018]. 

[51]  ”Sci-Finder,” [Online]. Available: 
https://scifinder.cas.org/scifinder/view/link_v1/substance.html?l=t7c60yhXV
6sylF1Mo8lN1_GZPnc_VLePmtJw0AvpPEkxLl_Rz6dC519IOBfRxfzy. 
[Använd 21 08 2018]. 

[52]  P. (Polystyrene), ”polymerdatabase.com,” 27 03 2018. [Online]. Available: 
http://polymerdatabase.com/polymers/polystyrene.html. [Använd 8 10 
2018]. 

[53]  R. J. Farris, ”Prediction of the Visocity of Multimodal Supensions from 
Unimodal Viscosity Data,” Transaction of the society of Rheology, vol. 2, nr 
12, pp. 281-301, 1968.  

 

 

 



   

 

 40 

6 Appendix 

Appendix 1. Shows the initial compounds chosen. Density and heat of formation were obtained from ICT 

Thermochemical Database [23] if not otherwise stated. Heat of combustion were calculated from eq (2).  

Compound Cas 
no. 

Sum 
formula 

Den
sity 
(g/c
m3) 

Heat 
of 
format
ion 
(kJ/mo
l) 

Heat of 
Combu
stion 
(kJ/g) 

Comment 

Poly-bamo 1760
7-20-
4 

C5H8N6O 1.3 371.5 20.708 Binder. not 
the focus of 
this study. 

GAP 1431
78-
24-9 

C3H5N3O 1.29 113.97 20.274 Binder, not 
the focus of 
this study. 

1,4-Dicyano-
2-Butyne (2-
butyne-1,4-
dicarbonitrile) 

 
C6H4N2 1.15 366.52 31.688 High cost 

AIBN 78-
67-1 

C8H12N4 1.11 246.02 31.112 High cost 

Fluorene 86-
73-7 

C13H10 1.18 89.87 39.913 See 
chapter 3.1 

Triethylenedi
amine 

280-
57-9 

C6H12N2 1.14 28.24 36.586 See 
chapter 3.1 

Piperazine 110-
85-0 

C4H10N2 1.1 -10.96 34.736 See 
chapter 3.1 

Polystyrene 9003
-53-6 

C8H8 1.12 45.19 41.636 See 
chapter 3.1 

Tetracyanoet
hylene 

670-
54-2 

C6N4 1.35 607.1 46.515 Toxic and 
high cost 

1,1,1,6,6,6-
Hexacyano-
3-Hexene 

1038
0-69-
5 

C12H6N6 1.23 837.22 27.396 High cost 

Polynimmo 8405
1-81-
0 

C5H9NO4 1.26 -309.2 23.526 Binder 

GAP-BAMO 
 

C3,4H5,2N
2,69O 

1.21 85.1 21.714 Binder 

Hexamine 100-
97-0 

C6H12N4 1.33 124.06 29.959 See 
chapter 3.1 

Fumarodinitril
e 

764-
42-1 

C4H2N2 0.94 268.24 27.257 High cost 

Polypropylen
e 

9003
-07-0 

C3H6 0.9 -76.57 46.609 Too  low 
density 

Polyethylene  9002
-88-4 

C2H4 0.97 -53.81 46.511 Too low 
density 

1h-Pyrazole 288-
13-1 

C3H4N2 1.22 118.41 27.476 Handling 
difficulties  

Diazoaminob
enzene 

136-
35-6 

C12H11N3 1.25 331.58 33.591 High cost 

Naphthalene 91-
20-3 

C10H8 1.15 77.95 40.228 See 
chapter 3.1 
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HTPB  6910
2-90-
5 

C10 
H15.714 
N0.131 
O0.12  

0.93 -17.57 43.692 Used 
binder 

1-
Ethylimidazol
e 

7098
-07-
09 

C5H8N2 1 44.81 32.825 low density 
and 
expensive 

3,5-
Dimethylpyra
zole * 

67-
51-6 

C5H8N2 0.72 18.9 32.555 Too low 
density 

Anthracene 120-
12-7 

C14H10 1.28 126.69 39.637 See 
chapter 3.1 

3-
Cyanopyridin
e 

100-
54-9 

C6H4N2 1.16 205.85 30.145 Too low 
melting 
point 48-52 
C 

Imidazole 288-
32-4 

C3H4N2 1.23 60.71 26.628 Handling 
difficulties  

Naphthacene 92-
24-0 

C18H12 1.33 206.9 39.444 High cost 

Indazole 271-
44-3 

C7H6N2 1.32 151.88 31.859 High cost 

2-Tolidine * 119-
93-7 

C14H16N2 1.23 -4.7 36.698 See 
chapter 3.1 

1,4-
Dicyanobenz
ene 

623-
26-7 

C8H4N2 1.29 268.49 31.125 See 
chapter 3.1 

Acridine 260-
94-6 

C13H9N 1.01 179.41 36.720 Too low 
density and 
expensive 

1,4-
Diaminobenz
ene 

106-
50-3 

C6H8N2 1.25 6.28 32.462 See 
chapter 3.1 

Phenazine 92-
82-0 

C12H8N2 1.3 241.29 33.886 High cost 

Quinoxaline 91-
19-0 

C8H6N2 1.13 173.72 32.110 Too low 
melting 
point 29 C 

Sorbitol 50-
70-4 

C6H14O6 1.49 -
1362.0
6 

16.465 See 
chapter 3.1 

4-
Phenylphenol 

92-
69-3 

C12H10O 1.31 -
106.19 

35.514 See 
chapter 3.1 

1,2,4-Triazole 288-
88-0 

C2H3N3 1.39 108.78 19.177 Too 
expensive 

Benzimidazol
e 

51-
17-2 

C7H6N2 1.23 79.5 31.247 High Mp 

Triazine 290-
87-9 

C3H3N3 1.38 171.71 21.966 Too 
expensive 

3-Amino-
1,2,4-Triazole 

61-
82-5 

C2H4N4 1.14 76.82 17.072 Too 
expensive 

Carbon black 1333
-86-4 

C 2.25 0 32.762 See 
chapter 3.1 
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PET 2503
8-59-
9 

C10H8O4 1.4/1
.3 

-
686.59 

22.853 Low 
performanc
e 

Dicyandiamid
e 

461-
58-5 

C2H4N4 1.4 22.59 16.427 See 
chapter 3.1 

Xylitol 89-
99-0 

C5H12O5 1.52 -
1118.5
1 

16.851 See 
chapter 3.1 

Melamine 108-
78-1 

C3H6N6 1.57 -66.11 15.634 Low 
performanc
e (tried 
before) 

Sucrose 57-
50-1 

C12H22O1
1 

1.58 -
2223.3
8 

16.484 Low 
performanc
e 

Fructose 57*4
8-7 

C6H12O6 1.69 -
1266.5 

15.594 See 
chapter 3.1 

Glucose 2890
5-12-
6 

C6H12O6 1.56 -
1267.5 

15.588 See 
chapter 3.1 

Lignin 9005
-53-2 

C10H11O2 1.3 -
1153.1
1 

26.678 Low 
performanc
e 

Paraffin 589-
45-3 

C32H66 0.81
2 

-968.6 46.698 Low 
performanc
e 

Appendix  2. Specific impulse and optimum oxidizer/fuel ratio calculated with the Rocket Propulsion 

Analysis program [22]. 

 
H2O2 N2O O2 

Compound Isp O/F Isp O/F Isp O/F 

Poly-bamo 319 2.3 304 2.9 340 1.0 

GAP 319 2.3 304 2.9 339 1.0 

1,4-Dicyano-2-Butyne 321 4.1 304 5.1 343 1.5 

AIBN 321 4.2 304 5.3 348 1.7 

Fluorene 316 5.7 303 7.6 337 2.2 

4,4'-METHYLENE-BIS-2-
CHLOROANILINE 

320 3.5 303 4.4 339 1.3 

Triethylenediamine 321 4.9 303 6.2 349 2.0 

Piperazine 322 5.1 303 5.8 350 1.9 

Polystyrene 321 5.8 302 7.4 346 2.2 

Tetracyanoethylene 317 2.8 302 3.5 334 1.0 

1,1,1,6,6,6-Hexacyano-3-
Hexene 

318 3.5 302 4.4 337 1.3 

Polynimmo 317 2.2 302 2.7 334 0.9 

GAP-BAMO 317 2.6 302 3.2 337 1.1 

Hexamine 320 4.3 301 4.9 345 1.6 
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Fumarodinitrile 317 3.5 301 4.4 336 1.3 

Polypropylene 320 6.5 301 8.2 351 2.6 

Polyethylene  320 6.5 301 8.2 350 2.7 

1h-Pyrazole 317 3.6 300 4.5 339 1.5 

Diazoaminobenzene 317 4.5 300 5.7 339 1.8 

Naphthalene 318 5.7 300 7.2 340 2.2 

HTPB  318 5.9 300 7.5 344 2.4 

1-Ethylimidazole 319 4.9 300 5.6 342 1.8 

3,5-Dimethylpyrazole * 318 4.9 299 5.6 341 1.8 

Anthracene 316 5.6 299 7.1 336 2.2 

3-Cyanopyridine 315 4.1 298 5.2 334 1.6 

Imidazole 315 4.0 298 5.0 334 1.5 

Naphthacene 316 5.6 298 7.1 336 2.2 

Indazole 315 4.4 298 5.5 335 1.8 

2-Tolidine  317 5.7 298 6.5 338 2.1 

1,4-Dicyanobenzene 314 4.3 298 5.4 332 1.7 

Acridine 315 5.2 298 6.5 335 2.0 

1,4-Diaminobenzene 316 5.0 298 5.8 337 1.9 

Phenazine 315 4.7 298 6.0 334 1.9 

Quinoxaline 315 4.4 298 5.6 334 1.8 

Sorbitol 283 2.5 297 2.5 308 1.1 

4-Phenylphenol 316 5.5 297 6.3 333 2.0 

1,2,4-Triazole 311 2.7 297 3.4 328 1.1 

Benzimidazole 313 4.4 296 5.5 328 1.6 

Triazine 310 3.2 295 4.0 326 1.2 

3-Amino-1,2,4-Triazole 307 2.5 293 3.1 324 1.0 

Carbon black 307 5.7 290 7.0 314 2.0 

Polyethylene terephthalate 306 3.6 290 4.5 294 1.4 

Dicyandiamide 304 2.5 290 3.1 319 1.0 

Xylitol 300 2.1 286 2.6 310 0.9 

Melamine 299 2.5 285 3.1 313 1.1 

Sucrose 298 2.4 284 3.1 307 1.0 

Fructose 296 2.3 282 2.9 305 1.0 

Glucose 295 2.3 282 2.9 304 1.0 

Lignin 298 5.0 282 6.3 307 2.0 

Paraffin 321 7.2 287 8.3 350 2.7 
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