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Abstract 
Several HTPB/AP propellant formulations differing in the aluminium particle size (microAl vs. nanoAl) 
have been manufactured freshly and investigated in unaged and aged conditions. All the formulations 
contain 16 mass-% of binder, consisting of HTPB-IPDI, plasticizer and antioxidant. Two families of 
materials having 6 mass-% and 12 mass-% of Al content were compared. The nanoaluminium content 
was limited to 6 mass-%. The ballistic performances of the propellant formulations were calculated using 
the ICT-Thermodynamic code. EDX analyses of the unaged materials and SEM analyses of the unaged 
and aged materials were made. Uniaxial tensile tests have been conducted at room temperature using 
three different strain rates. DMA analyses in torsion mode and DSC measurements were performed with 
the purpose to investigate changes in the glass transition temperatures of the materials during ageing. A 
discussion of the factors influencing the loss factor of the material is presented and an explanation on 
the molecular level is given. 
 
INTRODUCTION 
 
HTPB-based rocket propellant formulations are currently and widely used in propellant boosters. They 
have a 3-dimensional polyurethane network which acts in binding rigid oxidiser particles (ammonium 
perchlorate) and metal powders (mainly aluminium). From the manufacturing process to the effective 
use of the propellant inevitably a natural ageing occurs. Especially the binder is the weak part of the 
formulation. It is very sensitive to ageing phenomena mainly due to the oxidative ageing. Oxidation is a 
chemical reaction leading to free radicals which can start chain reactions involving chain propagation 
and chain branching and damage the material by their occurrence. Therefore in order not to eliminate 
but to slow down these damaging reactions of the binder an antioxidant is added to the mixture during 
manufacturing. This substance inhibits the chain reactions by removing the free radical intermediates by 
H radical transfer and forming a more stable radical and finally is oxidised itself. Several chemical, 
physical and mechanical processes occur during ageing leading to a reduction of the in-service time of 
the solid rocket motors. In order to simulate the long-term ageing of the material within a reasonable 
time, the propellant specimens are accelerated aged at temperatures higher than the ambient 
temperature. To establish ageing conditions equivalent in thermal load to the in-service ageing the 
Arrhenius expression based time-temperature scaling can be applied, Eq.(1).  
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tE = time at the in-service temperature TE;  
tT = test-time at the test temperature TT;  
Ea = activation energy [kJ/mol];  
R = general gas constant [J/mol·K]. 
By knowing the activation energy of the material and fixing the in-service time of the system (10 or 20 
years at 25°C) an ageing programme can be planned in principle. But some points have to be 
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emphasized. Firstly, the value of the activation energy is the final output of an ageing programme. 
Secondly, the ageing kinetic does not always obey the single Arrhenius law as evidenced in the work of 
Celina a.o. in the case of polybutadiene [1]. Finally, in the research and development of new energetic 
formulations efforts are involved aiming on higher ballistic and mechanical performances. In a well-
established formulation every new ingredient added can modify the ageing behaviour of the final cured 
propellant in a non-predictable way. In order to define an ageing programme in terms of time-
temperature load, using appropriate time ranges, an empirical formula based on the generalized van´T 
Hoff rule could be applied (Eq. 2). This formula has a special characteristic: it simulates quite well a two 
step decomposition mechanism often found with energetic material and also with HTPB binder 
oxidation. The relation between the factor F and the Arrhenius expression and the use of two step 
mechanistic description are explained in detailed in the paper of Bohn [2]. 
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tE = time in years at the in-service temperature TE; tT = test time in days at the test temperature TT;  
F = reaction rate change factor per 10°C of temperature change, usually its value is between 2 and 5;  
ΔTF = temperature interval for actual value of F (10°C was used here). TT and TE are both in °C.  
 
The value of the factor F is a function of the activation energy of the ageing process. A value of F = 2.5 
was used in this study to establish the ageing plan. The thermal accelerated ageing programme was 
carried out in PID temperature-controlled (± 0.5°C) ageing ovens (design from former company Julius 
Peters, Berlin) in order to investigate the ageing of the surface-layer of solid rocket propellants. 
Specimens were aged at 60°C (75 days, 150 days, 220 days), 70°C (30 days, 60 days, 90 days), 80°C 
(12 days, 25 days, 40 days) and 90°C (5 days, 10 days, 15 days) in air (RH < 10%) to simulate 15 years 
of natural ageing at 25°C. 
  
FORMULATIONS 
 
Four aluminised HTPB/AP-based rocket formulations having a solid load of 84 mass-% have been 
manufactured freshly. All the formulations contain 16 mass-% of binder, consisting of HTPB R45M™ 
(10.72 mass-%), IPDI (0.89 mass-%), plasticizer (DOA, 4 mass-%) and antioxidant (Irganox™ 565, 0.2 
mass-%). In order to improve the mechanical properties a bonding agent was added to the formulation 
(HX-878, 0.19 mass-%). The NCO/OH equivalent ratio was set to 0.87. As catalyst for the curing 
reaction 0.02 mass-% of Triphenylbismuth (TPB) was added. All the formulations were prepared in a 
vertical kneader (Drais T FHG, Germany) having a volume of 5 l and were cured in an electrical oven 
cabinet (company Memmet, Germany) for two days at 60°C. Two families of materials having 6 mass-% 
(AV03 18 µm, AV05 100-200 nm) and 12 mass-% (AV04 18 µm, AV06 6 mass-% 100-200 nm and 6 
mass-% 18 µm) of aluminium content were compared. In order not to get too high values of casting 
viscosity [3, 4] the nano-aluminium content was limited to 6 mass-%. 
 
THERMODYNAMIC CALCULATIONS 
 
The rocket propellant formulations chosen for the ageing programme were also analysed with the ICT-
Thermodynamic Code and the ICT Thermochemical Database. The thermodynamic equilibrium in the 
nozzle was calculated at constant pressure with an expansion ratio of 70:1 (EU standard condition). The 
ballistic performances, the gravimetric specific impulse (Isp), the volumetric specific impulse (Ispv) and the 
vacuum specific impulse (Ispvacuum), were obtained in frozen equilibrium and equilibrium flow. Only the 
parameters of the second condition are reported here.  
The experimental formulations contain different sizes of the aluminium powder: nanoAl vs. microAl. 
From a thermodynamic point of view both powders are identical. It is widely known that the aluminium 
particles are covered by an amorphous porous layer named alumina (Al2O3). Several researchers [5, 6] 
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have measured its thickness and a good representative value is seen as 3-4 nm. The mass fraction of 
this layer becomes remarkable when moving from the micrometric particles to the nanometric ones. 
Therefore, by considering the value of the active aluminium (Al0) of the powders indirectly the average 
size of the particles can be taken into account. The calculations show the evolution of the parameters 
considering materials having a 16 mass-% of binder (HTPB R45M™, DOA, IPDI, TPB, Irganox™ 565) 
and a 84 mass-% of solid load (AP+Al). The enthalpy of formation of the bonding agent used was 
unknown, hence as a solution with an acceptable error, the mass fraction of this component was added 
to the mass fraction of the prepolymer (HTPB R45M™). To study the impact of the metal powders, an 
aluminium sweep from 0 mass-% to 18 mass-% was done. Three formulations were investigated: 
propellant with only micrometric aluminium inside, propellant with only nanoAl and propellant having a 
mixture of nanoAl and microAl. The nano aluminium powders having only an alumina layer (also called 
uncoated powders) are very susceptible to ageing. So, under strong accelerated ageing conditions (high 
temperature and high relative humidity values) the powders degrade rapidly [7, 8] giving Al(OH)3 and 
not Al2O3 as shown in several papers [3, 7, 9]. The values used for the calculations are reported in 
Table 1 and were taken from the paper of Cliff a.o. [7]. The performance calculations were done making 
an Al0 sweep, whereas the alumina content was kept constant, which implies that the decrease of Al0 
has only formed Al(OH)3.  
 
Table 1: Contents of active aluminium (Al0), alumina (Al2O3) and bayerite (Al(OH)3) of the investigated 
formulations. 
 

Unaged condition Aged condition Propellants Al0 [mass-%] Al2O3 [mass-%] Al0 [mass-%] Al2O3 [mass-%] Al(OH)3 [mass-%] 
AV03 5.976 0.024 4.350 0.024 1.626 
AV04 11.952 0.048 0.240 0.048 3.252 
AV05 5.292 0.708 8.700 0.708 5.052 
AV06 11.268 0.732 4.590 0.732 6.678 

 
The propellant formulations containing unaged aluminium show an increase in the ballistic performance 
by adding more metal particles inside the mixture. Therefore, the materials with microAl have the 
highest Al0 content and show, the highest ballistic quantities. Then the materials with the mixture and 
finally the propellant containing only nanoAl follow. So, from a thermodynamic point of view the use of 
nano aluminium is not so advantageous as might be expected due to the lower aluminium content.  
 

 
Figure 1: Gravimetric specific impulse (Isp) vs. aluminium solid load of formulations containing aged and 
unaged powders.   
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By considering the aged formulations only the one containing microAl evidences a monotonic increase 
of the performances with the mass-% of Al, whereas the ones having nanoAl inside show a remarkable 
decrease of the performances due to the increasing presence of inert masses (Al2O3 and Al(OH)3). In all 
cases a decrease of the performances with respect to the unaged situation is clearly shown in Table 2. 
The presence of aged aluminium has an impact on the theoretical density of the propellants (Table 3). 
The reduction of Al0 with ageing affects also the efficiency of the combustion process causing a 
reduction in the flame temperature and an increase of the two-phase flow losses (presence of more 
solid particles in the combustion gases).     
 

Table 2: Compilations of the losses in the parameters using aged aluminium inside the formulations. 
 
Propellants IspA*/IspUA** [%] IspvacuumA /IspvacuumUA [%] IspvA/IspvUA [%] TchamberA/TchamberUA [%] 

AV03 2.18 2.28 2.29 3.89 
AV04 3.74 3.99 3.98 6.96 
AV05 7.41 7.71 7.75 13.20 
AV06 8.48 8.93 8.91 15.58 

*A = aged condition 
**UA = unaged condition 

 
Table 3: Theoretical density values of the unaged and aged formulations. 

 
Propellants ρthUA [g/cm3] ρthA [g/cm3] 1- ρthA/ρthUA  

AV03 1.693 1.691 0.12 
AV04 1.718 1.714 0.23 
AV05 1.696 1.689 0.41 
AV06 1.721 1.712 0.52 

 
EXPERIMENTAL TECHNIQUES  
 
Tensile tests and EDX analyses were done only for the unaged samples. JANNAF dog-bone specimens 
(125x25x10/12 mm) were tested in uniaxial tensile test at room temperature and atmospheric pressure 
at three constant strain rates (0.00167 s-1, 0.0167 s-1, 0.167 s-1) using the ZWICK UPM 1476 tensile 
machine. During this measurement the propellant specimen is ruptured and part of the fracture surface 
was cut out in order to investigate its morphology with SEM and the dispersion level of the aluminium 
particles with EDX mapping analyses using the scanning electron microscope Supra 55 VP 
manufactured by Zeiss, Germany. EDX mapping was done only with material subjected to the highest 
strain rate, whereas SEM images were taken from samples at all applied strain rates. A series of SEM 
analyses was done also with aged mini dog-bone samples, aged at 90°C with the purpose to investigate 
possible dewetting phenomena. The dynamic mechanical behaviour of the aged samples was examined 
in torsion mode using a DMA instrument of type ARES (Advanced Rheometric Expansion System) 
manufactured by the former Rheometric Scientific Inc. Piscataway, New Jersey, USA. A liquid-nitrogen 
cooling accessory was used for the low temperature measurements but applied also at positive 
temperatures because of better temperature control. The specimens used were small rectangular bars 
(50x10x4/5 mm). The temperature range for the frequency-temperature sweep analyses was -100°C to 
70°C, with the heating rate of 1 °C/min and the soak time of 28 s. The samples were tested at four 
frequency values (0.1, 1.0, 10.0, 56.0 Hz) using a strain control with maximum strain of 0.0012 in order 
not to damage the material. The measurement reproducibility is high. Therefore, only one sample per 
each test condition was measured. Only if anomalous behaviours have occurred a second 
measurement was performed.     
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RESULTS AND DISCUSSIONS 
 
The mechanical properties of the propellants were evaluated in terms of corrected stress, logarithmic 
strain, stiffness at 2.5% of strain and rupture energy, but only the previous two parameters are here 
reported. In any case all the quantities have revealed an increase by increasing the strain rate. The 
even-numbered formulations achieved higher strength values. The use of nanometric aluminium gives 
an increase in the corrected stress due to the high specific surface. Figure 2 shows that with the use of 
a mixture containing nanoAl and spherical microAl the propellant achieves good mechanical properties, 
but not with the use of only nano powder.  
 

 
a) 

 
b) 

Figure 2: a) Bi-logarithmic plot of the corrected stress vs. strain rate; b) Bi-logarithmic plot of the 
logarithmic strain vs. strain rate. 
 
SEM images of the aged and unaged propellants have not shown the presence of voids or visible 
dewetting phenomena. The EDX mapping micrographs of the element Al (Figure 3a-d) underline that 
the propellants containing nanoAl have a high dispersion level of these particles. During the kneading 
nanoAl can be distributed in a homogeneously way within the soft binder. The use of higher 
magnifications has pointed out the presence of nearly perfect spherical micrometric aggregates of 
nanoAl (Figure 3e), formed during kneading.  
 

 
a) 

 
b) 

 
c) 

 
d) 

 

 
e) 

Figure 3: EDX analyses of the unaged propellants tested with the highest strain rate (0.167 s-1):              
a) AV03; b) AV04; c) AV05; d) AV06; e) EDX analysis at high magnification for propellant AV05.  
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DMA measurements describe the dynamic mechanical behaviour of the propellant using three main 
quantities: storage modulus (G’), loss modulus (G”) and loss factor (tan(δ)). The trend of the loss factor 
with ageing is shown in Figure 4. For every ageing condition the presence of two maxima can be seen. 
The first maximum is frequency dependent. It is located between -80°C and -60°C (depending on the 
applied frequency) and is attributed to the main glass transition of the HTPB main chain elements, which 
are called also soft-segment units, where the main chain molecular motion ceases or starts. Here some 
molecular rearrangements occur and the polymeric material changes from the entropy-elastic rubber 
behaviour to the energy-elastic glass behaviour. The centre temperature of the change is called glass 
transition temperature Tgunrestricted. The values agree with those obtained with DSC measurements 
(Table 4) and are only slightly influenced by ageing. 
 

Table 4: Glass transition temperatures evaluated for aged and unaged propellants.  
 

Propellants Tgunrestricted 
unaged [°C]  

Tgunrestricted 
(90°C, 15 days) [°C] 

Tgunrestricted 
(80°C, 40 days) [°C] 

Tgunrestricted 
(70°C, 60 days) [°C] 

AV03 -83.05 -82.93 -80.93 -81.26 
AV04 -82.87 -82.93 -82.17 -81.81 
AV05 -81.67 -83.71 -82.66 -82.06 
AV06 -82.14 -83.11 -82.20 -82.77 

 
The second maximum is also frequency dependent and is broader than the first one. It appears at 
higher temperatures and is related to the motions within the so-named short hard-segment units or 
mobility restricted soft-segments regions. This restriction leads to higher glass transition temperatures of 
these segments, called Tgrestricted, and it is assumed that they are caused by the binder filler-interactions 
[10-13]. The different nature of these two relaxation phenomena can be seen also considering the 
apparent activation energy obtained from the shift with frequency of the temperatures of the maxima 
[14]. 
 

 
a) 

 
b) 

Figure 4: Loss factor vs. temperature at different ageing time for the aged AV04: a) 90 °C; b) 70 °C. 
 
A schematic qualitative representation, a model picture, of the different binder regions influencing the 
behaviour of the loss factor is given in Figure 5a. The propellant is constituted by a soft matrix having 
inside HTPB main chain elements cross-linked by the curing agent, here IPDI. HTPB has a functionality 
of somewhat >2 but the NCO/OH ratio of the material was 0.87. This means that some free chains (not 
linked chains) are within the cured material. The propellant has also rigid fillers inside (oxidiser+metal 
particles) that enhance the mechanical properties due to the well known reinforcing effect, means by a 
type of van-der-Waals interaction between polymer chains neighbouring to particles, thereby reducing 
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the mobility of these chains. The HTPB main chains are the mobility undisturbed polymer chains 
between the cross-linking points. During the mechanical/thermal load of the frequency/temperature 
sweep these chains are at first able to make the molecular rearrangements. However, the filler creates a 
sort of shell [15] in the binder (HTPB main chains and/or free chains and/or plasticizer) around the 
particles. In this shell the binder has a restricted mobility and shows the relaxation phenomena 
(reorientation) at higher temperatures. Also the cross-linking zones influence the mobility of such parts 
of the polymer chains, which are nearby. Therefore in the polymer binder three zones of different 
mobility occur together: the (i) main polymer chains, (ii) cross-linking zones, (iii) binder-filler interaction 
zone.   
 

 
a) 

 
b) 

Figure 5: Qualitative representation of the different mobility regions influencing the tan(δ). a) Scheme of 
the propellant structure; b) Magnification of the red area in order to focus on the binder-filler interaction 
and on the cross-linking zone.    
 
Regarding the first peak, the behaviour of the aged and unaged propellant is quite similar. Figure 4 
pointed out that changes are remarkable considering the second peak. The values of tan(δ) are reduced 
with the ageing time. The area under the curves is reduced too and it is related to the ability of the 
material to use energy for the molecular rearrangements. In order to evaluate this decrease in area, the 
experimental data have to be corrected first with the use of a baseline (Eq. 3) applied in a suitable 
temperature range [Ta, Tb]. The parts not considered by this procedure are such which are caused by 
only energy dissipation without any useful rearrangement effect, as a type of friction between matrix and 
filler particles. Figure 6a shows the behaviour of tan(δ) up to temperatures where degradation effects in 
the material start. At all the frequencies analysed the curves show two plateaus at low and high 
temperature where tan(δ) has constant values. The temperature values of these plateaus were 
assigned to Ta and Tb. The baseline corrections were done with Eq.(3) for the curves loaded at 0.1 Hz 
with baseline setting at: Ta = -99°C, Tb = 69°C. 
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Ta = lower baseline setting temperature [°C]; 
Tb = upper baseline setting temperature [°C]; 
tan(δ(Ta)) = value of tan(δ) at Ta [-]; 
tan(δ(Tb)) = value of tan(δ) at Tb [-]; 
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a) b) 
Figure 6: a) Loss factor vs. temperature at different frequency values until the decomposition processes 
start to occur; b) Comparison between original data and data having the baseline corrections.    
 
After the baseline corrections several fitting functions were analysed in order to find the most 
appropriate one. Here three fitting equations are reported and the peculiar parameters are also 
explained. Eq. 4: EMG model (Exponentially Modified Gaussian, created by convolution between an 
exponential function and a Gaussian distribution); Eq. 5: Gaussian model; Eq. 6: Gauss lognormal 
model.  
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T = measurement temperature [°C]; 
tan(δ) = value of tan(δ) as function of T [-]; 
A = peak area of total EMG peak, also equivalent of area of Gauss peak alone [°C]; 
w = half peak width at half height of only Gaussian part [°C]; 
Tc = temperature at peak maximum in the Gaussian part of EMG (not the peak maximum of EMG) [°C]; 
Ts = shift constant to shift the T axis to more positive values (condition: Tci+Ts>0, Ts>-Tci) 
τ = relaxation parameter in exponential part of EMG, fE(T) = exp(-T/τ); 
td0 = offset in tan(δ) data [-]; 
N = number of fitting functions;  
erf in EMG means the error function 
 
The use of a non suitable fitting model has two drawbacks: it is not possible to evaluate correctly the 
area under the second peak; it is not possible to compare the “weight” of the second peak with respect 
to the first one. Figure 7a shows the fitting curve of the three models given above with N=2. The Gauss 
model achieves only a poor description of the experimental data, whereas the EMG and the Gauss 
lognormal model are quite good but both cannot describe well the valley region between the two 
maxima. In Figure 7b a peak separation enables to see the single EMG curves of the main and of the 
second peaks.  
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a) b) 
 
Figure 7: a) Fittings of the loss factor with N=2: EMG model, Gauss model, Gauss lognormal model; b) 
Peak separation of the total EMG fitted with N=2. 
 
The simulation of the single EMG functions using the fitting parameters obtained with Eq. 4 evidences 
that the area of the second peak is underestimated (Figure 7b). For this reason an EMG fitting with N=1 
was made for a reduced temperature range [-40°C, 70°C]. By plotting the values of the area vs. the 
ageing days at different ageing temperatures a linear dependence is observed (Figure 8a). By plotting 
the natural logarithm of the slopes ln(kA) of these lines versus 1/T, (where the temperature is in Kelvin) 
the value of an activation energy is obtained: Ea ~70 kJ/mol (Eq. 7). 
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R
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a) b) 
  
Figure 8: a) Peak area of the second peak using the EMG function with N=1 and a reduced temperature 
range [-40°C, 70°C]; b) Arrhenius type diagram: linear fitting of slopes of the lines of Figure 8a as ln(kA) 
versus 1/T at different ageing temperatures in order to evaluate the activation energy.   
 
Focusing the attention on the shape of the valley zone seems that another peak, just nearby the first 
one, is present. Remaking the fittings of the same experimental data using the models with N=3 the 
curves in Figure 9a are obtained. The Gauss model is again not satisfying in representing the 
experimental data well but the EMG and Gauss lognormal gives good descriptions. Now the question is 
which of both is the better fitting function that has to be used to describe the loss factor? Both represent 
the experimental values (corrected with the baseline function) quite well, but the Gauss lognormal 
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function must be applied with the shift parameter Ts, which is difficult to interpret. For this reason the 
choice has to be the EMG function. Figure 9b shows the detail of the EMG fitting. The three peaks are 
clearly visible and the relative weight also. The EMG peaks of the first (N=1) and third (N=3) function 
constitute mainly the main peak of the loss factor. The EMG peak of the N=2 function describes the 
second transition. The presence of these contributions recalls the schematic representation of the three 
different mobility regimes determining the behaviour of the loss factor shown in Figure 5. The EMG peak 
of the first peak can be related to the relaxation processes of the HTPB main chains, the EMG peak of 
the second peak to the reduced mobility of the polymer due to the binder-filler interactions and finally the 
EMG peak of the third transition can be associated with the relaxation phenomena of the polymer chains 
nearby the cross-linking zone. 
 

a) b) 
Figure 9: a) Fittings of the loss factor with N=3: EMG model, Gauss model, Gauss lognormal model; b) 
Peak separation of the EMG fitting with N=3. 
 
CONCLUSIONS 
 
Several HTPB/AP propellant formulations differing in the aluminium particle size (microAl vs. nanoAl) 
have been manufactured freshly and investigated in unaged and aged conditions. All the formulations 
contain 16 mass-% of binder, consisting of HTPB-IPDI, plasticizer and antioxidant. Two families of 
materials were compared having 6 mass-% and 12 mass-% of Al content. The nanoaluminium content 
was limited to 6 mass-%. The calculations performed have underlined the importance of the storage 
conditions and the quality of the motor sealing especially for propellants containing nano-sized powders. 
All the mechanical quantities obtained by tensile tests have revealed an increment by increasing the 
strain rate. The even-numbered formulations achieved higher strength values. The use of nanometric 
aluminium gives an increase in the corrected stress due to the high specific surface of the Al filler. The 
results have shown that with the use of a mixture containing nanoAl and spherical microAl, and not the 
use of only nano powders, the propellant achieves good mechanical properties. The nanoAl powder 
reaches high dispersion level in the formulation but the use of nanosized powders has a drawback 
because the particles tend to cluster to spherical micrometric aggregates. SEM micrographs have 
underlined that with ageing the propellants seem not to get voids or show de-wetting phenomena. DMA 
measurements have pointed out the pronounced presence of two maxima in the loss factor. Some fitting 
equations have been used in order to find out an explanation. The so-named exponentially modified 
Gaussian (EMG) appears to be the best. But only two EMG functions could not describe the total tan(δ) 
curve completely. In fact, the valley between the two well visible peaks could not be represented 
satisfactorily, so a fitting function comprising 3 EMG was built and the final modelling results perfectly 
overlapped with the experimental data, which have been baseline corrected. A model picture based on 
the molecular explanation of these two maxima can be found taking into consideration the different 
binder situations in the material. During the DMA measurements three different relaxation phenomena 
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have been revealed: one is related with the main chains of the HTPB, the second is related with the 
binder-filler interactions and the third one with binder chains around the cross-linking zones. In this 
picture the binder-filler interaction is mainly responsible for the second peak, whereas the other two 
phenomena contribute together to the main peak in loss factor. 
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