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ABSTRACT

The decomposition mechanisms of double base rocket propellants are well known and reported, but the influence of atmospheric
conditions such as water and oxygen is poorly understood. In this work, the influence of water and oxygen on an extruded
double base (EDB) rocket propellant aged between 70 and 100°C was examined using heat flow calorimetry. The results show
that increased water content and higher oxygen concentration both lead to elevated heat flow. The activation energy (E,),
which was determined using the Friedman differential isoconversional method, showed that Ea decreases with higher water
content, suggesting water acts as a catalyst, while lower oxygen concentration increases Ea, indicating slower decomposition.
Factorial design analysis confirmed that both factors negatively impact E,, with oxygen being the more significant factor while
the water/oxygen interaction (AB) on the E, is negligible. This research provides critical insight into the factors affecting the
stability and shelf life of rocket propellants, which can lead to improved formulations and storage conditions, augmenting the
safety and performance of EDB rocket propulsion systems. This research provides critical insight into the factors affecting the
stability and shelf life of rocket propellants, which can lead to improved formulations and storage conditions, augmenting the
safety and performance of EDB rocket propulsion systems.

1 | Introduction bond homolytic cleavage. This leads to the release of nitrogen
oxides (NO,) [3, 4]. There are two known mechanisms for

Since the 1940s, most tactical rockets have been sealed to avoid this process, hydrolysis (Equations (1) and (2)) and thermolysis

contact with water and oxygen in the atmosphere [1]. Studies (Equation (3)) [5].

conducted in the 1970s revealed that propellants contained in

rockets with faulty seals performed poorly owing to moisture and R - 0 = NO, + H,0 " R — OH + HNO, )

oxygen exposure [2]. However, they did not go into detail on how

these factors affected the chemical decomposition of double base R - OH + HNO; —» R — CHO + NO, + H,0 @
(DB) propellants. R -0 -NO, - RO +NO, 3)
The nitrate esters (nitrocellulose [NC] and nitroglycerin) decom- The presence of water in the propellant enables the hydrolytic

position process for DB rocket propellant begins with the O-NO,  gplitting of the O-NO, bond in the nitrate esters. The released
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chromatography-mass spectrometry; HF, heat flow; HFC, heat flow calorimetry; NC, nitrocellulose; NOy, nitrogen oxides; RH, relative humidity; TGA, thermogravimetric analysis.
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NO, radicals react with the water forming HNO;, which further
accelerates the decomposition process [6]. It should be noted that,
at the standard storage temperature of these energetic materials
(25°C), hydrolysis is the dominant mechanism [7, 8]. As the tem-
perature increases, the rate of decomposition by hydrolysis also
increases; however, at approximately 60°C, thermolysis becomes
the predominant mechanism of decomposition. According to
O’Keefe et al. [9], the presence of water does not affect the
thermolysis decomposition kinetics.

Guillaume et al. [10] analysed the heat flow (HF) evolution in DB
ball propellant samples with different (0%-65%) relative humidi-
ties (RHs) at 80°C by HF calorimetry (HFC). They demonstrated
that increasing the RH can increase HF by up to 30%. Eerlingh
et al. [11] discussed the RH influence on the ageing of single
base propellants at 85°C using HFC. Their results showed that
moisture added (75% RH) to the samples increased the HF by
300% compared to samples with low RH. Similarly, Jabalquinto
et al. [12] reported that the presence of water significantly affects
the EDB rocket propellant decomposition process using HFC.
They observed that high moisture concentrations (95% RH) in
these energetic formulations might enhance HF by up to 400%
(from 35 to 143 yW/g), resulting in a loss in shelf life.

Oxygen plays an important role in the decomposition chemistry
of NC and DB propellants. Lurie et al. [13], reported that oxygen
enhances self-acceleration in the NC thermal decomposition.
This phenomenon is due to O, oxidising NO to the more reactive
NO,. Although oxygen is generally a much weaker oxidant than
NO,, in the presence of NO, it can actively participate in redox
transformations through a peroxide mechanism associated with
alkyl radicals [14]. The above is illustrated in the following
equations:

R-0-NO, - R-0 +NO, (4)

R — H+ NO, - R + HNO, 5)
R+0,-R-0-0 (6)
R-0-0 +NO, > R-0 +NO, @)
R-0-0+R-H—->R +R-0-0H (8)

Li et al. [15] assessed the thermal hazard of NC solutions in
varying oxygen levels (0%-21% v/v O,) using thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC).
They found that removing all oxygen increased the activation
energy of thermal decomposition by up to 32% (from 166 to
220 kJ/mol), showing that oxygen significantly affects NC ther-
mal decomposition. Furthermore, Katoh et al. [16] studied the
spontaneous ignition mechanism of NC isothermally stored at
77°C in atmospheres with different O, concentrations using HFC.
According to their observations, the induction time for auto-
ignition dropped by 66%, from 10 to 3.4 h, as the O, content
increased from 0% to 21%. Guillaume et al. [10] used HFC to
analyse HF evolution at 80°C in DB-ball propellants with the
air removed from the vials, showing that the removal of oxygen
reduced the overall HF production by up to 30% compared to
samples with air.

Heemskerk and van de Mey [17] evaluated the thermal stability
of single-base gun propellants under different levels of water

content (0%, 1%, and 2.4% w) and O, (0%, 5%, 10%, and 20%
v/v O,) concentrations at 77°C using HFC. Their research found
that both factors influence thermal stability, and 100% RH at
25°C and 21% v/v O, increases HF by 50% compared to samples
with low moisture content and no oxygen. However, they did not
determine which factor is more significant in the decomposition
of NC-based propellants, only indicating that moisture content
and increased O, concentration stimulate this process.

In summary, while the hydrolysis of DB rocket propellant requires
water, thermolysis does not. Although oxygen plays a role in
thermolysis, there is no evidence in the literature that oxygen is
involved in hydrolysis.

Thermal analysis techniques are used for process safety, chem-
ical stability and compatibility across a range of industries,
such as i) pharmaceutical industry to assess drug stability and
compatibility, ii) metallurgy to measure metal corrosion rates,
iii) construction industry to determine cement curing times,
and iv) to evaluate the shelf life of energetic materials. [18-21].
Classical thermo-analytical micro methods (differential thermal
analysis [DTA] and DSC) are still very useful, but medium-
scale instruments based on HF measurement are becoming
increasingly important [22].

Reaction calorimetry methods such as HFC measure heat gener-
ated by chemical reactions at a constant temperature over time.
It provides sensitive results, detecting even small changes in heat
production (order of microwatt—uW), such as slow decomposi-
tion in nitrate esters base propellants stored at room temperature
[23]. Unlike other accelerated ageing tests, such as stabiliser
consumption, the HFC is a global method as it considers all
physicochemical changes that produce heat [24, 25]. The shape of
the generated HF curve, in this case for a 2-nitro-diphenylamine
(2-NDPA) stabilised EDB rocket propellant, is directly influenced
by the chemical reactions as described in Figure 1.

The data obtained from a minimum of three different HFC
temperatures can be used to calculate the kinetic parameters [26],
such as the activation energy (E,), the pre-exponential factor (A),
and the reaction mechanism function (f(a)) [27].

For the determination of the kinetic parameters, isoconversional
methods are used, which are based on the principle that for a
constant degree of conversion («), the reaction rate is only a
function of temperature [28]. There are different isoconversional
methods such as the Ozawa-Flynn-Wall and the Vyazovkin
integration method, however, the Friedman differential model is
the most suitable for determining the kinetic parameters due to
the isothermal nature of the HFC test [29, 30].

Based on the Arrhenius equation, Friedman [31] proposed to use
it to determine E,, A and f(a) from its linearization, expressing
itself as follows:

da E,
In (E) _—ﬁ+ln[Af(oc)] )
where (Z—T) is the reaction rate, R is the gas constant (8.314 J/mol
K), E, is the activation energy (kJ/mol), and T is the temperature

X).
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FIGURE 1 | Heatflow evolution in a double base (DB) rocket propellant. The dotted lines are a linearization of the different stages of decomposition

of a nitrocellulose (NC)-based propellant identified in the heat flow calorimeter (HFC). Reprinted [12] with permission from Creative Commons CC-

BY license.

Friedman differential isoconversion method has advantages such
as i) no assumptions on reaction mechanism required and ii)
less dependence on the choice of the degree of conversion [32].
The conversion (o) represents an experimentally determined
parameter as a function of the change of a physical or chemical
property. In the case of HFC, it is the generated heat, which
describes the process under study. The conversion is determined
as follows [4, 33]:

o = Q[ - Qi (10)

Qend - Qi

where Q,, Q;, and Q.,q (J/g) represent the heat at time t (s), t =0
(experiment starts) and t = t,,4 (experiment ends), respectively.

Substituting Equation (10) into Equation (9), the kinetic parame-
ters can be determined from the HFC data [34]:

do HF, __E
1n<5> =1n(m> = —pk+n[A-f@] D

where HF, (uW/g) is the heat flow at a specific time (t).

The simultaneous effects of both oxygen and water on the chem-
ical decomposition of DB propellants have not been extensively
discussed in the literature. The aim of this work is to assess
the effect of oxygen and water content on the decomposition
chemistry of EDB rocket propellants and their implications on
their shelflife. EDB propellant samples have been artificially aged
at 70, 80, 90, and 100°C, with varying water content (ranging from
0.8 to 4 uL/g) and different oxygen content (1% and 21% v/v). The

kinetic parameters of propellant decomposition under the action
of the above factors were determined by the Friedman differential
isoconversional method.

2 | Material and Methods

The propellant used was an extruded double base (EDB) rocket
propellant billet (40 mm X 38 mm) consisting of NC 5%-57%
w/w, nitro-glycerine 19%-46% w/w, 2 nitro-diphenylamine 1%-8%
w/w, and copper oxide 0%-3% w/w/, which was cut and sieved to
3 mm particles [35]. These particles were then placed into 3 cm?
HFC crimp seal glass ampoules with a propellant loading density
0f 0.80 g/cm? (e.g. 2.4 g in 3 cm® vial). All samples were dried in
a vacuum desiccator for 48 h.

Under an argon-rich atmosphere or air, water was added to
the vials in volumes of 2, 4, 7, and 10 uL (using a 20 uL
micropipette), resulting in normalised water contents of 0, 0.8,
1.6, 2.8, and 4.0 uL/g, respectively, before crimping the ampoules.
Water content is reported as absolute humidity in uL/g (Using
RH% would be misleading because of the different temper-
aturestested). The oxygen concentration in the samples was
measured by headspace gas chromatography-mass spectrometry
(GC-MS). Table 1 displays the chromatographic conditions that
were employed.

Using a TA Instruments TAM-IV microcalorimeter system, the
HFC was measured isothermally at temperatures of 70, 80, 90, and
100°C for up to 45, 15, 7, and 3 days, respectively. The calorimeter
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—4 ul/lg 21% O, —— 2.8 pl/g 21% O, —— 1.6 pl/g 21% O, —— 0.8 pl/g 21% O, —— 0 pl/g 21% O,
---- 4ullg1% 0, ----28ul/lg1% O, ----16ul/g1% O, ----08ul/g1% O, ----0ul/g1% O,
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-
o

Normalised heat flow (uW/g)
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FIGURE 2 | Log/log plot showing the influence of water and oxygen on normalised average heat flow of extruded double base (EDB) rocket
propellant at different temperatures. The straight solid lines shown in the graph are the heat flow generated by the samples with an oxygen concentration
of 21% volume/volume, whilst the samples with 1% oxygen are shown with dotted lines.

TABLE 1 | Gas-chromatography-mass spectrometry (GC-MS) condi-

tions for oxygen concentration analysis.

Gas
chromatographer

Aligent Technologies 7890 B

Mass spectrometer
detector

Column

Flow rate
Temperature range
Inlet temperature
MSD transfer line
Split ratio
Injection

Replicates

Aligent Technologies 5977 AMSD

Aligent Technologies PoraPlotQ
25 mm x 0.25 mm film diameter
(DF) = 8.0 um

1.2 mL/min
30°C-250°C
220°C
200°C
50
250 pL

2 per sample

was calibrated at each temperature, and the baseline was recorded

before and after the test. Each test was performed in duplicate.

3 | Results and Discussion

3.1 | HFC Results

The average HF from EDB rocket propellant samples with
different oxygen concentrations and water volumes are shown in

Figure 2. It is observed that both water and oxygen influence HF.
At all temperatures assessed, increasing water content results in
higher HF. This is evident as samples with 4 uL/g water content
produce the highest HF. As for the oxygen concentration, as the
O, concentration decreases, the HF also decreases. Specifically,
samples with 0 pL/g water content and 1% O, concentration have
the lowest HF at all temperatures tested.

Changes in O, concentration cause variations in the shape of
the generated HF curve, as shown in Figure 3. The initial peak
maximum was previously defined as “a” (Figure 1) and the overall
HF is reduced by up to 35% when oxygen concentration decreased
from 21 to 1%. This initial exothermic reaction is reported to be
due to NO® radicals reacting with oxygen to release NO, [10, 25].
In addition, the inflexion point “b” occurs sooner in the low O,
concentration samples, hence HF difference between points “a”
and “b” is three times greater in samples containing 21% v/v O,
compared to those with 1% v/v O,.

3.2 | Kinetic Reaction Analysis

The Friedman differential method (Equation (3)) is used to
determine the activation energy from the HF data, considering
the effects of O, and water levels in the samples. In the literature
[36], an arbitrary value of Q.,q has been selected in order to
calculate o (Equation (2)). However, the HF curve shape changes
with time and test temperatures. This may result in some HF
values being influenced by other reactions, which will change the
E, result. Therefore, in this study, 15J/g was chosen as the value
for Q.q, as this value was within the main stabilising reaction (b-
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FIGURE 3 | Influence of water and oxygen on the normalised average heat flow of an extruded double base (EDB) propellant at 90°C. Data were

extracted from Figure 2 and expanded to show heat flow over 0.8 days (axes are not in log/log for clarity).
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FIGURE 4 | Effect of water on the activation energy (E,) linear regressions plotted for (a) region a-b and (b) region b-c. Isoconversional point 5J/g

was selected in region a-b and 15 J/g for region b-c.

¢) for all conditions tested. The values used can be found in Table
S1.

The results of the E, in both regions are shown in Figure 4.
In every case, the slopes of the linear regressions are negative,
suggesting that, as water content increases, E, consistently
decreases in the regions of the HF curve studied. Likewise, the
correlation coefficients (r) given by the Pearson test of the linear
regressions indicated a strongly negative correlation (r < —0.9),
which implies that the E, variability can be explained by the
water contained in the samples. Finally, the p-value obtained from

the Pearson correlation test (p < 0.05) confirms a statistically
significant relationship between water and E,. Overall, these
results suggest that water influences E, by significantly reducing
it with increasing concentration.

The activation energies reported in this work for samples with
different amounts of water present in the region where the
stabiliser reacts with NO, (b-c) in a 21% v/v O, atmosphere, are
consistent with previously presented results [12]. Samples with
lower water concentration present a higher E, (135 kJ/mol at
6 g/m* AH), whilst samples with higher amounts of water present

50f9

9SULDIT Suowwo)) aAnear) ajqeorjdde oy £q pauroaoS ae sofonte Yy 9sn Jo sajni 10y A1eIqr auruQ) A9[IAL UO (SUONIPUOD-PUE-SULI)/ W00 K[ 1M  ATeIqrjaurjuo//:sdiy) suonipuoy) pue suwa ], oy 298 [$707/90/01] uo Areiqi aurjuQ Lo ‘sSury Ausioatup poyuer) £q 00z 1 dead/zo01°01/10p/wos Kopim Areiqrjoutjuo//:sdiy woij papeojumod ‘0 ‘L80F1TST



155
150 - %
145 -
~ 140+
O 4
£
= 135
=
w150
1301 Region a-b
1 t-Value: 7.3987
125 p-Value: 7.6x10°
] Region b-c
120 4 t-Value: 7.1727
1 p-Value: 9.5x10°®
115
1% O, 21% 0, 1%0, | 21% 0O,
a-b b-c

FIGURE 5 | Boxplotsshowing the activation energy (E,) distribution
for different oxygen concentration levels in the heat flow regions studied.

have a lower E, (130 kJ/mol at 22 g/m> AH). However, for the
region where O, reacts with the propellant DB (a-b), there are
no E, values reported in the literature to compare the results
obtained.

Linear regression for the effect of O, cannot be done because
only two concentrations of O, were used during this research,
therefore boxplots of the E, distribution of each O, concentration
in the analysed regions of the HFC curve are presented in Figure 5.
These boxplots showed that the E, values for each 1% O, v/v
concentration are higher than those for higher O, concentrations.
The medians (horizontal line within the box) for the lower O,
concentration are higher, suggesting that E, decreases as O,
concentration increases. The t-Value (¢t > 7) and p-value (p < 0.05)
confirmed that O, significantly affects Ea. In summary, these
results showed that at higher O, concentrations, E, decreases
significantly compared to lower O, concentrations.

Guillaume et al. [10] explain that the difference in E, between
samples with low and high O, concentrations is due to the
increased availability of O,. In samples with higher O, content,
sufficient O, is present to oxidise the NO, produced by NC, to NO,.
The generated NO, then reacts with 2-NDPA, consuming it more
rapidly. This exothermic reaction between NO, and the stabiliser
explains the increase in HF [18].

The kinetic analysis performed using the Friedman differential
method reveals that Ea is different in both O, concentrations
across the four water concentrations assessed (Figure 5). These
reported E,, according to the literature [24, 25], are within the
range stated for thermolysis as the dominant decomposition
reaction, omitting hydrolysis as a decomposition mechanism.
However, as previously demonstrated [9, 35], the water has no
effect on the NC-based propellant thermolytic decomposition,
implying that the observed mechanism is not hydrolysis, but
more likely a catalytic reaction. This is observed at both O,
concentrations tested.

Water and O, concentrations impact on EDB rocket propellant
decomposition can be analysed by factorial design, as it is a useful

statistical tool for understanding the joint effect of certain factors
(water and O,) and their interactions on a response (HF or E, ) [37,
38]. The effect of a factor can be defined as the observed change in
the response variable due to the change in the level of the factor,
this is determined as follows [39]:

1 m
EffectHzo = P (/v‘EaHzo - :uEaT) 12)
20 i3
1 n
Effecto, = o, (/v‘an2 - #Ear) (13)

2 j=1

where my;, o is the number of water levels (0.8, 2.8,1.6, and 4 uL/g),
n, is the number of oxygen levels (1% and 21% O, v/v), ug, 1,0 18
the mean of the responses (HF or E, ) at a specific level of the water
factor, g o, is the mean of the HF or E, at a specific level of the
oxygen factor, and uy, r is the average of all HF and E,.

Two factors have an interaction effect on the HF or E, when the
effect of one factor depends on the level at which the other factor
is found. The interaction between the factors and the HF or E, is
determined as follows [39]:

Interactiony, o, =

;i

My,oNo, i=1 j=

n

(:uAiBj — Mg, H,0 — Mg,0, T :uEaT) a4)
1

where u,;p; is the mean of the E, or HF for a specific combination
of oxygen and water levels.

The factorial analysis makes use of various graphical tools in
order to determine how the E, or HF is influenced by the con-
centration of O, and water contained in the propellant samples.
One of these tools is the response surface graph (Figure S1) which
illustrates how the response, in this case the E,, changes with
variations in the concentration of O, and water across different
samples. However, these plots do not show which of the factors
and their interactions are the most significant in the E,. Using
Equations (12-14), a Pareto diagram can be plotted [39]. This
diagram, along with the normal probability plot of standardised
effects can be used to understand the importance of the effects
and their interactions [40]. The Pareto diagram highlights the
most significant effects in absolute terms but does not show how
they influence the response, whilst a normal probability plot
of standardized effects provides a comprehensive view of the
direction and magnitude of the effects and interactions.

The Pareto diagrams in Figure 6a,b show that the E, in both
regions of the HFC curve is influenced by the oxygen (A) and
water (B) concentrations, with oxygen concentration having a
more pronounced effect. According to Evans and Gordon [2],
the maximum RH under standard storage conditions (T = 25°C
and 21% O, v/v) is above 95% RH. In this work, the maximum
amount of water used (4 pL/g) is equivalent to 145% RH at 25°C.
However, the RH cannot exceed 100% in practice, so the flask
would be saturated, and the excess water would remain in liquid
form at 25°C. The diagram also indicates that the water/oxygen
interaction (AB) is very small, therefore it can be neglected.
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FIGURE 6 | Pareto (a and b) and normal probability plots (c and d) of the effects and interactions between the water contained and oxygen
concentration on the activation energy (E,). Plots a) and c) correspond to the results for the a-b region, while plots b) and d) correspond to the results for
the b-c region. On the normal probability plot, the further the effects are from the normal distribution (red dash-dotted line) the more likely they will

have a real impact on the E, at a confidence level of 95%.

The normal probability plot of the effects in Figure 6c,d shows
that O, concentration and water content are on the left side of
the normal distribution line, indicating that as any of these effects
increase, the E, decreases. The water/oxygen interaction AB is
very close to the normal distribution line indicating that it is not
statistically significant and can therefore be discarded.

In Figure 4a,b, E, decreases with more water, and the lines for
different O, levels remain almost parallel. The O, concentration
stays consistent across different water levels, and the effects of
water are consistent across O, levels. There is no interaction
between these effects, so they can be analysed individually.

According to Katoh et al. [14], oxygen has a more significant
influence on NC decomposition than water. They observed
that exothermic decomposition hardly occurs in an oxygen-
free atmosphere, indicating that oxygen is a crucial factor
for decomposition. Furthermore, they suggest that exothermic

decomposition is caused by oxygen and enhanced by the presence
of water. Although water also plays an important role in acceler-
ating decomposition in oxygen atmospheres, they concluded that
decomposition does not occur solely through the action of water.

To assess the water and O, impact on the HF in DB rocket pro-
pellant samples, a factorial analysis was performed, as illustrated
in Figure S2. In the region where water and O, react with the
propellant (a-b), the study found that increasing the concentra-
tion of water and O, causes an increase in HF. The same was
observed in the region where propellant decomposition products
react with the stabiliser (b-c). Pareto and normal probability
distribution plots indicate that both O, and water contribute
significantly to the HF, with O, being the most important
factor. Furthermore, the interaction between the two factors was
insignificant, as the p-value of the normal probability distribu-
tion was between 0.082 and 0.085 (p < 0.05 to be considered
significant).
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4 | Conclusion

In this work, the effects of O, concentration and the presence
of water on the decomposition of an EDB rocket propellant
were assessed. The results show that both factors significantly
influence the decomposition process. The results obtained from
HFC indicate that as the water content increases, so does the HF.
Similarly, an increase in O, concentration results in a higher HF.

The E, was determined using the Friedman differential isocon-
versional method. The results show that in stages a-b (where
the remaining O, interacts with the propellant) and b-c (where
the propellant decomposes with the depletion of the main
stabiliser), the E, decreases as the water content increases,
indicating that water catalyses the decomposition. Conversely,
the E, increases as the O, concentration decreases, suggesting a
slower decomposition reaction. Further E, evaluation by factorial
design revealed that both water content and O, concentration
negatively influence the E, as they increase. However, O, is
identified as the stronger influencing factor. Importantly, the
results also show that there is no interaction between these two
factors, allowing them to be studied independently.

In conclusion, this study highlights the importance of under-
standing the impact of O, concentration and water content on
the decomposition of EDB rocket propellants for enhancing both
safety and performance. By recognising water and O, as critical
factors in the decomposition process, targeted strategies can
be developed to mitigate their effects. Improving seals and/or
integrating sensors to monitor oxygen and moisture within a
rocket motor could significantly extend the shelf life of NC-
based propellants, thereby increasing overall safety and reliability.
This approach not only ensures the stability of the propellants
over time but also contributes to the operational readiness and
effectiveness of the rocket propulsion systems.
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