80

Scientific Technical Review, 2018,Vol.68,No.1,pp.80-87

UDK: 543.544.5:662.312

Naturally and Artificially Aged Single Base Gunpowder

Ljiljana Jelisavac"
Slavisa Stojiljkovi¢?
Siniga Gaéi¢”
Aleksandar Milojkovi¢"
Jelena Petkovi¢ Cvetkovic"

)

The most reliable way of chemical stability assessment and the lifetime prediction of nitrocellulose (NC) gunpowder (GP) by
measuring of the stabilizer contents is to monitor the consumption of the stabilizer with time, under storage conditions. Due to
the limited time available for testing of reliable lifetime prediction the various methods based on the artificially aging process
(which simulates the natural aging of GP) has been developed. The aim is to reach equivalent aging in much shorter time then
at ambient temperature under naturally storage conditions.

The present article describes the results of comparative analysis of the lifetime prediction of naturally and artificially aged
different series of NC-40 powder at ambient temperature 25°C.

It is showed that empirical value of activation energy of 80 kJ/mol can be used for extrapolation of the reaction rate constant
of the stabilizer consumption in the naturally aged NC-40 powder from average annual temperature 15°C in KB-1 collection
(conditions of continental climate) to an ambient temperature of 25°C. The lifetime of naturally aged NC-40 powder
calculated in this way is in accordance with the lifetime of artificially aged GPs calculated at ambient temperature 25°C,
according to worldwide used standard AOP-48 Ed. 2. The lifetime of the naturally aged NC-40 powder calculated in this way
is in accordance with the lifetime which was calculated by Van’t Hoff extrapolation method, too.
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Temperature Parameterization of the Stabilizer Consumption in

lifetime prediction.

Introduction

ATIONAL standard SORS 8069/91 prescribes procedure

of the assessment of chemical stability of nitrocellulose
(NC) gunpowder (GP) by periodical measuring of the
remained stabilizer contents in natural aged GP in storage
condition [1]. Periodically examinations of chemical stability
of different type of single base GP in laboratory of TRZ
Kragujevac, by measuring of stabilizer contents, were carried
out. Analysis of results of GP chemical stability control, has
shown that the measured values of remained stabilizer in
single base NC types of GP, after about twenty years of
storage in powder collection with continental climate
conditions (KB-1), were at expected level.

However, in literature there were results of periodically
control, that indicated a rapid decreasing of chemical stability
of some series of NC-40 powders, storaged in collection KB-2
in conditions of mediteranean climate and delaborated from
ammunition [2,3]. According to that the aim of this
examiation was prediction of storage lifetime (lifetime) of
different series of single base type NC-40 which were
storaged in KB-1 colection of powders. In this article, the
results of periodical measuring of stabilizer content with time
in GP under conditions of continental climate in Kragujevac is
used for lifetime prediction of single base NC-40 powders.

The results of systematic temperature monitoring in
ammunition depot showed that the average annual
temperature in the M-40 type warehouses in the continental
part of the country is 15°C [4,5].Therefore, in the calculations,
as the average annual temperature in powder collection, KB-
1, with continental climate, a temperature of 15°C was used
[2-5].

By the mathematical description (exponential kinetic
model) of the results of the periodic measurements of the
stabilizer contents with time (in years) under storage

conditions (Txz_; =15°C), it is possible to determine the
constants of the rate of reaction of the stabilizer consumption

in KB-1 at the storage temperature, k;5°C [1,5].

Nowadays, standard AOP-48 Ed.2 for the lifetime
prediction of powder and propellant at ambient temperature
25°C s very actual [6]. Standard prescribes accelerated aging
of GP by heating of sample at multi-temperatures. The
experimental results of the periodic determination of the
stabilizers content in accelerated aged of GP are
mathematically described by application of the n™ order
kinetic model. Arrhenius expression is using for the
temperature parameterization of the stabilizer consumption
from the test temperature to an ambient temperature of 25°C.
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In order to compare the lifetime values of the accelerated
aged of GP at 25°C and the lifetime values of naturally aged
of GP at the storage temperature (15°C), it is necessary to take
into the considerations the constant of the reaction rate of the
stabilizer consumption at these two temperatures. The lifetime
values were calculated according to standard AOP-48 Ed. 2
and the constant of the reaction rate of the stabilizer
consumption was extrapolated from the storage temperature
Txg_1 =15°C to the ambient temperature of 25°C.

In literature, extrapolation of the constant of the stabilizer
consumption in NC powders from the storage temperature of
15°C to ambient temperature using the Arrhenius expression
and value of Fa = 122 kJ/mol, is described. Authors used
activation energy from literature, which was obtained for the
same type of powder as examined gunpowder in article [5].
1. In this paper, focus is on the application of different types
procedures of temperature parameterization of the chemical
reaction rate from storage temperature 15°C to ambient

temperature, using:
1. Arrhenius expression with values of:
- empirical activation energies Ea = 80 kJ/mol or

Ea =120 kJ/mol [6,7] and

- experimentally determined activation energy Fa by
application of the n™ order kinetic model for GP sample of
the same type as examined [3,6,8-10].

2. Vant Hoff's extrapolation procedure [3,10,11].

In the domestic literature there is data about extrapolation
from the storage temperature to a temperature of 25°C using
the literature experimental value Ea = 122 kJ/mol. In this
work, experimental value of Ea experimentally obtained for
same type of powder according to AOP-48 Ed.2 will be used.

In our country, the results of the research in which the
extrapolation from the storage temperature to an ambient
temperature 25°C  was performed, using empirical
Ea = 80 kJ/mol were not published.

By extrapolation of already existing results of stabilizer
consumption, obtained in conditions of natural ageing and
therefore represent real values, to the ambient temperature
25°C, it is made possible to compare them with the results
obtained by accelerated ageing in much shorter period of
time. In that way an insight is provided in dynamics of ageing
of examined gunpowders, considering that some series have
shown fast decrease of stability.

Aim of this examination is comparison of the life time of
different series of NC-40 gunpowder at ambient temperature
25°C:

- three series of NC-40 which were naturally aged in storage
KB-1 under continental climate conditions at temperature
15°C and

- one series of NC-40 gunpowder which was artificially aged
by multi-temperature heating at 65°C, 70 °C, 80 °C and
90°C according to worldwide used standard AOP-48 Ed.2.

Theoretical part

Single-base nitrocellulose GP is based on the nitro-esters
which undergo slow thermal decomposition even at ambient
temperature. The products of degradation can cause a
reduction of chemical stability of GP and lead to self-ignition
due to the exothermic nature of reactions involved. The GP
are the most frequently stabilized with diphenylamine (DPA),
and chemically bind the evolved gases and remove them from
the matrix [2,3,10]. The monitoring of the stabilizer
consumption over a time-temperature conditions permits the
estimation of lifetime of GP. There are several different
approaches, which involve the accelerated ageing of GP

samples at various temperatures.

The results of periodical measuring of the stabilizer
contents in different temperature - time conditions can be
mathematically described by kinetic modelling using different
kinetic expressions for rate of reaction of stabilizer
consumptions.

According to actual standard AOP-48 Ed.2, for prediction
of the lifetime of artificially aged GP, experimental results of
stabilizer consumption can be described using expression for
rate of reaction of the n™ order [6,8-10,12,13].

(dcst(t)l =k'(T)Cs (1,T)" (1)

By separating variables and integrating, an expression is
obtained, which is used to describe the experimental data of
the stabilizer consumption.

Cs (67)=C (O)1-(1=-mk(T)]"™ ()
_ k(D)
K= o) 3)

where:

- Cg(1,T) - the content of the stabilizer in powder, as a
function of time and temperature, mass %;

- C,(0) - initial stabilizer content, mass %;

- k'(T) - reaction rate constants of the nth order of

stabilizer consumption, at temperature 7, 1/day;
- n - the order of reaction.

The temperature dependence of the constant of the reaction
rate of the stabilizer consumption is given by Arrhenius
expression (4).

Ea
k(T)—Zexp( RT) )
where:

- Z - preexponential factor; 1/day;

- Ea - activation energy of stabilizer consumption reaction,

J/mol,

- R -universal gas constant; R = 8,314 J/mol'K;
- T - temperature, K.

The extrapolation of the calculated constant of the reaction
of the stabilizer consumption from the temperatures of
accelerated aging to the storage temperature is carried out
using the Arrhenius expression. For different kinetic
expressions (the zero , the first and n th order) the temperature
dependence of the constant of the reaction rate of the
stabilizer consumption is given by Arrhenius expression:

The lifetime of GP is the period during which the GP can
be safely stored without risk for shelfignition. Lifetime of GP
(tys) is calculated as the time required for consumption of a
certain value of the stabilizer content, Y, at the storage
temperature:

1-(¥s)™"
= 5

Experimental results of remained stabilizer measuring in
naturally aged GP can be described using expression for rate
of reaction of the first order (exponential kinetic model) [1-
3,5,9,10].

Cs (1,T) = Cs (0)exp[—ki (T)1] (6)
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where:

- Cy(t,T) - the content of the stabilizer in powder, depending
on the time, mass %;

- Cs(0) - the initial content of the stabilizer, mass %;

- ki(T) - reaction rate constants of the first order of stabilizer
consumption, at temperature 7, 1/day;

- t-time of ageing, day.
Constant of the reaction rate of the stabilizer consumption

at temperature 7, k(7) is calculated according to expression

1, Cs(6.T)
k(T)=>In——" 7
1( ) ¢ n CS (O) ( )
For first order reaction, In Cs(6T) = f(¢t) is linear and
Cs(0)

value of k(7)) can be obtained as slope of line.

Lifetime of GP, #y; is calculated as the time required for
consumption of the determined value of the stabilizer content
Ys, at the storage temperature

Cs (2,T)
Y =——~ 8
N CS (0) ( )
1 1
= In| = 9
ve=tm(+) ©)
There are different procedures of temperature

parameterization of the reaction rate constant of stabilizer
consumption, but in this article, focus is on the application of
Arrhenius and Van't Hoff expressions [11].

According Arrhenius expression (4), relation between
time-temperature loads at two conditions (¢, 7) and (f,, T3)
with one value of activation energy at all temperature interval
from 7 to 7, is given [8,11].

k(T _ _Ea(l_l] =t1 Tl)
k(T)) exp[ R \T. T, J t:(T») (19)

where:

- ki(T)) - constant of stabilizer consumption rate at the
storage temperature 7;. 1/day;

- k(T,) - constant of stabilizer consumption rate at the
measurement temperature T, 1/day;

- t(T)) - time required for consumption of a certain stabilizer
content at storage temperature T, year;

- t(T,) - time required for the consumption of a certain
content stabilizer at the measurement temperature T,, days;

- T - storage temperature, °C;

- T - measurement temperature, °C.

Standard AOP-48 Ed.2 and standard STANAG 4582 are
using the same extrapolation procedure. For extrapolation
data of stabilizer consumption in temperature interval under
the 60°C, empiric activation energy Ea = 80 kJ/mol should be
used and for extrapolation in temperature interval above 60°C,
emp iric activation energy Ea = 120 kJ/mol should be used
[6,7].

Van't Hoff expression can be used for the temperature
parameterization of the reaction rate constant of stabilizer
consumption, too [3, 8,10, 11].

ka(n)_ 5] @) (11

ki (T;) (1)

where:
- F - factor of change of reaction rate of stabilizer
consumption for temperature change 10°C;

- t)(T)) - time required for consumption of a certain stabilizer
content at storage temperature 7, year;

- t)(Ty) - time required for the consumption of a certain
content stabilizer at the measurement temperature T,,
days;

- ki(Ty) - constant of stabilizer consumption rate at the
storage temperature 7, 1/day;

- ky(T,) - constant of stabilizer consumption rate at the
measurement temperature 7,, 1/day.

Factor of change of reaction rate of stabilizer consumption
(F) is the ratio of the constant of reaction rate of the stabilizer
consumption during aging of the powder at two temperatures,
which differ by 10°C. Factor F' is bound to the chemical
nature of matter and therefore has a constant value, regardless
of the composition of GP and their behaviour in aging.

(R2-Th)

t, (T
0 (1)= 2B o (12)

-t - time required for consumption of a certain stabilizer
content at storage temperature, year,

- b, - time required for the consumption of a certain content
stabilizer at the measurement temperature, days;

- T, - measurement temperature, °C;

- T - storage temperature, °C;

- ATr- temperature range for the factor value F used. For
this application, AT= 10°C is used.

Experimental part

The samples of NC-40 MBL 9226 powders were
artificially aged in heating tubes within thermal-blocks at
65°C,70°C, 80°C and 90°C [2,3]. In Fig.1 thermal block with
NC-40 samples, is presented.

Figure 1. Artificially ageing of NC-40 MBL 9226

Experimental results of diphenylamine (DPA) consumption
in NC-40 MBL 9226 single base GP during multi temperature
heating, according to AOP-48 Ed. 2 were used in this article
[2,3]. The values of the content of diphenylamine in the tested
NC-40 samples were determined by procedures which are
described in literature [2,3]. Liquid chromatograph “Waters
1525 EF Binary HPLC Pump” with a thermostat for column
heating, the manual injector “Rheodine Model 7125”, and the
photodiode array detector “Waters 2998 PDA” were used for
these experiments, Fig.2. Liquid chromatograph “LDC/
Milton Roy 3000” in laboratory in TRZ Kragujevac was used
for these experiments, too.
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Figure 2. Liquid chromatograph

Experimental results of diphenylamine consumption in
accelerated aged NC-40 (MBL 9226) powder at 90°C, 80°C,
70°C and 65°C were mathematicaly described by kinetic
model of n™ order.

Examination is based on the available results of periodical
HPLC measuring of the contents of the stabilizer remained in
naturally aged samples of the single-base NC-40 gunpowder
from KB-1 collection (three series: MBL 8511, MBL 9024
and MBL 8922) [2,3].

The samples were storaged in the warehouse type M-40 in
conditions of continental climate with average annual storage
temperature, 15°C [2-4,5]. The results were obtained during
periodical controls of chemical stability of powders from KB-
1 collection in laboratory in TRZ Kragujevac.

A first order reaction is assumed for stabilizer consumption
in naturally aged powder and results of three series of NC-40
(MBL 8511, MBL 9024 and MBL 8922) from KB-1 at
average annual temperature of storage 15°C, were
mathematicaly described by exponential kinetic model.

Temperature parameterization of constant of the rate of the
stabilizer consumption from storage temperature 15°C to ambient
25°C and higher temperature was carried out using the Arrhenius
expression (10). The values of lifetime of naturally aged NC-40:
series MBL 8511, MBL 9024 and MBL 8922 and artificially
aged NC-40 serie MBL 9226 were calculated.

Results and discussion

The results of the HPLC analysis of the powder samples
subjected to accelerated ageing were described by the kinetic
model of n order and presented in Figures 3-6. The lines in
these figures represent the curves, fitted by the method of
least squares in accordance with expression (2) for the
reaction of n” order to experimental data.
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104 m
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Figure 3. DPA consumption in NC-40 MBL 9226 - description by ™ order
reaction at 65°C
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Figure 4. DPA consumption in NC-40 MBL 9226 - description by n" order
reaction at 70°C
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Figure 5. DPA consumption in NC-40 MBL 9226 - description by n" order
reaction at 80°C
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Figure 6. DPA consumption in NC-40 MBL 9226 - description by n" order
reaction at 90°C

The Arrhenius plots of the reaction rate constants of the
consumption of DPA are presented in Fig.7 for the powder
NC-40 MBL 9226.

NC-40 MBL 9226, 65°Cto 90°C

05 y=-13171x + 34.877

-4,5
0,0027 0,00275 0,0028 0,00285 0,0029 0,00295 0,003
1T, 1/K

Figure 7. Arhenius plot of the reaction rate constants of the DPA
consumption in the NC-40 MBL 9226 from 65°C to 90°C - kinetic model of
n™ order
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The reaction rate constants of the consumption of DPA at
various temperatures and the kinetic parameters of the model
of n"™ order are showed in Table 1. The reaction rate constants
were calculated at a storage temperature of 25°C, too (Table
1). Value of activation energy, 109,5 kJ/mol for NC-40 MBL
9226 powder at temperature interval from 65°C to 90°C, was
calculated according Arhenius plot and expression (4).

Table 1. Kinetic parameters and life time of NC-40 MBL 9226 - model of
n™ order according AOP-48 Ed. 2

NC -40 MBL 9226
k, at 65°C, 1/day 0,01925
k, at 70 °C, 1/ day 0,02682
k, at 80 °C, 1/day 0,08130
k,at 90 °C, 1/day 0,26913
Ea, kJ/mol 109,5
In Z,1/day 34,89
k, at 25 °C, 1/day 9,33E-05
(65°C 1o 90°C) 0,51

In Table 2, the results are given of periodical HPLC
measuring of stabilizer contents for series MBL 8511, MBL
9024 and MBL 8922 of naturally aged single base NC-40
powder from KB-1 collections in the conditions of continental
climate.

Table 2. DPA contents and lifetime prediction of different series of NC-40
powder naturally agedat storage temperature TKB-1 = 15°C

Series of|| Time of] Lifetime, years

DPA,, | DPA, | ks,

o R e 1/day Yora

BLEL., || S 0,7 ]05] 0302

15 1,50 | 1,08
21 1,50 | 1,06
8511 | 22 | 1,50 | 0,09 | 0,019 |1838 36,5 |63,4 84,7
23 1,50 | 0,90
25 1,50 | 098

14 1,59 1,18
9024 16 1.3 1.16 0,0238 | 15,0 | 29,1 | 50,5 | 67,6
17 1,59 1,06

18 1,59 0,97

17 1,40 1,03
8922 18 1,40 1,02

0,0165 | 21,6 | 42,0 | 72,9 | 97,5

21 1,40 1,03

Results were mathematically described by the exponential
expression for the reaction rate of the first order (6) and
reaction rate constants of the consumption of stabilizer DPA,
k (15°C) at Tp.; = 15°C were obtained as a slope of line (7)
and displayed in Table 2.

Table 2 also shows the values of the lifetime prediction
calculated according expression (9) of naturally aged powder
at Txp., = 15°C, at different degrees of degradation of the
stabilizer, Ypp4 (8).

It is important to note that the predicted lifetime of
naturally aged powders which were calculated at the average
annual storage temperature,15°C, would only be achieved in
the absence of deviations from the prescribed technological
parameters during the production process of GP and in the
absence of deviations during the storage of GP in optimal
conditions. However, in reality, this is impossible to achieve.

Since some ammunition during many years of storage has
been removed from the warehouse several times and has been
operating under unfavourable conditions for a certain period
of the time, it is necessary to estimate the average storage

temperature, which is about 20°C. To additionally include other
factors (conditions of the storage, change in the mechanism of
consumption of the stabilizer, humidity, etc.) that influence the
chemical stability of powders under natural storage conditions,
in order to reliably predict of service lifetime, it is necessary to
take into account the ambient temperature of 25°C, as
prescribed by standard AOP-48 Ed. 2 [6].

Therefore, it is necessary to extrapolate the obtained results
from the conditions of natural aging of powders in KB-1 at
15°C to ambient temperature 25°C, Table 3.

Table 3. Extrapolation of reaction rate constants of DP4 consumption in
naturally aged powder NC-40 from 15°C to 25°C

Series of powder NC-40

Extrapolation procedure 8511 | 9024 | 8922
kat 25°C, 1/day
Ea=80 kJ/mol 0,0582 0,0729 0,0505
Ea=120 kJ/mol 0,1019 0,1277 0,0885
Ea=109,5 kJ/mol 0,0880 0,1102 0,0764
F=3 0,0570 0,0714 0,0495
The temperature parameterization of  stabilizer

consumption in naturally aged powder NC-40 (series MBL
8511, MBL 9024, MBL 8922) was carried out using the
Arrhenius expression (10). The empirical values of the
activation energy was 80 kJ/mol or 120 kJ/mol and value of
activation energy was FEa=109,5 kJ/mol, which was
experimentally determined for the same type of NC-40 MBL
9226 powder by AOP-48 Ed.2.

The temperature parameterization of  stabilizer
consumption in naturally aged powder NC-40 (series MBL
8511, MBL 9024, MBL 8922) was carried out using the Van't
Hoff expression, too (11).

The Table 4 shows the results of the lifetime prediction (9)
of three series of naturally aged powder NC-40 at 25°C at
different degrees of degradation of the stabilizer, Ypp, (8).

The results of lifetime prediction of accelerated aged
powder NC-40 series 9226 according standard AOP-48 Ed.2
are presented in Table 4, too. In order to compare the results
of the lifetime prediction of naturally and artificially aged
NC-40 powder, experimental value of Ea=109,5 kJ/mol was
obtained using the n™ order kinetic model to describe the
consumption of the stabilizer in the accelerated aged powder
NC-40 MBL 9226 at temperatures 65°C, 70 °C, 80 °C and
90°C. The life times of the GP were calculated according to
the equines (5) as a storage times at 25°C, after which a
different degrees of degradation of the stabilizer, Ypp, were
achieved (8).

Table 4. Lifetime prediction of naturally and artificially aged powders NC-40
at 25°C

Naturally aged égég%?ély
NC-40 40
YS AOP-48
_ Ea=120 _ Ea=109,5 h
Ea=80 kJ/mol KJ/mol F=3 KJ/mol Eg.r jef

8511/90241892218511/9024/8922(8511(9024(8922[8511/902418922( 9226

0,7 6,1 4,9]7,113,5(2,8(4,0(63| 5 |7,2]|4,1|3,2(4,7 9,6

0,5(11,9]9,5(13,7| 6,8 | 5,4 (7,8 (12,2(9,7| 14 |7,9|6,3|9,1 17,2

0,3(20,7|16,5|23,8|11,8| 9,4 (13,6(21,1{16,9|24,3|13,7|10,9|15,8| 26,7

0,2(27,7|22,1|31,9|15,8|12,6(18,2(28,2(22,5|32,518,3|14,6/121,1| 32,7

By analysing the results presented in Table 4, the best
approximation of the calculated values of the lifetime of
artificially and naturally aged powders were noticed when the
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empirical value of activation energy Ea = 80 kJ/mol was used
for extrapolation from 15°C to the 25°C.

The lifetime calculated by using the activation energy
values Ea = 80 kJ/mol, is also consistent with the lifetime
calculated by using of the Vant Hof's extrapolation method
with F'=3.

In Table 5 the results are given of calculating of the
lifetime of powderNC-40 MBL 8511 and NC-40 MBL 8922,
which showed the highest agreement with the results of the
accelerated aging of powder NC-40 MBL 9226.

Table 5. Comparison of the lifetime of naturally and artificially aged powder
NC-40

Time for consumption of 80 % stabilizer at 25°C

NC-40 series MBL 9226
artificially aged the n" order

INC-40 the naturally aged the
NC-40 first order
series

MBL Ea=80 kJ/mol F=3

Ea=109,5 kJ/mol

lifetime,years
8511 27,7 28,2
8922 31,9 32,5

lifetime,years

32,7

Nowadays, for lifetime prediction of powders and
propellants the NATO member states use the very actual
standard AOP-48 Ed.2. It is based on accelerated aging of
powder and description of stabilizer consumption with a
kinetic expression of n™ order. It is worldwide used standard
which presents great progress in the area of chemical stability
and lifetime prediction of GP.

Time for % stabilizer consumption at 25°C was determined
and the results were:

- lifetime of accelerated aged powder NC-40 MBL 9226,
calculated according to standard AOP-48 Ed. 2 is 32,5 years.

- lifetime of NC-40 MBL 8922 calculated by activation
energy values Ea = 80 kJ/mol is 31,9 years,

- lifetime of NC-40 MBL 8511 calculated by activation
energy values Ea = 80 kJ/mol is 27,7 years.

It can be seen that the results of lifetime prediction of
naturally aged powder NC-40 MBL 8511 and NC-40 MBL
8922 are in accordance whit the results of the accelerated
aging of powder NC-40 MBL 9226. The use of empirical
activation energy of 80 kJ/mol is reliable for use in this case,
because it contains a certain safety factor, which takes into
account all parameters that, in the conditions of natural aging,
significantly affect chemical stability, such as storage
conditions and changes in stabilizer consumption mechanism.
This conclusion is consistent with the current STANAG 4582
extrapolation process. Mentioned extrapolation procedure or
temperatures below 60°C, prescribes the application of the
empirical value Ea = 80 kJ/mol [6,7].

From the ratio of the reaction rate constants of the
stabilizer consumption in powder NC- 40 MBL 8922,
F=k(25°C) / k (15°C) = 3,06 and Vant Hoff's rule that value
of F=3 for difference between temperatures 10°C, it means
that at a temperature of 25°C, are obtained 3 times less, but
the most important the reliable values of the lifetime in
relation to the average annual storage temperature of 15°C,
Table 6.

Table 6. Value of F for naturally aged NC-40

k(25°C
Naturally aged | & (15°C) Ea :(80 - /)mol F=k(25°C)/k(15°C)
NC-40 1/day AT=10°C
1/day
MBL 8511 0,019 0,0582 3,06
MBL 8922 0,0165 0,0505 3,06

For consumption of 80 % stabiliser, lifetime values were
calculated:

- lifetime of NC-40 series MBL 8922, calculated at storage
temperature, 15°C, is 97,5 years.

- lifetime calculated at 25°C by using of Vant Hoff's
extrapolation method with F=3 for MBL 8922 is 32,5 years
and for MBL 8511 is 28,2 years.

Fig.8 presents the graphical results of the lifetime
calculation of naturally aged NC-40 MBL 8922 powder, at
Yprs=0,7 by various procedures of extrapolation at a
temperatures ranging from 15°C to 105°C.
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Figure 8. An extrapolation procedures of NC-40 powder from T-t conditions
of natural and accelerated aging, to an ambient temperature of 25°C.

By analyzing of the Fig.8 in the temperature range of 25°C

to 30°C, excellent matching of the

- accelerated aging powder NC-40 MBL 9226 (AOP-48
Ed.2);

- naturally aged powder NC-40 MBL 8922 (empirical Fa =
80 kJ / mol) and

- naturally aged powder NC-40 MBL 8922 (with F' = 3),
exists.

Conclusion

A comparative analysis of the results of the lifetime
prediction of naturally and artificially aged different series of
NC-40 gunpowder at ambient temperature 25°C,was carried
out.

Available results of periodical HPLC measuring of the
stabilizer content accordingto standard SORS 8069/91 in
natural aged NC-40 gunpowder (series: MBL 8511, MBL
9024 and MBL 8922) from KB-1 collection in conditions of
continental climate at average annual temperature of storage
15°C,were used. The mentioned results were mathematical
described by exponential kinetic model. Temperature
parameterization of the stabilizer consumption in naturally
aged single base gunpowderfrom storage temperature 15°C to
ambient temperature of 25°C was carried out.

Lifetime of naturally aged different series of GPs at
ambient temperature 25°C was calculated. Experimental
results of HPLC measuring of DPA content in NC-40 MBL
9226, which is artificially aged in heating tubes within
thermal-blocks at 65°C, 70 °C, 80 °C and 90°C, were
mathematical described by kinetic model of n™ order
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according standard AOP-48 Ed.2. Lifetime of artificially aged

NC-40 9226 powder at ambient temperature 25°C was

calculated.

A comparative analysis of the results of the lifetime
prediction of naturally and artificially aged different series of
NC-40 powder at ambient temperature 25°C has shown that:
- empirical value of activation energy of 80 kJ/mol can be

used for extrapolation of the reaction rate constant of the

stabilizer consumption in the naturally aged GP from
average annual temperature 15°C in KB-1 collection

(conditions of continental climate) to an ambient

temperature of 25°C.

- the lifetime of naturally aged GPs calculate at the
described way is in accordance with the lifetime of
artificially aged GPs at ambient temperature 25°C
calculated according to AOP-48 Ed. 2.

- the lifetime of the naturally aged GPs calculate at the
described way is in accordance with the lifetime which was
calculated by Vant Hof extrapolation method.

The use of empirical activation energy of 80 kJ/mol is
reliable for use in this case, because it contains a certain
safety factor, which takes into account all parameters that, in
the conditions of natural aging, significantly affect chemical
stability, such as storage conditions and changes in stabilizer
consumption mechanism. This conclusion is consistent with
the current STANAG 4582 extrapolation procedure, which
are for temperatures below 60°C, prescribes the application of
the empirical value Ea = 80 kJ/mol.
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Temperaturna parametrizacija potrosnje stabilizatora u prirodno i
vestacki starenim jednobaznim barutima

Najrealniji na¢in ocene hemijske stabilnosti i predvidanja veka bezbednog skladiStenja nitroceluloznih (NC) baruta merenjem
sadrZaja stabilizatora je pracenje potrosnje stabilizatora sa vremenom, u uslovima skladistenja. Zahvaljuju¢i ograni¢enom
vremenu raspoloZivom za ispitivanja, u cilju realnijeg predvidanja veka bezbednog skladiStenja baruta, razvijene su razliite
metode zasnovane na vestackom starenju, ¢ime se simulira prirodno starenje baruta. Cilj je postizanje ekvivalentnog starenja
u mnogo kra¢em vremenskom periodu, nego na temperaturi okoline u uslovima prirodnog skladiStenja.

U radu su opisani rezultati uporedne analize predvidanja veka bezbednog skladiStenja prirodno i vestacki starenih razlicitih

serija NC-40 baruta na temperaturi okoline 25°C.

Pokazano je da empirijska vrednost energije aktivacije, 80 kJ/mol, moZe da se koristi za ekstrapolaciju konstante brzine
reakcije potrosnje stabilizatora u prirodno starenim barutima NC-40, sa prose¢ne godiSnje temperature u kolekciji baruta
KB-1, 15°C (uslovi kontinentalne klime) na temperaturu okoline 25°C. Vek bezbednog skladiStenja prirodno starenih baruta
NC-40 izracunat na ovaj nacin je u saglasnosti sa vekom bezbednog skladiStenja veStacki starenih baruta, koji je izracunat na
temperaturi okoline 25°C, prema $irom sveta kori§¢enom standardu AOP-48 Ed. 2. Vek bezbednog skladiStenja prirodno
starenih baruta NC-40 izra¢unat na ovaj nacin je takode saglasan sa vekom bezbednog skladiStenja baruta izra¢unatim

primenom Vant Hofovog ekstrapolacionog postupka.

Kljune reci: barut, jednobazni barut, hemijska stabilnost, skladi$tenje, bezbednost, stabilizatori, prirodno starenje, vestacko

starenje, procena veka bezbednosti.
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Paramétrage de température de la consommation des stabilisateurs
chez les poudres monobasiques vieillies naturellement ou
artificiellement

La plus sure facon de I’évaluation de stabilité chimique et la prédiction de durée de vie pour le stockage en sécurité des
poudres de nitrocellulose (PN) par le mesurage du contenu de stabilisateur est a I’aide du suivi de consommation de
stabilisateur avec le temps dans les conditions de stockage. En conséquence du temps limité disponible pour les essais, dans le
but de la plus réelle prédiction de la durée de stockage des poudres en sécurité, on a développé les différentes méthodes basées
sur le vieillissement artificiel ce qui simule le vieillissement naturel de poudre. Le but était de réaliser le vieillissement
équivalent dans une intervalle de temps beaucoup plus courte par rapport a la température ambiante dans les conditions de
stockage naturel. Dans ce papier on a décrit les résultats de I’analyse comparée de la prédiction de la durée de vie de stockage
en sécurité de différentes séries de poudres PN 40 vieillies naturellement ou artificiellement a la température ambiante de
25°C. On a démontré que la valeur empirique de I’énergie d’activation 80 kJ / mol peut s’utiliser pour I’extrapolation de la
constante de vitesse de réaction de la consommation de stabilisateur chez les poudres NC vieillies naturellement de la
température moyenne annuelle de 15°C dans la collection de poudre KB-1(conditions de climat continental) jusqu’a la
température ambiante de 25°C. La durée de stockage en sécurité des poudres PN-40 vieillies naturellement calculée de cette
fagon est en accord avec la durée de stockage des poudres vieillies artificiellement calculée a la température ambiante de 25°C
selon la norme utilisée mondialement AOP-48 Ed.2. La durée de stockage en sécurité des poudres PN-40 vieillies
naturellement calculée ainsi est en accord aussi avec la durée de stockage en sécurité chez les poudres calculée par emploi du
procédé d’extrapolation de Van’t Hoff.

Mots clés: poudre, poudre monobasique, stabilité chimique, stockage, sécurité, stabilisateur, vieillissement naturel,
vieillissement artificiel, estimation de la durée de sécurité.

TemneparypHasi napamerpusanus nNoTpedJeHus cTaduiIn3aropa B
€CTECTBEHHO M HCKYCCTBEHHO CTAPEIIINX 0JHO0Aa3KOBBIX MOPOXAaX

CaMblii HAJEKHBIH CIOCO0 OLEHKH XHMHYECKOH CTA0WIBLHOCTH M NPOTHO3HPOBAHHS CPOKAa 0€30MACHOr0 XpaHeHHs
HUTpoue/I0103HbIX (HI[) mopoxoB myTéM u3MepeHMsl cOJep:KaHUs CTA0M/IM3aTOpa 3aK/II0YaeTcsi B TOM, 4TOObI
KOHTPOJMPOBATHL NOTPeb/IeHNe CTA0MIIN3aTOPa BO BpeMeHH B YCJIOBHSIX XpaHeHus1. B pe3yjbTaTe orpaHH4eHHOro BpeMeHH,
Heo0XO0AMMOro /ISl TECTHPOBAHUS, a /1 00J1ee TOUHOr0 NMPOTrHO3HPOBAHHUS CPOKa (e30MACHOr0 XpaHeHHUsI Mopoxa ObLIH
pa3paboTaHbl pa3jIM4YHble METObl, OCHOBAHHbIC HA HMCKYCCTBEHHOM CTAPEHHMH, KOTOpPble HMHTHPYIOT eCTecTBeHHOe
cTapeHue NopoxoB. Lle/1b1o sBIsieTCs 10CTHIKEHIE YIKBUBAIEHTHOTO CTAPEHHSI B ropa3/io 6o/iee KOPOTKHUIi IIepHoj] BpeMeHH,
4yeM NPH TeMIepaType OKpY:Kalolleii cpeibl B YCJI0BHIX €CTeCTBEHHOI0 XpaHeHHsl.

B 3T0M J0KyMeHTe OHCAHBI Pe3yJIbTATHI CPABHATEIHLHOT0 AHAJIN3A MPOTHO3a CPOKA §€30MaCHOT0 XPAHEHHUST eCTECTBEHHO H
HCKYCCTBEHHO CTAapelomux pa3anunbix coproB HII-40 mopoxoB npu Temnepartype okpy:xaomeii cpeas 25 °C.

3nech ObLI0 MOKA3aHO, YTO 3HAYEHHE IMIIMPHYEcKOii JHepruu akTHBaIMH 80 K[k / MOJIb MOKeT ObITh HCII0JIH30BAHO 1JIsI
IKCTPANOJISALIH NOCTOSTHHON CKOPOCTH PeaKIMH Pacxoja cTadMiIn3aTopa B ecTeCTBEeHHO cTaperomux nopoxax HII-40 co
cpenHeii rooBoii Temnepartypoii B kosuiekuuyn nopoxos Kb-1, 15 °© C (KOHTHHEHTAIbHbIE KIIMMATHY€ECKHE YCJI0BHS) 10
TeMInepaTypbl okpykaromieii cpeabl 25 °C. IIpoao/iKuTeIbHOCTD 06€3011ACHOT0 XPAHEHHS eCTECTBEHHO CTAPEIOIIUX IOPOX0B
HII-40 paccuuThIBaeTCs TAKUM 00Pa30M B COOTBETCTBHHU CO CPOKOM 0€30IaCHOr0 XpPAHEHHUs] MCKYCTBEHHO CTaPeLnX
TOPOXO0B, PACCYMTAHHBIX IIPH TeMIepaType oKpy:karoeii cpeasl 25 °C, ¢ MCNoJIb30BaHUEM MHPOBOIo cTaHapTa AOP-48
Ed.2. Cpok 6e3omacHOro xpaneHusi ecrecTBeHHO crapeomux nopoxos HII-40, paccuuTaHHbIii TAKMM 00pa3oM, TaKKe
COOTBETCTBYET CPOKY 0€30I1aCHOI0 XpaHeHHsl II0OPOXOB, PACCYHTAHHBIM C HCHO/Ib30BaHHeM JKkcTpanoiasiuuu Vant Hof
MOCTYIKA.

Kniouesvie cnosa: 4€pHbIii MOPOX, OAHOOA3KOBBIHi MOPOX, XHMHUYECKas CTAOMJIBHOCTH, XpaHeHHe, 0€30MaACHOCTb,
CTA0HJIN3ATOPbI, €CTECTBEHHOE CTapeHHe, HCKYCCTBEHHOE CTapeHHe, OleHKa 6e30macHoCTH.



