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Plamenogasitelji, pojedine kalijumove soli, koriste se kao aditivi radi smanjenja bljeska na
ustima cevi. Uticaj se zasniva na inhibiciji postplamenih reakcija, odnosno na vezivanju reaktivnih
radikala u gasnoj fazi i usporavanju sekundarnih lancanih reakcija sagorevanja, ¢ime se smanjuje
intenzitet vidljivog plamena. Brojni primeri iz prakse, kao i dostupni literaturni podaci, ukazuju da
prisustvo kalijum-sulfata u barutnoj masi nepovoljno utice na hemijsku stabilnost jednobaznih ba-
ruta. U ovom radu analizirace se uticaj sastava barutne mase i tehnoloskog postupka prerade na
krajnju hemijsku stabilnost tri jednobazna baruta razlicite namene, NC-151, NC-48 i NCD-27, ko-
jima je zajednicko prisustvo odredene kolicine kalijum-sulfata. Poredenjem njihovog hemijskog
sastava, sadrzaja stabilizatora i kljucnih faza tehnoloske obrade bice razmotreno na koji nacin sastav
| procesni parametri uticu na hemijsku stabilnost jednobaznih baruta. Procena hemijske stabilnost
bice izrazena parametrom Bergmann—Junk, a Dobijeni rezultati su interpretirani u skladu sa dostup-
nim teorijskim postavkama i specificnostima proizvodnog procesa, sa ciljem identifikacije kljucnih
parametara koji uticu na hemijsku stabilnost jednobaznih baruta koji sadrze kalijum sulfat kao pla-
menogasitelj..

Flame retardants, particularly certain potassium salts, are used as additives to reduce muzzle
flash. Their effect is based on the inhibition of post-flame reactions, i.e., on the scavenging of reactive
gas-phase radicals and the suppression of secondary combustion chain reactions, thereby reducing
the intensity of visible flame. Numerous practical examples, as well as available literature data, indi-
cate that the presence of potassium sulfate in the propellant composition adversely affects the chemi-
cal stability of single-base propellants. This paper analyzes the influence of propellant composition
and processing technology on the final chemical stability of three single-base propellants of different
applications, NC-151, NC-48, and NCD-27, all of which contain a certain amount of potassium sul-
fate. By comparing their chemical composition, stabilizer content, and the key stages of technological
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processing, the study examines how compositional and process parameters affect the chemical stabi-
lity of single-base propellants. The assessment of chemical stability will be expressed by the Ber-
gmann-Junk parameter, and the obtained results will be interpreted in accordance with the available
theoretical principles and the specific features of the manufacturing process, with the aim of iden-
tifying the key parameters affecting the chemical stability of single-base propellants containing po-
tassium sulfate as a flame retardant.

1. Introduction

Since the introduction of smokeless propellants in the late nineteenth century, the reduction of
muzzle flash has remained an important technological requirement, particularly for ammunition in-
tended for night firing and for systems where visual signature must be minimized. Among the addi-
tives historically used for this purpose, potassium salts occupy a special place. Early French practice
linked the use of potassium hydrogen tartrate with anti-flash formulations [1, 2], while later patent
and technical literature documented the application of potassium sulfate as a conventional flame re-
tardant in propellant charges [3, 4]. In parallel with their beneficial effect on flash reduction, however,
these additives gradually came to be recognized as components that may also influence the chemical
stability of the propellant system itself [5-7].

The flame-retarding action of potassium salts is explained by the fundamental chemistry of
high-temperature combustion. In the flame zone and in post-flame reactions, potassium salts react
with the highly reactive H and OH radicals responsible for sustaining secondary combustion, thereby
terminating the radical propagation steps that maintain this process [8, 9]. Through reactions of this
type, the overall radical pool is reduced, post-flame oxidation is inhibited, and the intensity of visible
muzzle flash decreases.

At the same time, the chemical stability of single-base propellants is a complex property gov-
erned by a broad set of mutually related factors, including the chemical composition of the propellant
matrix, the nature and content of stabilizers, grain geometry, the degree of residual acidity, solvent
removal efficiency, and the thermal history of processing. Recent studies on the stability assessment
of single-base propellants confirm that composition, grain characteristics, and the degree of prior
decomposition strongly affect long-term behavior during storage [10-12]. From a formulation stand-
point, potassium sulfate is especially important because it has long been regarded as a traditional
flame-retarding additive, yet practical experience and available technical literature indicate that its
presence may be accompanied by unfavorable effects on chemical stability [5, 6]. In other words, the
reduction of muzzle flash may be achieved at the expense of a lower resistance of the propellant to
chemical degradation, depending on both composition and process conditions.

For this reason, the influence of flame retardants on propellant stability cannot be interpreted
only through the presence or absence of a given additive. It must also be considered through the full
technological route by which the gelatinized nitrocellulose (NC) mass is processed into the final grain.
The sequence of gelatinization, shaping, solvent removal, thermal treatment, and final polishing may
alter the distribution of components within the grain and affect the rate at which destabilizing pro-
cesses develop during storage. Consequently, a meaningful assessment of the role of potassium sul-
fate requires simultaneous consideration of both compositional parameters and production processing
history.

The present paper addresses this issue through a comparative analysis of three single-base pro-
pellants of different applications, designated NC-151, NC-48, and NCD-27, which all contain potas-
sium sulfate in their composition. By comparing their chemical composition, stabilizer content, and



39. MebUNARODNI KONGRES O PROCESNOJ INDUSTRIJI 79

key stages of technological processing, the paper aims to identify the parameters that most strongly
govern the final chemical stability of these materials. Stability will be evaluated using the Bergmann—
Junk parameter, and the results will be interpreted in the light of available theoretical principles and
manufacturing-specific features. The main goal is to define the most significant compositional and
technological factors by which the chemical stability of single-base propellants containing potassium
sulfate as a flame retardant can be controlled and improved.

1.1. Theoretical assumptions

The theoretical starting point of this study is that the chemical stability of single-base propel-
lants is not determined solely by the intrinsic reactivity of NC, but also by the combined effect of
formulation variables and processing history, especially the presence of residual solvents, phlegma-
tizators and other substances. Tomaszewski, Cieslak, and Zygmunt showed that processing solvents
remaining in smokeless powders significantly affect the thermal decomposition behavior of NC, with
residual water exerting the strongest destabilizing effect [13]. Wei et al. further demonstrated that
humectants such as water and ethanol modify the decomposition behavior and fire risk of NC [14],
while Zhang et al. showed that the choice of solvent system influences the thermo-stability of NC
gun propellants; notably, their data indicate that the diethyl ether/ethanol (DEE/EtOH) system gives
the lowest onset decomposition temperature among the compared solvent systems [15]. Taken to-
gether, these results suggest that the boiling and desolventization stage cannot be regarded as a purely
physical operation, because the nature and removal efficiency of volatile components may signifi-
cantly affect the later thermal behavior and stability reserve of the propellant grain.

From the standpoint of inorganic additives, the key mechanistic framework is provided by Katoh
et al., who showed that near-neutral salts, including K>SO, slightly shorten the induction time of NC
heat release, and that this effect depends on salt solubility. Their interpretation was that such salts in-
crease the boiling point of water, reduce its evaporation from the NC matrix, and thereby accelerate
hydrolytic degradation [5]. Our interpretation doesn’t align with this hypothesis, but the study itself is
very valuable since it determines induction time period for numerous inorganic salts including K2SOa.
In the context of the present study, this finding is particularly important because it links the destabilizing
effect of potassium sulfate not to a simple catalytic action, but to its influence on the physicochemical
environment within the propellant matrix during processing and early decomposition.

2. General technological procedure

The general manufacturing process of single-base propellants begins with the loosening and
proportioning of water-wet NC. This is followed by alcoholization, typically carried out using a hy-
draulic press, after which the alcoholized NC is subjected to gelatinization in kneaders, where diethyl
ether (DEE) is added in order to obtain a homogeneous colloided propellant mass. The resulting mass
is then press-molded and cut into the desired grain geometry, followed by transfer of the propellants
to chambers for preliminary solvent removal.

From this stage onward, the technological route differs depending on the propellant type. In the
case of large-grain propellants, such as NCD-27, solvent removal is performed by blowing inertized
air through the grains, this procedure is followed by boiling after which the propellant is dried (caisson
technology), finally the propellant is polished and sieved. For some fine-grain propellants, or for
propellants whose chemical composition does not permit boiling, such as NC-151, solvent removal
is carried out in a vacuum chamber. In the case of NC-48, the pressed propellant, after preliminary
solvent removal, is introduced directly into water and then boiled to remove the remaining solvent.
The propellant is subsequently dried and polished using a polyester-based polishing agent. In order
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to obtain grains with the required granulometric density and a smooth polished surface the NC-48
propellant is re-polished and finally sieved.

Thus, although the initial and final stages of production are generally common for single-base
propellants, the solvent-removal step represents the key technological difference that may signifi-
cantly affect the final properties and stability of the propellant.

3. Materials and methods

The chemical stability of the investigated single-base propellants was determined by the clas-
sical Bergmann—-Junk method using the Schulze-Tiemann subgroup for volumetric determination of
evolved nitric oxide. Since the tested propellant’s grains NCD-27, NC-151 and NC-48, are larger
size, the samples were chopped prior to analysis. The original grains were chopped into smaller pieces
of approximately 2.0 x 2.5 mm and sieved through 2.5 x 2.0 mm sieves, while the fraction retained
on the 2.0 mm sieve was selected for testing. Approximately 5.0 + 0.01 g of the prepared sample was
weighed into heating tubes of 220 + 5 mm length and 20 mm diameter, after which an absorption
nozzle was attached. Before heating, the prepared samples were dried at 100 °C for 5 h and then
allowed to cool to room temperature in a desiccator for about 4 h [16].

For the Bergmann-Junk test, the absorbent used for nitrogen oxide collection was 3% hydrogen
peroxide with a small addition of solid MnO>. The absorbent was carefully introduced through the
absorption nozzle into the heating tube containing the examined sample, and the assembled apparatus
was then heated in a thermoblock at 132 °C for 5 h. After heating, the apparatus was allowed to cool
to room temperature, and the absorbent solution in the heating tube was replaced without disconnect-
ing the heating tube from the absorption nozzle. The resulting solution was then subjected to classical
analytical filtration in order to obtain the filtrate for nitric oxide determination [16, 17].

In the Schulze-Tiemann subgroup, the filtrate was transferred into an acidic reaction medium
and mixed with KMnOs, FeCly, and technical HCI. The resulting mixture was placed in a round-
bottom flask connected to the gas-measuring assembly. Upon heating, nitric oxide was released and
passed through the system into a gas burette initially immersed in 30% sodium hydroxide solution.
The burette was then transferred into water, and the gas volume was read. A blank test was carried
out in the same manner using 3% H»>O> without sample. The measured gas volume was corrected for
the blank (equation 1). Particular care was taken during transfer of the gas burette from the NaOH
solution to water, since this step is critical for minimizing interference from atmospheric gases. The
final result was expressed as cm® NO per 5 g of propellant and used for comparative evaluation of the
chemical stability of the tested samples (equation 2).

(By—W)-Vg -273

= 1

. 760-T @
(By—W)-2V, 273

VNO(propeIIant) = - 760TT _Vl (2)

V1 (cm?®) — corrected volume of NO gases for blank test;

Bo (mbar) — the barometric pressure calculated on the standard pressure and temperature;
W (mbar) — the saturation vapor pressure of water at room temperature;

Vg (cm3) — the volume of NO gases from blank test experiment;

T (K) — measured temperature during experiment;

VNo(propeliant) (€M) — corrected volume of NO gases from test experiment;

V7 (cm®) — the volume of NO gases from test experiment
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Samples of the three propellants were taken from finished production series of each single-base
powder. For each propellant, seven different series were analyzed. Unless otherwise stated, all chem-
icals used for determination of the Bergmann—Junk parameter were of analytical grade.

4, Results and discussion

In the Table 1 are given corrected volumes of NO gas evolved during standardized Bergmann—
Junk (BJ) procedure.

Tablel: Bergmann-Junk parameter (cm® NO/ 5g of propellant)
for NCD-27, NC-151 and NC-48

NCD-27
S.A s.B s.C s.D s.E s.F s.G mean value
5.32 5.84 5.38 5.28 5.28 6.93 5.06 5.58+0.64
NC-151
s.A s.B s.C s.D s.E s.F s.G mean value
5.18 4.08 5.11 4.77 4.00 3.05 4.82 4.43+0.76
NC-48
S.A s.B s.C s.D s.E s.F s.G mean value
7.21 6.16 6.30 10.56 11.34 7.67 5.81 7.91+2.20

As shown in Table 1, the Bergmann—Junk (BJ) parameter varies considerably among different
series of propellant NC-48, whereas the scatter is markedly lower for NCD-27 and, especially, for
NC-151. This behavior is consistent with the technological route described in Section 2, where NC-
48, after preliminary solvent removal, is introduced directly into water and subjected to boiling. Ac-
cording to empirical production experience, the BJ value increases during the boiling stage and usu-
ally reaches its maximum during the final boiling regime, when the water temperature attains the
highest value prescribed by the technological procedure. For that reason, the BJ parameter is deter-
mined after the final boiling stage in order to assess whether the propellant is suitable for further
processing. In later stages of manufacture, the BJ value tends to decrease, which may be attributed to
the stabilizing effect of diphenylamine, the conventional stabilizer used in many single-base propel-
lants, including the three materials examined here [11,12,16].

Available literature provides a plausible explanation for this behavior. The stability of nitrocel-
lulose-based propellants is strongly influenced by formulation variables, solvent content, residual
moisture, and the applied technological procedure [11-15]. In particular, the presence of residual
processing solvents and water has been shown to affect the decomposition behavior of NC, while
increased moisture content promotes hydrolytic degradation and shifts the system toward lower ther-
mal stability [10,13-15]. This effect appears to be most pronounced in NC-48, where NC, residual
solvent, and water are simultaneously present during boiling. For practical industrial application, par-
ticular attention should be paid to the boiling stage of NC-48 processing, especially during the initial
boiling regimes when the solvent content inside the propellant grain is still relatively high. The ob-
tained results suggest that careful control of the water temperature increase, particularly during the
early stages of boiling, may represent an important process measure for reducing BJ parameter vari-
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ability and preserving the chemical stability of the propellant. The situation becomes even more im-
portant when K>SO is also present in the grain. Therefore, the present results suggest that K2SO4
does not necessarily destabilize NC on its own, but its destabilizing contribution becomes signifi-
cantly more pronounced when the propellant matrix contains elevated solvent content and is simul-
taneously exposed to water during processing. This interpretation is supported by the behavior of NC-
151, which contains a high amount of K>SO4 (47.0 = 1.0 wt.% [12]) but exhibits much smaller BJ
variation than NC-48, indicating that the technological environment in which the salt is present is at
least as important as its concentration. By contrast, in NCD-27, where the grain contains dinitrotolu-
ene and dibutyl phthalate, the variability of BJ is substantially reduced. Besides facilitating gelatini-
zation, these additives likely improve the protection of the NC matrix against the combined influence
of water and flame retardant, thereby reducing the extent of destabilization during processing. In this
sense, the results in Table 1 indicate that the final chemical stability of single-base propellants is
governed not only by the presence of flame retardants, but by the combined action of composition,
solvent-removal history, water exposure, and gelatinization formulation additives [5,11-15].

5. Conclusions

The obtained results indicate that the chemical stability of single-base propellants is determined
by the combined influence of composition and technological processing. The highest variability of
the Bergmann-Junk parameter was observed for NC-48, which is consistent with its technological
route involving direct contact with water during boiling in the presence of residual solvents. In con-
trast, NCD-27 and NC-151 showed lower variation, indicating that the presence of gelatinization
and/or phlegmatization additives and the absence of such unfavorable processing conditions improve
stability behavior. The results further suggest that potassium sulfate should not be considered an in-
dependently dominant destabilizing factor; instead, its negative influence becomes critical when com-
bined with high solvent content and direct water contact during processing. Therefore, the final chem-
ical stability of single-base propellants depends on the interaction between flame retardant content,
solvent-removal history, water exposure, and the presence of formulation components that protect the
nitrocellulose matrix.
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