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Abstract

Particle size and content of RDX are the two main factors that affect the burning stability of RDX-based propellants.
However, these effects and the corresponding mechanisms are till controversial. In this work, we investigated the
physicochemical processes during burning and the corresponding mechanisms through the technologies of structure
compactness analysis on the base of voidage measurement and theoretical interfacial area estimation, apparent burning
rate measurement using closed vessel (CV) and extinguished burning surface characterization relying on interrupted
closed vessdl (ICV) and scanning electron microscope (SEM). The results indicate that the voidage increased with the
increase of RDX content and particle size due to the increasing interfacial area and increasing interface gap size,
respectively. The apparent burning rate increased with the increase of RDX particle size because of the decreasing RDX
specific surface area on the burning surface, which could decrease the heat absorbing rates of the melting and evaporation
processes of RDX in the condensed phase. Similarly, the apparent burning rate decreased with the increase of RDX
content at pressures lower than around 55 MPa due to the increasing RDX specific surface area. Whereas, an opposite
trend could be observed at pressures higher than around 55 MPa, which was attributed to the increasing heat feedback
from the gas phase as the result of the increasing propellant energy. For propellants containing very coarse RDX particles,
such as 97.8 and 199.4 um average size, the apparent burning rate increased stably with a flat extinguished surface at
pressures lower than around 30 MPa, while increased sharply above around 30 MPa with the extinguished surface
becoming more and more rugged as the pressure increased. In addition, the turning degree of u-p curve increased with
the increase of coarse RDX content and particle size, and could be reduced by improving the structure compactness.

Keywords: RDX particle size and content, structure compactness, apparent burning rate, extinguished surface, burning
stahility
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Abstract

Particle size and content of RDX are the two maictdrs that affect the burning stability of RDX-bdspropellants.
However, these effects and the corresponding mésnanare still controversial. In this work, we istigated the
physicochemical processes during burning and threegponding mechanisms through the technologiestrotture
compactness analysis on the base of voidage measnrend theoretical interfacial area estimatigpaaent burning
rate measurement using closed vessel (CV) andgexsined burning surface characterization relyingirgarrupted
closed vessel (ICV) and scanning electron microsq@EM). The results indicate that the voidagedased with the
increase of RDX content and particle size due ® iticreasing interfacial area and increasing iaterfgap size,
respectively. The apparent burning rate increasédthe increase of RDX particle size because efdbcreasing RDX
specific surface area on the burning surface, wbizhid decrease the heat absorbing rates of thingnaind evaporation
processes of RDX in the condensed phase. Simildmty,apparent burning rate decreased with the aseref RDX
content at pressures lower than around 55 MPaaltieetincreasing RDX specific surface area. Wheraaopposite
trend could be observed at pressures higher thmamdr55 MPa, which was attributed to the increasiegt feedback
from the gas phase as the result of the incregmsimgellant energy. For propellants containing vewgrse RDX patrticles,
such as 97.8 and 1994n average size, the apparent burning rate increstsddly with a flat extinguished surface at
pressures lower than around 30 MPa, while increatealply above around 30 MPa with the extinguiskadace
becoming more and more rugged as the pressureasemteln addition, the turning degreeugb curve increased with
the increase of coarse RDX content and particke, siad could be reduced by improving the struatorapactness.

Keywords. RDX particle size and content, structure compasnapparent burning rate, extinguished surfacenirtoy
stability

1 Introduction

The nitramines, such as cyclotrimethylene trinitirrcan(RDX) and cyclotetramethylene tetranitramineM(k), are
widely used in the fields of solid rocket and gunpulsion™®.. It is well known that the incorporation of RDX BiMX

into propellant formulations could significantlycirease the energy level and change the combustiaracteristics of
the propellants. However, although much work hasnbdevoted to investigating the decomposition ammhbistion
properties of nitramine monopropellants and nitrempropellants®!, the knowledge of combustion mechanisms of
nitramine propellants, including both physical am&mical processes, is still unsufficient.

In general, for RDX-based propellants, the comlomstivave structure can be segmented into three negjions:
solid-phase, subsurface liquid-gas phase and gasepiegime&™ ™%, Many studies have suggested that, during burning,
all the RDX in the propellant firstly undergoes feetmodynamic transition to liquid state when thengerature
approaches its melting poift”. Subsequently, rapid decomposition and evaporatibiRDX takes place in the
subsurface liquid-gas phal& %8 Then, the intermediate gasification products athithe RDX and binders continue
to oxidize intensely to final gas products in thes ghase, producing enormous endtgyin this scenario, the melting,
decomposition and evaporation processes of RDXcansidered to occur in the condensed phase ancothbustion
behavior of the RDX-based propellant follows the laf burning in parallel layers. Therefore, the rgyeto sustain the

physiochemical processes of condensed phase mimdlydes the heat feedback from the gas phase aatl df
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decomposition, with the effects of heat feedbaakdasing for increasing combustion presstié”. Meanwhile, heat
absorption also occurs in the condensed phasedatietendothermic melt and evaporation of RDX. Heevein a
different scenario it was suggested that, duringibg, the coarse RDX particles which were tootbignelt, decompose
and evaporate in time in the propellant conden$ed® would be ejected out to decompose and buheigas phadé"
221 Consequently, the heat absorption caused by #itngm and evaporation processes of RDX would heefesed and
the burning surface area would be increased. Tdngcture was used to explain why the apparentibymate increased
with the increase of RDX particle size. If the carstion behavior of coarse RDX-based propellant daliverge from
the law of burning in parallel layers and the réegl deflagration process would influence the costion stability.
Furthermore, in the apparent burning rate versasgure curve, there should be a turning point sinaap increase of
apparent burning rate and, intuitively, the coroespng extinguished burning surface should be rdgdgéowever,
experimental results are not always in agreemetit wiis conjecturéd?®, That is, the detailed physiochemical
processes during the burning of RDX-based propesllare controversial.

Therefore, this study presents a study on the tsffet RDX particle size and content on the burnétgpility of
RDX-based propellants. We focus on the investigatiof the physicochemical processes during burréhgng on the
technologies of structure compactness analysisaraepp burning rate measurement and extinguishedirmusurface
characterization.

2 Materials and Methods

2.1 Materials

Five types of RDX (with mean particle sizes of 312,9, 34.3, 97.8 and 199n, respectively) were obtained from
Gansu Yinguang Chemical Industry Group Co., LtdCbfna which were produced by synthesis and redligstaon.
The particle size distributions and morphologies ahown in Fig. 1 and 2, respectively. Nitrocelddlo(NC, 12.6
nitrogen percent), nitroglycerine (NG) and triethnyglycol dinitrate (TEGDN) were obtained from LamhChemical
Industry Group Co., Ltd of China. A series of 15NE/NG/TEGDN/RDX propellant formulations based dffedent
particle sizes and contents of RDX were manufadtf@ble 1). The basic formulation ZT (6#) selectedthis study
comprises 59.21% NC, 28.51% NG, 9.67% TEGDN, 2.@88%| centralite, 0.55% Tig) theoretical force constant (J/g)
were calculated using REAL software 3.0. As showifable 1, most of the propellants were prepareddnyentional
solvent method () using 25% by mass solutions of acetone and alce®®0, and were made into single-perforated
shaped strands with a web size of 1.8 osimg a hydraulic press of 60 tonnes capacityréieioto study the influence of
structure compactness on the burning stability, ftrenulation containing 97.¢m RDX was also prepared by two
special modified methods](and ) to increase the structure compactness of theefieaph by increasing the extrusion

pressure gradually.
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Fig. 1 Particle size distributions of RDX.
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Fig. 2Morphologiesof RDX: (a) 3.7um; (b) 12.9um; (c) 34.3um; (d) 97.8um; (e) 199.4m.

Table 1 Formulations and structure compactnessrmess of RDX-based propellants.

Ingredients (mass/%) Density/(g-&m \oidage Theoretical Theoretical

No. Burning stability

ZT Binder RDX fim Theoretical ~ Apparent (100%) interfacial area/(cfg?)  force constant/(J-Y
1# 70 30 (3.7) 1.675 1.660 0.865 2678.89 1197.63 stable
2# 70 30 (12.9) 1.675 1.659 0.944 1304.20 1197.63 stable
3# 70 30 (34.3) 1.675 1.659 0.958 288.98 1197.63 stable
a# 70 30 (97.8) 1.675 1.624 3.063 97.56 1197.63 unstable
5# 70 30 (199.4) 1.675 1.616 3.494 49.71 1197.63 unstabl
6# 100 0 1.613 1.608 0.305 0 1116.34 stable
T# 90 10 (12.9) 1.634 1.628 0.333 434.73 1143.74 stable
8# 80 20 (12.9) 1.654 1.641 0.778 869.46 1170.84 stable
o# 60 40 (12.9) 1.695 1.671 1.448 1738.93 1224.03 stable
10# 90 10 (97.8) 1.634 1.624 0.574 32.52 1116.34 stable
11# 80 20 (97.8) 1.654 1.637 1.053 65.04 1170.84 stable
12# 75 25 (97.8) 1.665 1.643 1.274 81.30 1184.27 poor stable
13# 70 30 (97.8) 1.675 1.649 1.512 97.56 1197.63 poor stable
14# 65 35 (97.8) 1.685 1.648 2.188 113.82 1210.85 unstable
15# 70 30 (97.8) 1.675 1.657 1.038 97.56 1197.63 stable

Note: 1#-9# were prepared by the conventional ntethdl0#-14# were prepared by the modified method 5# was prepared by the modified methad

2.2 Methods

The apparent densitypd measurements of the propellants were carried wsibhg the pycnometer method
(MIL-STD-286C, 510.1.1), whereby the densities waetermined by comparing the densities of the fdlapts with the
density of water at 15.6 °C. The theoretical dgn@y) was estimated based on the following equation:

pr = i1 @i " pi (1)



where,w;, p; andn are the mass fraction, actual density and totalbrirof the ingredients, respectively.
Then, the voidage) was defined by the following expression:

V=(1-p./p) 100% @
The theoretical interfacial are8)(per unit mass of the propellant was calculatexetian the following formula:
S=N-s=[1-w/(4 nRp/3)] [4-1-R?] =3 w/Rp) @3

where,s, R andp are the surface area, radius and density of pet R&rticle, respectively\ is the number of RDX
particles in per unit mass of the propellant.

The propellant combustion was evaluated in a 10Datosed vessel (CV) at 20 °C. The test loading iemgs 0.20
g/cnt. The ballistic parameters, i.e. apparent burnatg if), burning rate coefficientj and pressure exponent)(
were calculated from the results of CV tests. Tiopellant apparent burning rate vs. presspyevas described in terms
of the Vieille’ Law:

r=p-p“ 4

The dynamic vivacityl() was calculated as the following definition (STABAI115):

L= (dp/dt)/(p* pm)

wheret is the burning timep,, is the maximum combustion pressure.

Rapid extinction of the propellant samples wasiedrout in an interrupted closed vessel (ICV) (£66) which could
control the extinction pressure by the break-thtourf a pressureproof copper sheet with differeritkiess.
Consequently, the propellants were suddenly exghmute an evacuated tank which had a thick linirigh@rmally
resistant polyurethane foam on the wall to captiieepropellants softl{f”). The thicknesses of the pressureproof copper
sheet used in this test were 1.2, 1.5, 1.8, 29#n and the corresponding extinction pressures @@y 48, 75, 100 and

125 MPa, respectively. The morphology of the exiisbed propellant surface was characterized bynsegrelectron
microscope (SEM, FEI, Quanta 250 FEG).

3 Results and Discussion

3.1 Structure Compactness Characterizations

The voidage versus RDX content and particle sizgesuare shown in Fig. 2a and 2b, respectively. ddreesponding
structure compactness parameters are summarizédhle 1. It can be seen that the RDX content anticfe size
played a great role on the structure compactnesiseoRDX-based propellant. From Table 1 and Fig.o2& can find
that the density of the RDX-based propellant insegla with the increase of RDX content. Unexpectedig
corresponding voidage of the propellant increadethea same time because of the increasing numbéreointerface
between ZT binder and RDX particle (Table 1). Om t¢ther hand, from Table 1 and Fig. 2b, one cartedghe density
of the RDX-based propellant decreased with thesimging of RDX particle size and, especially, whHenparticle size is
larger than 34.3m, the voidage increased sharply. This is mainky tiuthe fact that, although the theoretical isteid!
area decreased with the increase of RDX partide, she adhesive force of ZT binder to RDX partisies decreased
because of the RDX particle size larger than thefider diametef®. As a result, the gap size of the interface was
increased. That is, the structure compactness eofptbpellant prepared by conventional method dsectavith the
increasing of the RDX content and particle sizéerastingly, when the extrusion pressure was isg@agradually, the
density of the propellant containing 97 RDX particles was increased and the voidage wasedsed effectively.
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Fig. 3 The voidage versus RDX content and partice surves of RDX-based propellants.
3.2 Burning Properties

Fig. 4a and 4b show thep curves and.-p/p,, curves of the RDX-based propellants containinfediint particle sizes of
RDX (30% by mass), respectively. From Fig. 4a, cae see that the apparent apparent burning rateaised with the
increase of RDX particle size. This can be atteduto the expection that, for RDX-based propelt#gnwvhich the melt,
decomposition and evaporation processes of RDX wensidered to occur in condensed phase, whenihe garticle
size was increased, the RDX specific suface orbtliaing surface was decreased, resulting in theedse of the heat
absorbing rates of the RDX melt and evaporatiorcgsses in condensed phase. Therefore, the heaistains the
degradation of RDX and binder was increased andaggarent burning rate was increased. On the dtaed, the
apparent burning rates of the propellants contgiBifr, 12.9, 34.3im RDX particles increased stably with the increase
of pressure, while the apparent burning rates efptopellants containing 97.8 and 198m RDX patrticles increased
sharply above around 30 MPa. From Fig. 4b, forptepellants containing 97.8 and 199 RDX particles, an abrupt
increase of thé&-p/p,, curve is also observed affefp,,= 0.15 approximately, which is not in agreementvtite neutral
burning behavior of propellant with single-perfaoat structure, like those of the propellants cariteg 3.7, 12.9, 34.3
um RDX particles. This is dangerous for high-pressueapons or rockets because, if the initial champbessure is too
high or increases too fast, it can result in baenature or even worse accident. A probable refsathis deflagration
phenomenon is that the structures of the 97.8 &%d4lum RDX-based propellants were very loose, accortlinthe
voidage results as described above, and the erésiomthe gas phase to the interface gap betweeX &idl binder on
the burning surface was intensified with the inseeaf pressuré?. Thus, the 97.8 and 1994n RDX particles could be
ejected out from the condensed phase of the paojislto decompose and burn in the gas phase atmweda30 MPa.
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Fig. 4u-p curves and.-p/p,, curves of 30% RDX-based propellants containingediffit particle sizes of RDX.

Fig. 5 presents the-p curves of the RDX-based propellant containingedéht contents of 12,m RDX particles. It
can be seen that the apparent burning rates girtyellants containing 0%, 10%, 20%, 30% and 409 jigh RDX
particles increased stably with the increase ofquree, implying that the 12in RDX particles melts, decomposes and
evaporates in the condensed phase of the propditaatidition, the apparent burning rate decreagtdthe increase of
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RDX content at pressures lower than around 55 MPde there was an opposite trend when the pressasshigher
than 55 MPa approximately. Surprisingly, the appgalrirning rate of the propellant containing 10%>XR@as alway
lower than that of the ZT propellant. The influemfeRDX content on the apparent burning rate isntyadue to the fact
that when the RDX content was increased, the RDa¢ hbsorption in the condensed phase was incresssdiing in
the decrease of the apparent burning rate at l@sspres. On the other hand, the heat feedback tirengas phase
increased with the increase of RDX content becafiske increasing energy of the propellant (as shawTable 1) at
the same time, especially at high pressures. Towerethe apparent burning rate was increased &t grigssures. This
further reveals the importance of the endotherngtting and evaporation process of RDX in the cosddrphase on the
combustion properties of RDX-based propellants.

ul(cm sy

ZT+12.9 pm RDX

30%
40%,, 4

wiem-s)

p:‘Mpﬂ
(a)

100
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150
p/MPa
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200 250

Fig. 5u-p curves of the 12.gm RDX-based propellant containing different masstfoas of RDX.
Fig. 6a and 6b show thep curves and.-p/p,, curves of the RDX-based propellants containinfedght contents of

97.8um RDX particles, respectively. From Fig. 6a, ona sae that, for 97.8m RDX-based propellants, the turning
degree ol-p curve around 30 MPa increased with the increa$eDof content. This can be attributed to the faet the
compactness of the 978n RDX-based propellant became looser when the R&Xent was increased and herein, the
percent of coarse RDX which could be ejected ominfthe condensed phase to decompose and burn gathphase
above around 30 MPa was increased. From Fig. &dcan find that, when the RDX content was increates_-p/pn,
curve gradully diverged from the neutral burning laf propellant with single-perforation structuikel that of the ZT
propellant, which indicates a burning instabilifydd.8 um RDX-based propellant.
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Fig. 6u-p curves and.-p/p,, curves of 97.8&um RDX-based propellant containing different masstfoams of RDX.
To further testify the influence of the structuepactness on the burning stability, thp curves and.-p/p,, curves
of three RDX-based (978m RDX, 30% by mass) propellants with different \amés are displayed in Fig. 7. From Fig.
7a one can see that, when the pressure was loaer3® MPa approximately, the apparent burning ratdabe three

propellants were similar and increased stably i increase of pressure, while, above 30 MPagctimge turning
6



degree of theu-p curve increased with the increase of propellantdage. Interestingly, when the the structure
compactness was high enough, thp curve of the 97.&im RDX-based propellant with the voidage of 1.0388ald
increase stably without turning point, like thodettee propellants containing 3.7, 12.9, 34r& RDX. In this case, the
97.8um RDX particles are believed to melt, decomposeevaporate in the condensed phase of the propeliimthe
voidage of 1.038%. This can be further confirmedH®L-p/p,, curves (Fig. 7b). One can see that, when the fespe
voidage was increased, the extent of the abrupease ofL-p/p, curve at the early process became more serious
whereas thé.-p/p,, curve of the propellant with the voidage of 1.038%ebserved in great agreement with the neutral

burning law of propellant with single-perforatiomnsture.
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Fig. 7u-p curves and.-p/p, curves of 30% 97.8m RDX-based propellant with different voidages.
3.3 Extinguished Burning Surface Characterizations
To further validate the physiochemical processeainduburning of the examined RDX-based propellastanples of
these propellants were subjected to the rapid etidim analyses. Fig. 8 ~ Fig. 11 illustrate the SEhges of the raw
surfaces and extinguished surfaces subjected toctgh pressure (125 MPa) of the 3.7, 12.9, 3489.4 uym
RDX-based propellants, respectively. From Fig. &ig. 10, one can see that there were many irrdguRDX
recrystallization particles on the extinguishedfates of the 3.7, 12.9, 348n RDX-based propellants which were
melting before rapid extinction and different fren@ RDX morphologies on the raw surfaces. Neves®Ifrom Figure
10, one can see that there were many big holeReoaxtinguished surfaces of the 198mM RDX-based propellant and
these holes were slightly bigger than the origlRBIX on the raw surfaces. These phenomena wereeist gigreement
with the burning rate results and confirmed theesponding conjecture above.

50 pwm

@ | (b
Fig. 8SEM images of the 3.im RDX-based propellant: (a) raw surface; (b) extisged surface (125 MPa).
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Fig. 11SEM images of the 199;4m RDX-based propellant: (a) raw surface; (b) extisged surface (125 MPa).

Fig. 12 illustrates the SEM images of the extinbais surfaces of the 97, 8n RDX-based propellants with the
voidage of 3.063%, which were subjected to diffeeetinction pressures (26, 48, 75, 100 and 125)MIPaan be seen
that the extinguished propellant surface extingeistnder 26 MPa was relatively flat with only sosneall holes which
were much smaller than 97u81. However, when the extinction pressure was irsg@athe extinguished surface became
more and more rugged, and some big holes largar@fa@8um appeared on the surface. Noticeably, the sizenantber

8



of these holes increased with the increase of xtiaation pressure. These phenomana in great agreement with the
ballistic results as described above.

I'mm

@ " b

1 mm 1 mm

I'mm =~ o L ; 1 mm

Fig. 12SEM images of the extinguished surfaces of the &RDX-based propellantith thevoidage of 3.063%: (a)
raw, (b) 26 MPa, (c) 48 MPa, (d) 75 MPa, (e) 100ayifh) 125 MPa.

Additionally, the SEM images of the extinguishedfaces of the 97.@m RDX-based propellant with the voidages of
1.512% and 1.038%, which were subjected to thenetiin pressure of 125 MPa are presented in FigFddn Fig. 12f
and Fig. 13, one can see that the extinguishedsuifecame more and more flat when the compaaothdiss 97.8um
RDX-based propellant was increased. Interestirigly,extinguished surface of the 97u®& RDX-based propellant with
the voidages of 1.038% was flat and there wereargelholes on the surface, even when it was exshgd at 125 MPa.
This further confirms that the RDX content and jgéetsize, together with the compactness of thegltant, are all
important factors that influence the burning sigbdf the RDX-based propellant.
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(a) (b)
Fig. 13SEM images of the extinguished surfaces (125 MP#)eo97.8um RDX-based propellantith different
voidages: (a) 1.512%, (b) 1.038%.

4 Conclusions

In this paper, the effects of RDX particle size aathtent on the burning stability of RDX-based mitamts and the
corresponding physicochemical processes duringigimere investigated. The following conclusions b& made:

(1) The structure compactness of the propellarmgresl by conventional methods decreased with tireasing of the
RDX content due to the increasing number of therfate between ZT binder and RDX particle. On ttieeiohand,
although the theoretical interfacial area was desad with the increase of RDX particle size, theead/e force of ZT
binder to RDX particle was decreased because dRIng particle size larger than the NC fiber diamefes a result, the
gap size of the interface was increased and theesmonding structure compactness of the propepaspared by
conventional method was decreased.

(2) The apparent burning rate increased with tleeise of RDX particle siz&his is because when the particle size
of RDX was increased, the RDX specific surface ameahe burning surface was decreased, resultitigeiecrease of
the heat absorbing rates of the melting and evéipararocesses of RDX in the condensed phase. Tdrerghe heat to
sustain the degradation of RDX and binder was as®d and the apparent burning rate was increased.

(3) The apparent burning rate decreased with thee&se of RDX content at pressures lower than ar@snMPa,
while there was an opposite trend at pressureshitfan 55 MPa approximately. This is due to ttet fat when the
RDX content was increased, the RDX heat absorptidhe condensed phase was increased, resultiagdecrease of
the apparent burning rate at low pressures. Omtter hand, the heat feedback from the gas phaseaised with the
increase of RDX content because of the increasiagglant energy, especially at high pressuresiltiag in an increase
of the apparent burning rate at high pressures.

(4) For propellants containing very coarse RDX iphes, such as 97.8 and 19%wh RDX average size, the apparent
burning rates increased stably at pressures Idvaer around 30 MPa, while increased sharply abawenar 30 MPa, and
the turning degree afi-p curve increased with the increase of RDX contert particle size. On the contrary, the
apparent burning rates of the propellants contgifime RDX particles, such as 3.7, 12.9, 3dgim8 RDX average size,
increased stably with the increase of pressuréénwthole pressure interval. This can be attribuitethe fact that the
compactness of the coarse RDX-based propellanniet@oser when the RDX content and particle sizeevwrgcreased,
and the erosion from the gas phase to the intedapebetween RDX and binder on the burning surfea® intensified
with the pressure increase. Herein, coarse RDXdcbelejected out from the condensed phase to dexsagmd burn in
the gas phase above around 30 MPa.

(5) The extinguished propellant surface of the 9rBRDX-based propellant was flat when the extincioassure

10



was lower than around 30 MPa, while it became namick more rugged (with some big holes larger thaB @n on the
surface) when the extinction pressures were higher around 30 MPa. Interestingly, the extinguiskedace became
more and more flat when the compactness of the P8RDX-based propellant was improved by increasimg t
extrusion pressure gradually. That is, the bursitadpility of RDX-based propellant could be improumsdincreasing the
structure compactness. This is in great agreemiéntle combustion phenomeaa discussed in this paper.
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