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ABSTRACT

The influence of fullerene additives on the combustion behaviour of cyclotrimethylene trinitramine/ammonium
perchlorate composite modified double-base (RDX/AP-CMDB) propellants are investigated by thermogravimetric-
differential thermogravimetric (TG-DTG) analysis, burning rate tests, and scanning electron microscopy
observations. The difference between lead salicylat®) and bismuth citrate acid {GBi) as combustion
modifiers has also been examined. TG-DTG investigations show that the addition of all additives advanced and
accelerated the evaporation of nitroglycerin (NG). The addition of Extracted Fullerene Soot (EF8) C
carbon black (CB) additives obviously accelerated the liquid phase decomposition of NG. Also, the solid phase
decomposition ofiitrocellulosgNC) and the liquid phase decomposition of RDX were accelerated by 0.5 per
cent Fullerene Soot (FS)/2.5 per cedl-Bi/0.5 per cent copper adipic acid@l) composite catalyst. The
addition of all composite catalysts promoted the decompositiamwhonium perchloratép) except 0.5 per
cent EFS/2.5 per cent ICBI/0.5 per cent J-Cu composite catalysts. It is well known that there exists dark
zone in the flame structure of RDX-CMDB propellant, but in our observation, the dark zone vanished with the
addition of 10 per cent AP to the forenamed propellant. The burning rates were increased at low pressure but
reduced at high pressure by all catalysts except 0.5 per cent EFS/2.5 perleBil0G per cent Luand 0.5
per cent C/2.5 per cent T-Bi/0.5 per cent Lu which reduced the burning rates at every tested pressure.
The pressure exponents of tested propellants were reduced by 0.5 per cent FS/2.5 gérBiéhb@er cent
J-Cuwith a factor of 17 per cent. The quenched surface observations significantly differed with the additions
of diverse composite catalysts, which were consistent with the burning rate results.
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1. INTRODUCTION

Numerous experimental and theoretical investigations
have been carried out on the combustion of nitramine
solid propellant2 Since RDX is an energetic material in
RDX composite modified double-base (RDX-CMDB) propellant,

itis used as a major oxidant of propellants and explosives.

However, the main disadvantages of RDX-CMDB propellants
are the existence of dark zone, high pressure expongnt (
value** and decrease in the burning rates with increase

in the energy contained in the unit mass of the propellants.

The dark zone in the flame structure of RDX-CMDB propellant
vanishes with a small amount of ammonium perchlorate
(AP) and this kind of propellant is labeled as RDX/AP-
CMDB propellant. Also, a large number of experiments
have been carried out to lower the pressure index of RDX-
CMDB propellants by traditional burning rate catalysts such
as lead salicylate, but these have met with the limited
application8®. Researchvas carried out titncorporate the
composite catalysts into RDX-CMDB propellants. Fullerenes

et al. reported that the fullerenes on the burning surface
formed thermally stablePb C, active site through the
microstructure observation of quenched surfacddaoble
basepropellant with lead salt.

In this study, the effect of fullerene additives on the
combustion behaviour of RDX/AP-CMDB propellants, which
contained a RDX concentration of 20 per cent, AP concentration
of 10 per cent ,were investigated by thermo-gravimetric-
differential thermogravimetric (TG-DTG) analysis, burning
rate tests, and scanning electron microscopy observations.
The difference of lead salicylaté®{Pb) and bismuth citrate
acid (d1-Bi) as combustion modifiers was also examined.

2. EXPERIMENTAL
2.1 Ingredients

To study the effect of fullerene additives on the
combustion behaviour of RDX/AP-CMDB propellants and
the difference of lead and bismuth salts as combustion
modifiers, seven types of propellants (P-1~P-7) were prepared

are reported to be used as additives capable of increasingby rolling process. The detailed chemical ingredients of

burning rates and lowering the concentratioiNGf in gas
combustion products of RDX-CMDB propellants with
incorporation of lead salts and copper salts modiffets®,

the reference propellants and burning rate catalysts are
shown inTable 1 ad 2. During this study,sample consisting
of 20 per cent RDX, 10 per cent AP, 29 per cent nitrocellulose
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Table 1. Weight percentage of basic ingredients in the reference propellant

Ingredients RDX AP NC NG Additives Catalyst
Content (%) 20 10 29 325 5.0 35

Note: (i) The granularities of RDX ar® 8m and 50 um with a weight ratio of 1:1; (ii) The granularity of AP is in the range of
120200 um; (i) N % of NC is 12.6.

Table 2. Components of the burning rate catalysts (weight percentage)

Sample CB FS EFS Go ®-Pb CII-Bi J-Cu
P-1
p-2 0.5 — - - - 2.5 0.5
P-3 0.5 25 0.5
P-4 0.5 25 0.5
P-5 0.5 25 0.5
P-6 0.5 25 0.5
P-7 0.5 25 0.5

Note: (1) CB: carbon black; (2) FS: fullerene soot (comprised of 10% fullerenes and 90% carbon black); (3) EFS: extracted fulle
soot (contains about 80&, and 20% G); (4) ®-Ph: phthalic acid lead; (5CII-Bi: bismuth citrate acid; (6) Gu: adipic
acid copper; (7) ---: without this component.

(NC) and 32.5 per cent nitroglycerin (NG) is made as a dia was used for ignition, and it had a tight contact with
reference propellant. Other six types of RDX/AP-CMDB propellants the upper surface of the slab. Two transparent windows
were prepared bgdding different ingredients of fullerene  were designed in the opposite positions of the combustion
and CB burning rate catalysts to the reference propellant. Thechamber. This sealed combustion chamber was filled with
granularities of the RDX particles used ara@®®and 5Qum 3.0 MPaN,. The sample was ignited; then suddenly reducing
with a weight ratio of 1:1. The granularity of AP was in the the pressure and extinguishing the flame through proper
range of 120-20@m and theN per cent of NC is 12.6. control of the burning process, a plain quenched sample
surface was obtained.
2.2 TG-DTG Studies of RDX/AP-CMDB Propellants
with Fullerenes Burning Rate Catalysts 3. RESULTS AND DISCUSSION
TG-DTG curves were obtained by Shimadzu TGA-50 3.1 Effects of Fullerenes Additives on Thermal
thermogravimetric instrument. The sample cup was aluminum Decomposition of RDX/AP-CMDB Propellants
oxide crucible and the temperature range employed was When 3.0 mg samples were heatedly©, pans without
30-600 °C with a heating rate of 10 °C/min. The shielding cover, the DTG curves recorded are shown in Figs 1 and
gas was high-pure nitrogen atmosphere with a purge rate 2. Melting of NG started even at about 50 °C and the
of 25 ml/min. The sample mass was 3 mg in each run. decomposition rate was quickened with elevation in
temperature. The peaks in the region of 139-146 °C belongs
2.3 Burning rate tests to adsorbed water and these processes should be weakly
The dimension of each strand was 4x4 mm in cross reflected in the TG curves.
section and 160 mm in length. The burning rates were The peaks at about 190-260 °C in the DTG curves of
measured by a conventional Crawford bomb with a coating P-1 correspond to the decomposition of NG. These two
and inhibition layer of the free surface of strands to enable peaks are coincident with the addition of 0.5 per cent EFS/
a true cigarette burning behavior. The onset of propellant 2.5 per centb-Pb/0.5 per cent Lu, 0.5 per cent EFS/2.5
strands was ignited using electrically heated nichrome per cent CI-Bi/0.5 per cent Lu and 0.5 per cent JJ
wire for various nitrogen pressures of 2, 4, 6, 8, 10, 12 2.5 per cent T-Bi/0.5 per cent Luand disappeared with
and 14 Mpa with a constant initial temperature of 20 °C. the addition of 0.5 per cent CB/2.5 per ceii-Bi/0.5 per
Three parallel tests were made at each pressure to ensureent JCu. Due to the spherical structure of EFS ang C
the credibility of the experimental results. in the composite catalysts, the decomposition products
such asNO,, H,O and acid, etc were absorbed on the
2.4 SEM Observations of Quenched Surface of RDX/ surface of NG, so the oxidation and hydrolysis reactions
AP-CMDB Propellants with Additives showed evidently to be auto-accelerated. The heats released
For the sake of investigating, the quenched surface from these reactions were accumulated in the condensed
of RDX/AP-CMDB propellants with fullerenes additives, phase and this in turn accelerated the decomposition reactions.
the propellant is sliced into a slab with a dimension of The addition of FS composite catalysts didn’t affect the
5x2x15 mm. The tested slabs without inhibitor were stuck thermal decomposition of NG.
on a stainless-steel plate. A nichrome wire with 0.3 mm The peaks in the region of 190-260 °C belong to the
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Figure 1.DTG curves of the tested propellants, P-1: reference
propellant; P-2: with 0.5 per cent CB/ 2.5 per cent
CII-Bi/0.5 per cent JCu; P-3: with 0.5 per cent
FS/2.5 per cent®d-Pb/0.5 per cent JCu; P-4: with
0.5 per cent FS/2.5 per cent TU-Bi/0.5 per cent
J-Cu.
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Figure 2. DTG curves of the tested propellant, P-5: with
0.5 per cent EFS/2.5 per cen®-Pb/0.5 per cent
J-Cu; P-6: with 0.5 per cent EFS/2.5 per cent
CII-Bi/0.5 per cent JCu; P-7: with 0.5 per cent
C,/2.5 per cent QI-Bi/0.5 per cent JCu.
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decomposition of RDX were evidently accelerated because
the peak temperature of P-3 was lowered to 202.5 °C.
The peaks at temperature above 300 °C were corresponding
to the decomposition of AP. From Figs 1 and 2 it could
be seen that this process was dramatically accelerated with
the addition of every composite catalyst except 0.5 per cent
EFS/2.5 per centlT-Bi/0.5 per cent Lu. There were two
obvious peaks above 300 °C in the DTG curves of P-1 and
two inconspicuous peaks in the DTG curves of P-6. These
were corresponding to the low and high temperature
decomposition of AP, respectively. JacBlreported that
both the low and high temperature decomposition processes
of AP were following the proton-transfer mechanism. At
lower temperature, the main reaction is betwbi¢f)y and
HCIO,. Due to the imperfect oxidation &fH, by HCIO,,
the remained\NH, covers the entire surface of AP crystals
and the low-temperature decomposition stops. Consequently,
the low-temperature process usually terminates with a weight
loss of 30 per cent . In the high-temperature decomposition
process, th&lH, andHCIO, are released to gas phase from
AP surface anHCIO, further decomposes to oxidative
productsNH, is oxidised by the oxidative products to form
the terminal products. The low and high temperature peaks
of AP were consistent with the addition of all catalysts
except 0.5 per cent EFS/2.5 per ceit-8i/0.5 per cent J-
Cu, and this showed that the addition of other five composite
catalysts promoted the decomposition of AP.

3.2 Effects of 0.5 per cent Fullerenes/2.5 per cent

CII-Bi/0.5 per cent J€u and 0.5 per cent CB/2.5

per cent CII-Bi /0.5 per cent JCu Additives on

the Burning Rate Characteristics of RDX/AP-

CMDB Propellants

Itis well known that the burning rate of RDX-CMDB
propellant decreases with increase in the concentration
of RDX?2, Also, the burning rate of RDX-CMDB propellant
is independent of the particle size of RBXDue to the
increase in the flame temperature, the specific impwgge (

solid phase decomposition of NC and liquid phase decomposition increases when RDX is mixed with CMDB propellants.

of RDX. The decomposition of NC starts with the rupture
of O-NQ, bond to form aldehyde-type compound, then the
NO,reacts with the new born carboxyl and releaGéx.
Finally, remained nitrate bonds rupture. Thermal decomposition
reaction of RDX is in first order and the gaseous phase
decomposition products akg, N,O, NO, CO, CO,, etc. The
liquid phase decomposition reaction of RDX is obviously
an auto-catalysis reaction. Its first step is the rupture of
N-heterocyclic and the second step is the releadéf
through radical decomposition reacttbn

The solid phase decomposition of NC and liquid phase
decomposition of RDX were slightly hastened with the
addition of EFS anc, additives, but these were almost
uninfluenced by the addition of 0.5 per ce®#/Z.5 per cent
CII-Bi/0.5 per cent Lu and 0.5 per cent FS/2.5 per cent
CII-Bi/0.5 per cent Lu. With the addition of 0.5 per cent
FS/2.5 per cenb-Pb/0.5 per cent u composite catalysts,
the solid phase decomposition of NC and liquid phase
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Because of the fuel-rich RDX and double-base (DB) propellant,
there is no endothermic reaction among the combustion
products. The combustion reaction zone of RDX-CMDB
propellant is similar to that of DB propellant and it is
different from that of AP-CMDB propellant. The combustion
wave structure of RDX-CMDB propellant is made up of
fizz zone, dark zone, and second illuminate flame zone.
The RDX crystal particle melts, decomposes, and vaporises
on the burning surface of RDX-CMDB propellant. The gas
products released from the decomposition of RDX diffuse
to the decomposition gas of propellant bulk at the burning
surfacé?!4 This diffused process occurs before the combustion
of RDX particle at the propellant burning surface. Therefore,
the homogeneous reactive gases mixed by the decomposition
products of RDX crystal particles and propellant bulk are
formed on the burning surface. Then, illuminate flame
zone is formed at a certain distance above burning surface
and the distance decreases with the enhancement of pressure.
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In this research, all the samples have a constant RDX 1. Also, the burning rates of P-5 were higher than that

concentration of 20 per cent which is prepared by two
granularities of 8Qum and 50um with a weight ratio of
1:1. The effects of different catalysts with 2.5 per cent
CII-Bi and 0.5 per cent Qu additives on the burning
rate characteristics of RDX/AP-CMDB propellants are shown
in Table 3. The initial temperature was constant with 20
°C during the measurement of burning rates. As shown
in Table 3, addition of 0.5 per cent FS/2.5 per cent-C
Bi/0.5 per cent Zuand 0.5 per cent CB/2.5 per ceriC
Bi/0.5 per cent J-Cu slightly increased the burning rates
of RDX/AP-CMDB propellants at relatively low pressure
(<6 MPa) and lowered that at high pressure6MPa).
The addition of 0.5 per cent EFS/2.5 per ceint-Bi/0.5

per cent Jeu and 0.5 per cent (J2.5 per cent T-Bi /

0.5 per cent u reduced the burning rates of RDX/AP-
CMDB propellants at every investigated pressure. The
above results show that, to obtain lower burning rate,
EFS/A1-Bi/J-CuandC, /CII-Bi /J-Cu composite catalysts
can be added to the RDX/AP-CMDB propellants.

3.3 Effects of 0.5 per cent FS/2.5 per cemit-Pb/0.5
per cent J-Cu and 0.5 per cent EFS/2.5 per cent
®-Pb/0.5 per cent J-Cu on the Burning Rate
Characteristics of RDX/AP-CMDB Propellants
The difference of P-3 and P-4 propellants was using
®-Pb instead of TI-Bi in the composition of composite

of P-1 at low pressure. This is possibly because at low
pressured-Pb decomposes to lead monoxid&QO) after
the decomposition of the basic ingredients of CMDB
propellantsPbO participates in the basic reactions which
changes the burning rate of tested propellants.

Cai'® put forward the reactions ¢¥bO with C and
with CO as:

PbO+ C— Pb+ CO (1)

PbO+ CO— Pb+ CQ (2)

During the combustion process of RDX/AP-CMDB
propellants,PbO formed by the decomposition df-Pb
easily reacts with carbon contained in the deposit char
and CO produced during the combustion of propellants.
Eisenreich® reported that during the combustion process
of lead burning rate catalyst, the liquid lead droplets could
be observed at the top of the deposit char. At lower pressure,
the lead salt catalysts increase the carbonaceous matter
and enhance the deposit char layer on the burning surface.
This is possibly becaus®bO makes intermediate
decomposition productdCHO, CHO and CHO), changing
their reaction path and they are split to form deposit char
on the surface of thebO particles. The FS additive along
with deposit char has a considerable specific surface area
needed for heterogeneous reaction. They are called
carbonaceous matter and have a porous structure with

catalysts. From the burning rate data shown Table 4, it lots of micro pores and particles on them. Also the existence

was found that the burning rates of AP/RDX-CMDB propellants

of carbonaceous matter on the burning surface changes

were enhanced when pressure not more than 10 MPa andthe reducing path of partiO and the reducing site of
lowered when pressure > 10 MPa by 0.5 per cent FS/2.5 NO moves from the high-temperature flame zone to low-

per centd-Pb/0.5 per cent Gu. Especially at 2 MPa, the

burning rates of P-3 increased about 14 per cent wrt P-

temperature carbonaceous matter. Nii@can be reduced
in the site near the burning surface at lower pressure and

Table 3. Influence of fullerenes and CB additives composite with bismuth citrate acid/copper adipic
acid combustion modifiers on the burning rate characteristics of RDX/AP CMDB propellants
at different N, pressure at 20 °C

N, pressure (MPa) 2 4 6 8 10 12 14
Sample No Burning rate/mms*
P-1 3.71 5.88 7.87 10.23 12.02 14.30 16.42
P-2 3.96 6.10 7.82 9.74 11.74 13.57 15.34
P-4 3.76 5.88 7.82 9.90 11.74 13.63 15.84
P-6 3.50 5.76 7.55 9.36 11.39 13.52 15.38
P-7 3.57 5.72 7.49 9.49 11.45 13.46 15.43
Table 4. Effects of FS and EFS composite with phthalic acid lead/copper adipic acid combustion modifiers
on the burning rate characteristics of RDX/AP-CMDB propellants with different N, pressure
at 20 °C
N, pressure 2 4 6 8 10 12 14
(MPa)
Sample No Burning rate/mms*
P-1 3.71 5.88 7.87 10.23 12.02 14.30 16.42
P-3 4.43 6.83 8.56 10.42 12.05 13.61 15.60
P-5 4.13 6.18 7.95 9.78 11.51 13.23 15.41
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Table 5. Influence of phthalic acid lead and bismuth citrate acid as combustion modifiers

N, pressure (MPa) 2 4 6 8 10 12 14
Sample No. Burning rate/mms'
P-3 4.43 6.83 8.56 10.42 12.05 13.61 15.60
P-4 3.76 5.88 7.82 9.90 11.74 13.63 15.84
P-5 4.13 6.18 7.95 9.78 11.51 13.23 15.41
P-6 3.50 5.76 7.55 9.36 11.39 13.52 15.38

Table 6. Pressure exponents of RDX/AP CMDB propellants

Sample P-1 P-2 P-3 P-4 P-5 P-6 P-7
n 0.77 0.70 0.64 0.74 0.70 0.75 0.75
the reaction heats released from the reducinij©fare value of 20 °C. The pressure exponent is important to

moved from the flame zone to the burning surface. As a ensure the steady operation of solid propellant motor and

result, the temperature distribution in whole reaction zone is usually smaller than 1. In generalpf DB propellant

is changed. On the whole, the increment of burning rates without catalyst is in the range of 0.4-0.85 and that of AP-

with the addition of lead salt catalysts is mainly due to CMDB propellant is in the range of 0.2-0.65. Thef

the improvement of temperature gradient in the fizz zone. nitramine-CMDB is usually higher than that of AP-CMDB
The pressure affects the amount and the covering propellant. Then of tested propellants are shown in Table

ratio of deposit char by the temperature gradient in the 6. In our researcm of RDX/AP-CMDB propellants without

fizz zone. As the pressure increases, the temperature gradientatalyst is about 0.77 in the pressure range tested. This

increases and the distance between the burning surfacevalue is between the pressure exponents of AP-CMDB

and reaction zone shortens, so the deposit char layerpropellant and RDX -CMDB propellant.

thickness becomes thin. The formation and growth chances It must be noted that the pressure exponents for six

of carbon nuclei decrease, thus the amount of deposit composite catalysts are all lower than thef P-1. Among

char decreases. The reaction heat released from reducingthem, RDX/AP-CMDB with 0.5 per cent FS/2.5 per cent

of NO is decreased and the increasing rate of burning rate CI1-Bi/0.5 per cent Lu has the smallest of about 0.64

is lowered. Only when the pressure is higher than a certain which is about 17 per cent lower than that of the reference

value, the increasing rate of burning rate decreases with propellant. When FS is used instead of CB in the 0.5 per

the increment of the pressure. In our research, this value cent CB/2.5 per centIT-Bi/0.5 per cent Lu, the pressure

is about 10 MPa for P-3 and 6 MPa for P-5. exponent is lowered by a factor of 8.6 per cent ; using
FS instead of EFS and,Cn the fullerene/CI-Bi/J-Cu,

3.4 Influence and comparison ofb-Pb and CII-Bi as the pressure exponents are found to be lower by a factor

Combustion Modifiers of 14.7 per cent. Comparing the pressure exponent of P-

The comparison of-Pb and dI-Bi as combustion 3 to P-4 and P-5 to P-6, one can find that using phthalic
modifiers in RDX/AP-CMDB propellants is shown in Table acid lead instead of bismuth citrate acid has obviously

5. It is shown that using-Pb instead of CI-Bi in the lowered the pressure exponents of RDX/AP-CMDB propellant.
0.5 per cent FS/2.5 per cenfI€Bi/0.5 per cent Lu and In our samples, using phthalic acid lead instead of bismuth
0.5 per cent EFS/2.5 per cenfl€Bi /0.5 per cent Lu citrate acid in FS/0-Bi/J-Cuand EFS/CI-Bi/J-Cucomposite

composite catalysts, the burning rates are obviously increasedcatalysts, the pressure exponent is lowered by a factor
when pressure is no more than 12 MPa and slightly lowered of 13.5 per cent and 6.7 per cent, respectively.

when pressure is larger than 12 MPa. )
It is shown that using>-Pb instead of CI-Bi in the 3.6 Observations of Quenched Surface of RDX/AP-

FS/CI1-Bi/J-Cu and EFS/CI-Bi/J-Cu composite, the CMDB Propellants o ,
combustion stability of RDX/AP-CMDB propellants increased ~ Figure 3(a) is a representative view of P-1's SEM
and this is useful for the engineering applications. micrograph without any additive. There is only irregular

plain and foam structure on it. Figures 3(b), 3(c) and 3(d)
3.5 Effects of Fullerene and CB Additives on Pressure are the enlargement of different parts of the quenched

Exponents of RDX/AP-CMDB Propellants surface of P-1. The plain part is corresponding to the
The pressure exponenof the burning rate is defined homogenous phase matter composed with molten oxides
by Vielie’s function: and binder, and the foam part due to the coke coming from

the burnt binder. From the micrograph of plain part with
a magnification of 10000, one can see there are many RDX
T,is the initial propellant temperature with a constant crystals which are at specific sites in the plain part, and

n=(Inr/oln p)TO (3)
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there are lots of vanished air bubbles just underneath 5(b) is the part enlargement of SEM photograph of P-3.
them. The sizes of RDX crystals are in the range of 0.50- In this figure, some gray balls are due to lead metal. From
3.10um. Lots of holes ranging in 0.07-7.4%n disperse the burning rates analysis of P-2, one knows that the lead
on the surface of P-1 [Fig. 3(c)]. The white materials between metal could form from the decomposition of lead salts.
plain and foam part are the crystals of AP and the particle The edges of carbon framework are fully covered with
granularities are in the range of 0.36-14o®. It is well RDX crystals and hardly can the black carbon framework
known that there exists a dark zone in the flame structure be seen. Figures 4(c) and 4(d) show the microcosmic structure
of RDX-CMDB propellants, but in our observations of the of the molten oxides and binder, and the RDX shows no
SEM photographs, 10 per cent AP makes the disappearancespecific crystal structure. It is interesting that there is no

of the dark zone. The melt point of RDX is about 205 °C
which is lower than that of AP, so in the quenched process
AP is condensed earlier than RDX.

Addition of 0.5 per cent CB/2.5 per cenileBi/0.5
per cent JSumakes the SEM micrographs of P-2 significantly
different from that of P-1. The quenched surface of P-2
can also be divided into two different parts. The smooth
part is the molten layer which is also composed of molten
oxides and binder, but the foam part is different from that
of P-1. Itis made up of carbon framework with lots of small
holes and RDX crystals. The sizes of the holes are in the
range of 0.1-1Qum. The appearance of RDX in the foam
layer is possibly because CB along with the deposit char
provides cohesion cores for RDX. Fig. 4(c) shows the
microcosmic structure of the foam layer with a magnification
of 10000. There are lots of small ball-shaped particles
which are corresponding to metBi and lots of small
white particles which are due to RDX at the edge of the
fumaroles. Also, some AP crystals irregularly disperse in
the foam layer. From Fig. 4(d), one can find that the sizes
of AP are much larger than those of RDX.

obvious AP crystal which can be seen in the SEM photographs

of P-3. This is possibly because the composite catalysts

promote the absorbance of AP in the binder, and in the

guenched process, AP particle rimes at the quenched surface
with a carbon core couldn’t form the large crystal.

The SEM micrographs of quenched surface of P-4 are
shown in Fig. 6. Using -Bi instead of®-Pb made the
guenched surface of P-4 highly different from that of P-
3. Several fumaroles and some of molten RDX were deposited
on the planar quenched surface. The configuration of RDX
crystal in P-4 is the same as that in P-3. Sgnet al.
reported that the IT-Bi could enhance the burning rates
of DB propellants, but in the presergsearch, the -Bi
had no significant effect on the burning rates of tested
propellants. This is possibly because the addition of RDX
and AP to DB propellants inhibits the catalytic effect of
CII-Bi. The luminous zone in Fig. 6(c) is due to the poor
conductance of this zone, and the white strip-shaped materials
are Q1-Bi without decomposition. The FS catalysts and
the molten RDX are near tolGBi. The RDX in Fig. 6(d)
has no crystal structure and bonds with each other to form

From Fig. 5, it can be seen that the quenched surface a melting layer.

of P-3 is different from that of P-1. It is quite rough and
filled with large fumaroles as shown in Figures 5(a). Figure
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Figure 7 shows that the quenched surface of P-5 is
composed of the foam layer and melting layer. The foam
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Figure 3. SEM micrographs of

P-1: reference propellant.
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Figure 4. SEM micrographs of P-2: with 0.5 per cent CB/2.5 per cent IT-Bi/0.5 per cent JCu composite catalysts.

layer is mainly composed of carbon skeleton and crystallizing the combustion surface, and the other part of RDX sublimates
RDX. The sizes of fumaroles on the foam layer are smaller to the gas phase. In the quenched process, the decomposition
than those on the melting layer but the numbers are much of oxides and binder forms the fumaroles, and the coacervation
larger than those on the melting layer. Figure 7(b) shows of RDX forms the white substance at the edge of the
the enlarged view of the foam layer. From this micrograph, fumaroles. The magnification shown in Fig. 7(b) is 20000
one can see that the foam layer is filled with fumaroles and that of Fig. 7(c) is 10000. The microstructure of melting
and RDX are crystallized at the edge of the holes. The layeris shown in Fig. 7(c). There are lots of small particles
formation of the fumaroles is attributed to the decomposition with nano-dimensions. The rodlike matters at the brim of
of oxides and binder. A part of RDX decomposes below these small particles are corresponding to lead oxides.
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Figure 5. SEM micrographs of P-3: with 0.5 per cent FS/2.5 per cend-Pb/0.5 per cent JCu composite catalysts.
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Figure 6. SEM micrographs of P-4: with 0.5 per cent FS/2.5 per centIGBi/0.5 per cent JCu composite catalysts.

Figure 7(d) is the enlarged view of tR&O. This clearly almost the entire surface of the melting layer. Figure 8(b)
shows the formation d&bOfrom the combination of small is microstructure of the catalysts part and it clearly shows
particles. that the sizes of the bismuth oxide are nano-dimension.

Figure 8 is the SEM photographs of P-6’'s quenched Also, the bismuth oxides are discovered at the bottom of
surface. At full view of this surface, it is relative plat and the fumaroles shown in Figs 8(c) and 8(d) displays the
is composed mainly of melting layer. The lack of foam microstructure of RDX crystalline. The shape of RDX is
layer indicates that the combustion process is different quasiflake which is different from the pulverous shape in
from that of other propellants. The propellant combusts other propellants.
steadily at the entire surface and the oxides and binder The quenched surface photographs of P-7 are shown
decompose at the entire surface. RDX is crystallised at in Fig. 9. There are lots of small particles on the surface
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Figure 7. SEM micrographs of P-5: with 0.5 per cent EFS/2.5 per cenb-Pb/0.5 per cent JCu composite catalysts.
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Figure 9. The SEM micrographs of P-7: with 0.5 per cenC /2.5 per cent QI-Bi/0.5 per cent JCu composite catalysts.

of the melting layer and only a few fumaroles are found 4. CONCLUSIONS

in Figs 9(a). Figure 9(b) is the enlarged shape of the melting Analysis of TG-DTG results showed that the addition
layer. The sizes of fumaroles are </ fa and hardly any of all catalysts accelerated the evaporation of NG. The
catalyst is found on the surface of this zone. Figure 9(c) addition of EFSC_ and CB additives obviously accelerated
shows the microstructure of a small part of melting layer. the liquid phase decomposition of NG. The addition of all
From this photograph, one can find that the fine structures composite catalysts promoted the decomposition of AP
of RDX crystals are petaling shape. Some of these already except 0.5 per cent EFS/2.5 per ceii-8i/0.5 per cent
grown up, and others under growth. Figure 9(d) shows J-Cu. From the burning rate tests, one can see that the
the rodlike bismuth oxides dispersed on the surface of addition of 10 per cent AP makes the disappearance of
molten RDX. These bismuth oxides are in nano-dimension. dark zone in the flame structure of RDX-CMDB propellants.
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The burning rates of RDX/AP-CMDB propellants were
increased at low pressure but reduced at high pressure
by every catalyst except 0.5 per cent EFS/2.5 percHAt C 9.
Bi/0.5 per cent suand 0.5 per cer /2.5 per cent O-

Bi /0.5 per cent Lu both of which reduced the burning

rate at every tested pressure. The pressure exponents aré0.

lowered most by the addition of 0.5 per cent FS/2.5 per
cent ®-Pb /0.5 per cent Lu with a reducing pressure

exponent of 17 per cent . Using FS instead of CB in the 11.

0.5 per cent CB/2.5 per cenfIEBi /0.5 per cent &y, the
pressure exponent is lowered by a factor of 8.6 per cent.

While using FS instead of EFS a@, in the fullerene/ 12.

CII-Bi/J-Cu, the pressure exponents are lowered by a
factor of 14.7 per cent . Also using phthalic acid lead
instead of bismuth citrate acid in F$1€Bi/J-Cuand EFS/

CII-Bi/J-Cu composite catalysts, the pressure exponent

is lowered by a factor of 13.5 per cent and 6.7 per cent 13.

respectively. The quenched surface photographs differ
significantly, indicating that the combustion process of

the propellants studied also differ greatly. 14.
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