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Combustion and Thermal Studies on Al/Ti/Ni/Zr
Composite Modi� ed Double-Base Systems
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Slurry-cast metallized ammonium perchlorate (AP)–composite modi� ed double-base (CMDB) propellants in-
corporating Ni, Ti, and Zr were studied. Aluminized formulationswere investigated as reference. Selected ballistic
modi� ers, namely, copper chromite (Cu–chromite)/ferric oxide (Fe2O3)/ferric acetyl acetonate (FeAA)/basic lead
salicylate (BLS) + Cu2O + carbon black (C-black) combinations were also evaluated for their effectiveness. An
acoustic emission technique was applied to determine the burning rates in the pressure range of 1–10.8 MPa, and
thermal data were generated by applying differential thermal analysis, thermogravimetry, and differential scan-
ning calorimetry techniques. The control formulation based on 30% AP dispersed in a 70% double base matrix,
gave stable combustion in the entire pressure range studied. Inclusion of metals (2.5–17.5% at the expense of AP)
resulted in a decrease in the burningrates with the increase in metal content. Ni-based formulationsexhibited burn-
ing rates superior to aluminized formulations particularly with high metal content. The overall best burning-rate
results were obtained with Zr, followed by Ti. Among ballistic modi� ers, Cu–chromite was found to be the most
effective, followed by the BLS + Cu2O + C-black combination.An interesting compositionwith super-burning-rate
characteristics (10–60 mm/s in the 1–10.8 MPa pressure range) emerged during the research. Thermal studies
show the heat sink effect of metals. However, Ni, Ti, and Zr appear to produce compensating heat feedback to a
greater extent than Al. Cu–chromite appears to be highly effective in facilitating both condensed- and gas-phase
combustion reactions.

Introduction

T REMENDOUS developments have taken place in the � eld of
solid rocket propellantswith an increase in the demand for su-

perior performance to propel long-rangemissiles. Ammonium per-
chlorate (AP)–Al composite propellants (CP) and composite modi-
� ed double-base(CMDB) systemsare the today’s choice. In CMDB
systems, nitrocellulose (NC) plays the role of energetic binder and
nitroglycerine (NG) that of energetic plasticizer. AP exploits the
combustion potential of fuel-rich combustion products of double-
base (DB) systems due to its positive oxygen balance (C35%) lead-
ing to superiorperformance.Musso et al.1 reported that AP–CMDB
formulationsdecomposewith one major exothermat »250±C with-
out exhibitingendothermic/exothermicdecompositionsat tempera-
tures associated with DB matrix and AP alone, suggestingan inter-
action between AP and DB binder. Kubota and Masamoto2 found
that AP–CMDB propellants exhibit greater temperature gradient in
the � zz zone compared to DB propellants, leading to greater heat
feedback from the gas phase to the burning surface, resulting in
higher burning rates. AP–Al-based CMDB propellants having the-
oretical Isp of 260–265 s and burning rates of 11–16.5 mm/s at
6.8 MPa with pressure index of 0.34 are reported by Hau et al.3

Inclusion of lead and copper salts of inorganic and organic acids as
ballistic modi� ers, preferably in combination, is recommended as
the most effectivemethod for reducing the pressureexponentof this
class of propellants.4¡7 Incorporationof Zr, Ta, Mg, Ag, Cu, and Ti
staples to realize improvement in the burning-ratecharacteristics is
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reported in the literature.8 Because such a limited amount of studies
have been undertaken on AP–Al–CMDB propellants, information
on AP–CMDB systems based on metals other than Al is almost
nonexistent.Moreover, the effect of inclusion of ballistic modi� ers
has not been investigated in detail, and related mechanistic aspects
also need to be understood.

Therefore, slurry-cast metallized AP-based CMDB propellants
incorporating pyrophoric Zr and Ti,9¡11 as well as Ni (catalyst for
dark zone reactions of DB matrix),12 were investigated during the
presentwork. Aluminizedformulationswere evaluatedas reference.
The effect of incorporation of selected ballistic modi� ers (2 parts
over 100 of compositionsby weight), namely,copperchromite (Cu–
chromite)/ferric oxide (Fe2O3)/ferric acetyl acetonate(FeAA)/basic
lead salicylate (BLS) C Cu2O C carbon black (C-black) (mass ra-
tio 2:1:1), was also studied. Differential thermal analysis (DTA),
thermogravimetry (TG), and differential scanning calorimetry
(DSC) data were generated to obtain information on decompo-
sition patterns. An attempt is made to determine the prevailing
mechanism.

Experimental
Propellant Formulations and Processing Method

The control propellant comprised spheroidalNC (SNC) (NC:90,
NG:7, sym diethyl diphenyl urea:3) 31.5%, desensitized NG
(NG:80, diethyl phthalate:18,2-nitro diphenylamine:2)38.5%, and
AP (10 § 1 ¹m) 30%. In metallized formulations,2.5–17.5% metal
powder Al/Zr/Ti/Ni (particle sizes 16 § 2/7 § 2/10 § 2/17 § 2 ¹m,
respectively) of 98% purity was incorporated (as replacement of
AP) in increments of 2.5%. The particle size of the metals studied
was maintained in a narrow range (6–16 ¹m) to avoid its apprecia-
ble effect on burning rates of propellants. The compositions were
preparedby slurry-casttechnique.13 The desensitizedNG was trans-
ferred to a planetarymixer followed by SNC. AP and metal powder
were added in separate installments, to the resulting DB matrix.
Two parts of Cu–chromite, Fe2O3, FeAA, and BLS C Cu2O C C-
black were added in the last step. Mixing was carried out for 1 h
(including45 min under vacuum) at 25±C. The resulting slurry was
cast in an evacuated (2–5 mm of Hg) mold, and curing was carried
out at 50±C for 10 days.
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Studies Conducted
Acousticemission technique14 was applied to determinetheburn-

ing rates in the pressure range of 1–10.8 MPa. The propellant sam-
ples in the form of strands (6 £ 6 £ 100 mm) were placed in the
nitrogen pressurizedsteel bomb and ignited by means of a nicrome
wire. The de� agrating samples generated acoustic signals that were
sensed by a 200-kHz resonance frequencypiezoelectric transducer.
The accuracy of the measurement of burning rate as determined
by conducting 25 experiments on the same propellant sample was
2–3%. Five experiments were conducted at each pressure for each
sample. Standard deviation was of the order of 0.2%. DTA studies
were conducted on indigenously fabricated equipment. During this
work, a »3 mg sample was placed in the furnace and subjected to
heating at rates of 5, 10, 15, and 20±C/min in air atmosphere. The
activation energy E of propellant sample decomposition was esti-
mated by using the Ozawa relation.15 The log of the heating rate
(degrees Celsius per minute) was plotted against 1/Tmax (degrees
Kelvin), and E was obtained from the slope (D 0.457 E=R). Tmax

is the peak decomposition temperature, and R is the gas constant.
Perkin–Elmer equipment was used for TG and DSC under a nitro-
gen atmosphereat the heatingrate of 10±C/min. For TG, 2.5–2.8 mg
samples are used, and in DSC 0.4–0.8 mg samples were tested.Two
experimentswere carried out for each sample to con� rm reliability
of data. The accuracy of the instrument was 0.2%.

Results and Discussions
AP-Based CMDB Compositions with Al/Ni/Ti/Zr Metals

The control composition gave stable combustion in the entire
pressurerange studied (1–10.8 MPa), and the burning rates obtained
were 7–20 mm/s. Incorporation of 2.5–5% Al did not in� uence
the burning rates. The composition containing 7.5% Al exhibited
marginally lower burning rates. When Al content was increased
to 10–12.5% level, burning rates reduced to the extent of 18–30%
(5–17 mm/s), whereas the formulation containing 15% Al content
gave 21–37% lower burning rates (4.4–15.7 mm/s) than those for
the control. In the pressure range of 2–10.8 MPa, 17.5% Al-based
composition also gave similar burning rates. However, it did not
exhibit stable combustion at the pressure of 1 MPa (Fig. 1).

Fig. 1 Burning rate–metal content relationship for AP–Al–CMDB
propellants; metallized formulations (%): SNC 31.5, desensitized NG
38.5, AP 27.5–12.5, and Al 2.5–17.5.

Fig. 2 Burning rate–metal content relationship for AP–Ni–CMDB
propellants; metallized formulations (%): SNC 31.5, desensitized NG
38.5, AP 27.5–12.5, and Ni 2.5–17.5.

The AP–CMDB formulation containing 2.5% Ni gave burn-
ing rates slightly similar to those for the control (7–11.2 mm/s)
in the pressure range of 1–2.9 MPa, whereas 6–9% lower burn-
ing rates were observed in the pressure region of 4.9–10.8 MPa
(13.8–18.1 mm/s). The composition containing 5% Ni exhibited
marginally lower (8–13%) burning rates in the entire pressure
range. The formulations based on 7.5–12.5% Ni were found to
give 14–22% lower burning rates, whereas compositions contain-
ing 15–17.5% Ni exhibited a drop of 25–41% in the burning rates
(4.1–15 mm/s in 1–10.8 MPa pressure range) with reference to
the control composition. In general, compositions containing 2.5–
7.5% Ni gave lower burning rates as compared to corresponding
aluminized formulations. Compositions with 10% metal content
exhibited comparable burning rates. However, formulations con-
taining 12.5–17.5% Ni gave higher burning rates with respect to
corresponding compositions containing Al in the pressure range
of 1–6.9 MPa. Moreover, unlike the composition containing 17.5%
Al, propellantwith the same Ni contentexhibitedstable combustion
even at 1 MPa (Fig. 2).

Fig. 3 Burning rate–metal content relationship for AP–Ti–CMDB
propellants; metallized formulations (%): SNC 31.5, desensitized NG
38.5, AP 27.5–12.5, and Ti 2.5–17.5.

Fig. 4 Burning rate–metal content relationship for AP–Zr–CMDB
propellants; metallized formulations (%): SNC 31.5, desensitized NG
38.5, AP 27.5–12.5, and Zr 2.5–17.5.

Fig. 5 Pressure–burning rate relationship for ballistically modi� ed
AP–Zr–CMDB propellants; control composition (%): SNC 31.5, de-
sensitized NG 38.5, AP 12.5, and Zr 17.5.
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Ti-based formulationswith 2.5–7.5% metal content gave burning
rates close to those for the control, whereas reduction in burning
rates of 14–17% was observed on increase in Ti content to a 10%
level in the pressure range of 1–10.8 MPa (5.8–17 mm/s). Further
increase in Ti content to the 12.5–15% level resulted in the burning
rate decrease to the order of 18–29% (5–16.6 mm/s), whereas in-
crease to the 17.5% level led to 21–34% decrease (4.6–15.6 mm/s)
compared to the control. As in case of Ni-based formulations,burn-
ing rates obtained for 2.5–7.5% Ti-based formulations were lower
and for thecompositioncontaining10% Ti were comparableto those

Fig. 6 Pressure–burning rate relationship for ballistically modi� ed metallized AP–CMDB propellant with 5% AP (5 ¹m); control composition (%):
SNC 29, desensitized NG 36, AP (9–10 ¹m) 12.5, AP (5 ¹m) 5, and Zr 17.5.

Fig. 7a Relationship of Isp and percentage of metals for AP–CMDB propellants; composition (%): SNC 31.5, desensitized NG 38.5, AP 30–12.5, and
metals 0–17.5.

Fig. 7b Relationshipof � ame temperature andpercentage ofmetals for AP–CMDB propellantsystems; basic composition(%): SNC 31.5,desensitized
NG 38.5, AP 30–12.5, and metals 0–17.5.

for the aluminized AP–CMDB propellants. However, 12.5–17.5%
Ti-based formulations gave burning rates superior to aluminized
formulations, as well as Ni-containing compositions (Fig. 3).

AP–CMDB composition containing 2.5% Zr also gave burn-
ing rates close to those for the control. The formulation with 5–
7.5% Zr content exhibited marginally lower burning rates. Increase
in Zr content to a 10–12.5% level resulted in a 14% decrease in
burning rate with respect to the control. On further increase in Zr
content to 15–17.5%, burning rates realized were 20–25% lower
(5.2–15.7 mm/s) than those for the control. In general, Zr-based
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Fig. 8 Pressure–burning rate relationship for the ballistically modi-
� ed Al/Zr–AP–CMDB propellant systems with 5% AP (5 ¹m); basic
composition (%): SNC 29, desensitized NG 36, AP (9–10 ¹m) 12.5, AP
(5 ¹m) 5, Zr 17.5, and Cu–chromite 2 parts (*SNC 29, desensitized NG
36, AP 17.5 (5 ¹m)) Zr 4.5, Al 13, and Cu–chromite 2 parts.

Fig. 9 TG pro� le of metallized AP–CMDB propellants at heating rate 10±C/min.

AP–CMDB formulations exhibited a combustion pattern similar to
Ti-based compositionswith relatively higher burning rates (Fig. 4).

All of the compositionsexhibiteda pressureindex value n D 0:4–
0.6 in the pressure range of 1–10.8 MPa.

Ballistic Modi� cation of AP–Zr Compositions
During this work, the effect of the inclusion of ballisticmodi� ers

was studied with the 17.5% Zr-based AP–CMDB formulation due
to its relatively superior burning rates among the metallized for-
mulations studied. Incorporation of Fe2O3 led to 10% burning rate
enhancement in the pressure range of 1–10.8 MPa. A similar trend
was observed for FeAA. Inclusion of the BLS C Cu2O C C-black
combination led to a 17–30% increase in the burning rates (6.1–
19.1 mm/s),whereas that ofCu–chromite resultedin 23–36% higher
burningrates (6.4–21.4mm/s) ascomparedto unmodi� edpropellant
in the pressure range of 1–10.8 MPa. Thus, the Cu–chromite and
the BLS C Cu2O C C-black combinations were found to be more
effective compared to Fe2O3 and FeAA (Fig. 5).
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Table 1 TGA and DSC results of metallized AP–CMDB propellants

DSC

TGA 1H , J/g Peak temperature, ±C

Compositions, % Temperature range, ±C Weight loss, % 1 2 1 2

Controla 85–185, 185–250, 250–353 31, 28, 34 877 592 195 335
AP 12.5 C Al 17.5 90–160, 160–210, 210–340 21, 34, 20 867 247 202 328
AP 12.5 C Ti 17 .5 110–180, 180–290, 290–360 18, 47, 13 738 187 202 333
AP 12.5 C Ni 17.5 115–245, 245–275, 275–340 10, 32, 12 903 242 202 328
AP 12.5 C Zr 17.5 100–175, 175– 285, 285–380 18, 45, 19 848 234 201 327
AP 12.5 C Zr 17.5 80–170, 170– 270, 270–335 15, 33, 15 778 243 201 325

C Fe2O3 2 parts
AP 12.5 C Zr 17.5 80–165, 165–280, 280–400 20, 48, 23 1008 339 190 322

C FeAA 2 parts
AP 12.5 C Zr 17.5 83–165, 165–270, 270–430 25, 45, 19 880 476 201 328

C BLS C Cu2O C
C–black 2 parts

AP 12.5 C Zr 17.5 80–190, 190–290, 290–360 19, 43, 20 860 457 197 323
C Cu–chromite 2 parts
(with 5-¹m AP) (75–150), (150–290), (290–390) (30), (45), (20) (895) (487) (190) (312)

aControl composition (%) : SNC 31.5, desensitized NG 38.5, and AP 30.

To realize further improvement in the burning rates, AP content
was augmentedby the additionof 5% AP of 5-¹m particlesize at the
expenseof a DB matrix. It resultedin 25–37% burningrate enhance-
ment in the case of the formulation with BLS C Cu2O C C-black
combination (7.6–26 mm/s in the pressure range of 1–10.8 MPa)
and 50–56%increasein burning rates (10–31.6 mm/s at 1–10.8 MPa
pressure range) for the composition modi� ed with Cu–chromite
(Fig. 6).

Zr–Al Combination
In additionto superiorburningrates,Zr-basedAP–CMDB formu-

lations have the advantageof higher density than the corresponding
aluminized formulations,as well as Ti-based formulations,because
of the inherenthigherdensityof Zr. However,with regard to Isp (the-
oretical), aluminizedcompositionsare superior as a consequenceof
the relatively higher heat of the Al2O3 formation than that for ZrO2

and the lower mean molecular weight of Al combustion products
(Figs. 7a and 7b). Therefore, propellant formulations containing
Zr:Al combinationswere evaluated to achieve a better combination
of burning rates and Isp. The composition containing 17.5% AP
(12.5% of 10-¹m and 5% of 5-¹m particle size), 17.5% Zr, and
65% DB matrix with two parts of Cu–chromite (over 100 of com-
position by weight) was taken as reference. Zr was replaced by Al
in incrementsof 4.5%. The compositionbased on 13% Al and 4.5%
Zr content was found to be the best. It realized an Isp of 256 s and
burning rates of 9.5–29 mm/s in the pressure range of 1–10.8 MPa.
Inclusion of 17.5% AP of 5-¹m size [instead of the combination
of 12.5% of AP (10 ¹m) and 5% of AP (5 ¹m)] led to super burn-
ing rates of the order of 10.6–58.5 mm/s in the pressure range of
1–10.8 MPa (Fig. 8).

Thermal Decomposition
The ammonium perchlorate-composite modi� ed double base

(AP–CMDB) control composition exhibited three-stage decompo-
sition in TGA, corresponding to 31, 28, and 34% weight loss in
the temperature ranges of 85–185, 185–250, and 250–353±C, re-
spectively. Incorporation of Ti and Zr, like that of Al, led to the
reduction in the extent of weight loss during the third stage, almost
correspondingto the metal contentin the formulation.DSC revealed
two-stagedecomposition.The � rst stagemay encompassthe overall
decompositionof DB matrix (NC and NG) correspondingto initial
two-step decomposition observed in TG. In DSC, incorporationof
these metals led to decrease in 1H during the � rst (738–867 J/g)
and second (187–247 J/g) stages of decomposition as compared to
nonmetallized propellants, (1H D 877 and 592 J/g, respectively).
Interestingly,the Ni-based formulationrecordedmuch lower weight
loss during � rst stage of decomposition (10% in the temperature
range of 115–245±C) in TG. However, it did not lower the 1H

value (903 J/g) for � rst stage decomposition in DSC (Figs. 9a–9e
and 10a–10e).

Inclusion of Fe2O3 in the AP–Zr formulation led to reduction in
weight loss during all of the stages in TG. In DSC, the composition
exhibited relatively lower 1H for � rst stage. The Cu–chromite-
based formulation did not show a decrease in the weight loss in
TG and gave higher 1H value (860 and 457 J/g at 197 and 323±C,
respectively) in DSC with respect to the control. A more or less
similar pattern was obtained with the BLS C Cu2O C C-black com-
bination.Addition of FeAA led to an increased weight loss (TG) as
well as 1H values (DSC) for all of the stages of decomposition as
compared to other ballistically modi� ed formulations (Table 1 and
Figs. 11a–11e and 12a–12e).

Because changes in the decomposition pattern were relatively
more distinct during the � rst stage in almost all of the cases, ki-
netics were determined for this stage by DTA. Control composition
exhibited peak decomposition temperatures of 180–199±C at the
heating rates of 5–20±C/min in DTA, corresponding to Ea of the
order of 30 kcal/mol with frequency factor A of 8:7 £ 1013. Met-
allized compositions, incorporating Al, Ti, and Zr gave more or
less similar peak decomposition temperatures (188–208±C) and Ea
(29 § 4 kcal/mol). However, the Ni-containing composition exhib-
ited peak decompositiontemperaturesof 177–205±C with relatively
lower Ea (20 kcal/mol). Additionof Fe2O3, BLS C Cu2O C C-black
combination, and Cu–chromite in AP–Zr formulations led to an in-
crease in Ea (37–45 kcal/mol), whereas FeAA brought down the
Tmax by 14–19±C as well as Ea (by 5 kcal/mol) as compared to the
unmodi� ed AP–Zr formulation (Table 2).

Discussion
Studies undertaken during this work show that the incorporation

of Al in propellant results in an increase in performance, while it
reduces the burning rates, as reported by various researchers.16¡18

Decrease in burning rates with increase in Al content can be ex-
plained on the basis of the fact that the metal being coated with
protective oxide layer need to be heated up to its melting point to
achieve ignition leading to a heat sink effect. An enormous amount
of heat is produced on metal combustion; however, it occurs much
away from the surface, and therefore, the compensating effect is of
less signi� cance.19;20 Moreover, the heat sink effect, as well as size
of the agglomerates,increaseswith an increase in the metal content,
hindering the combustion phenomena.

The relatively lower burning rates of the 2.5–7.5% Ni-based for-
mulations than the aluminized compositionscan be attributed to an
increase in the heat sink effect due to higher melting and boiling
points (1728 and 3039 K, respectively) of Ni. However, the su-
perior combustion behavior of the Ni-based formulations in terms
of higher burning rates and lower de� agration limit particularly at
highermetal contentthanaluminizedcompositionscan be explained
on the basis of the fact that Ni catalyzes dark zone reactions of the
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Table 2 DTA results of metallized AP-CMDB propellants

DTA

Peak temperature (±C) at heating rate (±C/min)

Compositions, % 5 10 15 20 Ea, kcal/mole A, min¡1

Controla 180 190 194 199 29.7 8.67£ 1013

AP 12.5C Al 17.5 191 200 205 209 32.5 9.10£ 1014

AP 12.5C Ti 17.5 188 202 206 212 24.5 1.28£ 1011

AP 12.5C Ni 17.5 177 190 198 205 20.2 1.73£ 109

AP 12.5C Zr 17.5 188 200 208 210 25 2.25£ 1011

AP 12.5C Zr 17.5C Fe2O3 194 202 206 210 37.3 1.42£ 1017

2 parts
AP 12.5C Zr 17.5 195 203 208 210 38.1 3.16£ 1017

C BLS C Cu2O C C-black 2 parts
AP 12.5C Zr 17.5 192 198 202 205 44.7 6.37£ 1020

C Cu–chromite 2 parts (with 5 ¹m AP) (187) (195) (198) (200) (42.6) (1.06£ 1020)
AP 12.5C Zr 17.5C FeAA 2 parts 169 182 190 196 20 2.11£ 109

aControl composition (%) : SNC 31.5, desensitized NG 38.5, and AP 30.

Fig. 10 DSC pro� le of metallized AP–CMDB propellants at heating rate 10±C/min.

DB matrix, leading to a decrease in the standoff distance of the
luminous � ame.12

AP–CMDB propellantscontainingTi/Zr gave burning rates over-
all superior to the aluminized formulations evaluated during this
work. This can be because the oxides of Ti/Zr formed during com-
bustion are soluble in molten metal, leading to the possibilityof the
diffusionof the metal out of the oxide layer.As a consequence,com-
bustion of Ti/Zr can occur nearer to the de� agrating propellant sur-
face as compared to Al, resulting in considerableheat feedback.9¡11

The superior burning rate pattern of Zr-based compositions can be
explainedby the heat of formation of ZrO2 being higher than that of
TiO2 . Moreover,Zr has the advantageof lower ignition temperature
(about 1100±C) in an oxidizing environment.9;10

The � rst and second step of the decomposition during TG ex-
periments on the AP–CMDB formulation may be attributed to the
overall degradation of the DB matrix. AP decomposition follows
in the third step. Ti and Zr, like Al-based formulations, exhibited
reduction in the extent of weight loss during the third stage, almost
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Fig. 11 TG pro� le of ballistically modi� ed Zr/AP–CMDB propellants at heating rate 10±C/min.

correspondingto the metal content in the formulation.These results
show that the metals are not involved in the basic decomposition
process of the condensed phase as reported earlier for nitramine–
CMDB propellants.21 In DSC, incorporation of these metals led to
a decrease in 1H during all of the stages of decomposition,which
may be an outcome of the heat sink effect due to the high melting
and boiling points of metals. Ni-based formulations recorded much
lower weight loss during the � rst stage of decomposition. Higher
1H of the AP–Ni–CMDB system in the � rst stage of DSC could
be explaineddue to decompositionof NG retained in the condensed
phase as indicated by TG results. However, these aspects need de-
tailed investigations.

Incorporation of Fe2O3 in the AP–Zr CMDB formulation led to
reduction in weight loss, suggesting its inhibiting effect was prob-
ably due to the necessity to heat it to 900–1300±C before realizing
a catalytic effect.22 In view of the low concentrationand due to the

accumulationon the surface, it is suggested that Fe2O3 gets sporad-
ically distributed in the gas phase instantaneously, and thereby, it
does not have opportunity to catalyze surface reactions directly.21

The decreasein 1H valueobservedduring� rst stageof decomposi-
tion in DSC may also be attributed to these facts.1H for the second
stage remained almost unaffected, which may be due to the com-
pensating heat feedback from reactions in near surface gas-phase
reactions, which are reported to be catalyzed by Fe2O3 .23

Cu–chromite-based formulation did not show a decrease in the
weight loss with respect to the control. This may be because the
exothermic redox reactions occurring on the surface compensate
the heat sink effect. There is also a possibility of heat feedback due
to an increased gas-phase combustion because of the enhancement
of the reaction between ammonia or C/H compounds (originating
from the DB matrix) with HClO4 or oxygen. Catalysts may also be
promoting the reactionof perchloricacid vapor with solid fuel.24¡26
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Fig. 12 DSC pro� le of ballistically modi� ed Zr/AP–CMDB propellants at heating rate 10±C/min.

Increase in 1H for the � rst as well as second stage of decompo-
sition on incorporation of Cu–chromite can be explained based on
this reasoning.The pronouncedeffect of Cu–chromiteon the second
stageof decompositionshows that it catalyzesthe reactionsbetween
AP/decomposition products of AP and the DB matrix. A similar
trend was obtained for BLS C Cu2O C C-black-containingcompo-
sitions. Lengelle et al.27 reported that Pb salts need to be heated to
»700±C to obtain the active form of PbO. This phenomenonoccurs
above the surface, where PbO is trapped in the carbon residue. It is
opined that the likely site of action of the lead additives is the gas
phase rather than the condensedphase. Youfang28 has proposed that
a reaction between PbO and carbonaceousdecompositionproducts
of a DB matrix results in the formationof carbon nuclei that undergo
growth, producing char deposits on the burning surface, leading to
the shift of the reducing site of NO nearer to the burning surface,
and resulting in greater temperature gradient. These processes may
explain the trend observed. Inclusion of FeAA led to an increase
in the weight loss as well as the 1H value, remarkably, suggesting
catalytic effect of FeAA in the condensed phase. DTA results also
support these trends. However, Cu–chromite gave burning rates su-
perior to FeAA and BLS C Cu2O C C-black combination showing
that its activity is both in the condensed and the gas phases.

Conclusions
1) The incorporation of Al results in a burning rate decrease

due to overall heat sink effect. The superior combustion behav-
ior of Ni-based formulationsobserved in terms of burning rates and
low-pressure de� agartion limit, particularly at higher metal con-

tent, than aluminized compositions may be because it catalyzes the
dark zone reactions of the DB matrix. The relatively superior burn-
ing rates of Zr followed by propellants containing Ti emanate from
their oxides being soluble in molten metal and the relatively more
pyrophoric nature of Zr.

2) TG and DSC data for metallized formulations show that
Al/Zr/Ti do not play any role directly in the condensed phase.

3)Cu–chromitewas foundto be a more effectiveballisticmodi� er
for Zr-basedAP–CMDB propellantscomparedto Fe2O3 and FeAA.
The BLS C Cu2O C C-black combinationgave intermediateresults.

4) Thermal data suggest that FeAA is effective in the condensed
phase and that Fe2O3 is mainly effective in the gas phase, whereas
Cu–chromite is effective in both the condensed and the gas phases.
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