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Abstract Composite solid propellants were prepared

with and without nanoalloys (Zn–Cu, Zn–Ni, Zn–Fe),

where nanoalloys are used as catalyst. Catalytic properties

of these nanomaterials measured on ammonium per-

chlorate/hydroxyl-terminated polybutadiene propellant by

thermogravimetric analysis and differential thermal ana-

lysis. Both experimental results show enhancement in the

thermal decomposition of propellants in presence of

nanoalloys. In differential thermal analysis method,

experiments had done at three heating rates, b1 = 5�,
b2 = 10�, b3 = 15� per minute. Calculation of activation

energy of high temperature decomposition step was done

by using following Kissinger equation. Zn–Cu was found

to be the best.

Keywords Propellants � Ammonium perchlorate �
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Introduction

The nanomaterials show novel properties mainly due to

their reduced dimensions, which result in domination of the

surface over bulk (Alla et al. 2004; Liu et al. 2004; Peng

et al. 2011; Wang et al. 2006). In the past two decades, the

syntheses of metal nanoparticles received considerable

attention due to their unusual properties and have optical,

electrical, catalytic, magnetic potential applications, etc. In

recent years, in area of synthesis of nanometal, several new

processes are reported like polylol process (Pradhan et al.

2011) and microemulsion process (Chen and Hsich 2000).

In material science, the range of properties of metallic

system can be greatly extended by taking mixture of ele-

ment to generate intermetallic compounds and alloys. The

rich diversity of the compositions, structure and properties

of metallic alloys has led to their widespread application in

field of electronics and catalysis (Kurihara et al. 1995).

Fabrication materials with well-defined, controllable

properties and structure on the nanometer scale afforded by

the intermetallic materials have generated interest in

bimetallic nanoparticles (BMNs). Surface structure, com-

position and segregation properties of BMNs are of interest

as they are important in the determining chemical activity,

especially catalytic activity. Moreover, bimetals are also of

interest as they are may display structures and properties

which are distinct from those of the pure elemental cluster

and bulk size bimetals.

Solid propellants are mainly used in gun and rocket

propulsion applications (Chaturvedi and Dave 2012a, b;

Singh et al. 2009, 2011). They are very energetic and

produce high temperature gaseous products on combustion.

The high material density of solid propellants leads to high

energy density (the energy produced by a unit volume of a

propellant is called its energy density) needed for produc-

ing the required propulsive force. Propellants on board a

rocket are burned in a controlled way (deflagration) to

produce the desired thrust. Solid propellants are often tai-

lored and classified by specific applications such as space

launches, missiles, and guns. Different chemical ingredi-

ents and their proportions result in different physical and

chemical properties, combustion characteristics, and per-

formance (Beckstead et al. 2007).

Ammonium perchlorate (AP)-based composite propel-

lants have been an important part in the field of solid rocket

propulsion for more than five decades. This type of
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propellant typically contains a multi-modal distribution of

AP (NH4ClO4) grains (*20–200 mm) embedded in the

hydroxyl-terminated polybutadiene (HTPB) matrix. The

physiochemical processes that occur during the combustion

of AP/HTPB propellant include condensed-phase heating,

degradation of AP and HTPB, melting and surface pyro-

lysis, and gas-phase reactions. The flame structures and

burning behavior depend on several factors, such as pro-

pellant composition, AP grain size, initial and ambient

conditions, and propellant morphological configuration.

Several literatures reported earlier on the state of the

knowledge up to the 1980s were written by Brill and Bu-

denz (2000), Kishore (1979), and Ramohalli (1984). After

lots of research efforts in the following years, AP-based

propellants on account of the progress in experimental

diagnostics and a numerical simulation are still the topic of

interest.

In this article, we prepare composite solid propellants

(CSPs). Bimetallic nanoalloys (BMNs) (Zn–Fe, Zn–Ni,

Zn–Cu) are used as additives. Thermal decomposition of

propellants was studied using TGA/DTA analysis. Acti-

vation energy was calculated by Kissinger equation, and

the burning rate was also measured.

Experimental

AP (Qualigens) was used without further purification.

Crystals of AP were ground into fine powder using a pestle

and mortar and sieved to 100–200 mesh. NiCl2 (Quali-

gens), ZnCl2 (Analytical Rasayan), CuCl2 (Merck), FeCl2
(CDH Laboratory Reagent) Hydrazine (Merck) and Eth-

ylene glycol (Merck) were used as received.

Preparation of BMNs

All BMNs were prepared as reported earlier by Wu and Chen

2003. An appropriate amount of metal chloride

(2.5–45 mM) was dissolved directly in ethylene glycol fol-

lowed by addition of an appropriate amount of hydrazine

(0.05–0.9 M) and 1.0 M NaOH solution (10–72 lL). At

60 �C, metal nanoparticles were formed after 1 h in a capped

bottle with stirring. The reaction was performed in an

organic solvent instead of aqueous solution, so it was rela-

tively easy to form pure metals. Nitrogen gas was produced

and bubbled up continuously during the reaction which

created an inert atmosphere and hence the passing extra N2

gas was not necessary for the synthesis of pure BMNs.

Characterization of BMNs

Characterization of BMNs has done using powder XRD

and SEM techniques (Figs. 1, 2). X-ray diffraction (XRD)

measurement was performed on the BMNs by an X-ray

diffractometer using CuKa radiation (k = 1.5418). The

diffraction pattern is shown in Fig. 1. Particle size was

calculated by applying Scherrer’s equation (Birks and

Friedman 1946) and values are reported in Table 1.

Preparation of CSPs

CSP samples were prepared by mixing (Krishna and

Swami 1997) of AP [100–200 and 200–400 mesh (3:1)]

with BMNs (1 % by wt.). The solid materials were mixed

with HTPB in the ratio of 3:1. The binder part includes the

curing agent (IPDI) in equivalent ratio to HTPB and

plasticizer (DOA, 30 % to HTPB). During mixing of the

solid components with HTPB, temperature was maintained

at 60 �C for 1 h. The propellants were prepared with and

without BMNs, casted into aluminum plates having

dimensions 1 9 3 9 10 cm. The samples were cured in an

incubator at 70 �C for 10–15 days (Singh and Prem 2003).

An average of three measurements was taken which are

within experimental error and results are reported in

Table 2.

Measurement of burning rate

The cured propellant samples were cut into smaller pieces

having dimensions 0.8 9 0.8 9 9.0 cm and burning rate

was measured at ambient pressure by fuse wire (Singh and

Prem 2003) technique. An average of three measurements

was taken (See Table 2).

TGA/DTA Analysis of Propellants

The non-isothermal decomposition of propellants with and

without BMNs was carried out in NETZSCH STA449F3

TG apparatus at a heating rate of 10 �C/min in N2 atmo-

sphere taking 20 mg of samples. The plots of TGA and

DTA analyses are shown in Fig. 3 and Fig. 4, respectively.

In DTA method, experiments had done at three heating

rates b1 = 5�, b2 = 10�, b3 = 15� per minute. Indepen-

dent to model free; calculation of activation energy of HTD

step was done by using following Kissinger equation (Lu

et al. 1991).

dIn b=T2
max

� �

d 1=Tmax½ � ¼ �Eð Þ
R

ð1Þ

On differentiation

ln b=T2
max

� �
¼ �Eð Þ=RT þ Constant ð2Þ

where b, E, R and T are the heating rate, activation energy,

gas constant and specific temperature, respectively. A plot

of ln(b/T2) versus 1/T yields an approximate straight line

with a slope of -E/R (Fig. 5, Table 3).
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Fig. 1 Powder XRD
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Results and discussion

The XRD patterns (Fig. 1) for alloys Zn–Cu and Zn–Ni

show considerable broadening of the peaks, which is due to

the presence of very small particles. While no sharp peak

observed in the XRD of Zn–Fe which indicates it is

amorphous. Size of these very small particles (Table 1)

Fig. 2 SEM

Table 1 Particle size of BMNs

Nanoalloy XRD Particle size (nm)

Zn–Cu 15.77

Zn–Ni 79.73

Zn–Fe 43.54

Table 2 DSC phenomenological data of the AP and AP with BMNs

Samples DSC

Peak (Temp./�C) Nature

AP 285 Exo

420 Exo

AP ? Zn–Cu 278 Exo

335 Exo

AP ? Zn–Ni 279 Exo

345 Exo

AP ? Zn–Fe 280 Exo

374 Exo

Fig. 3 TG thermogram

Fig. 4 DTA
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shows beyond doubt that these prepared alloy are in the

nanoscale range. SEM diagram of nanoalloys is shown in

Fig. 2.

Most of the studies suggested that ballistic modifiers are

active mainly in the condense phase at AP–binder interface

(Chakravarthy et al. 1997). TG and DTA shown in Figs. 3

and 4 indicates that the condensed phase reactions are

occurring in CSPs. CSPs have two-step decomposition

namely LTD and HTD, whereas in case of propellants with

BMNs, LTD almost disappears while HTD occurs at much

lower temperature, which may be due to the activity of

BMNs. Lowering of HTD was also supported by DTA.

The mass loss was accelerated when BMNs were used

as catalysts (1 wt%) for CSPs. The mass loss might be

enhanced on account of the acceleration of any decompo-

sition of the HTPB, AP, and HTPB/AP. The result shows

that the rate of polymer decomposition is enhanced when

catalysts are added. Perhaps oxidative degradation of

HTPB is increased by catalysts as it has been pointed out in

earlier work (Singh et al. 2013).

In CSPs, AP particles first decompose in the sub-surface

region to form perchloric acid (HClO4), and the HTPB

binder decomposes to produce fuel in the form of hydro-

carbon fragments and hydrogen. HClO4 decomposes fur-

ther to form smaller oxidizing species. These decomposed

gases consisting of fuel and oxidizer components mix

together to form a diffusion flame above the propellant-

burning surface. The flame structure, however, is more

complex as there are individual premixed monopropellant

flames from AP and partially mixed flames from HTPB, in

addition to the diffusion flame from their decomposition

products. The luminous flame is attached to the burning

surface and there is no dark zone as seen in double-base

propellants (Ramakrishna et al. 2002; Summerfield 1984).

The combustion of AP/HTPB composite propellant

involves an array of intricate physiochemical processes

including: (1) conductive preheating, decomposition, and

phase transition in the condensed phase; and (2) multi-stage

reactions in the gas phase (Brewster and Mullen 2011).

The results reported in Table 3 clearly show that BMNs

enhance the burning rate ‘‘r’’ of CSPs. Enhancement was

best in presence of Zn–Cu alloys. It enhances the burning

rate by 1.67 times.

Kinetics

The activation energy for LTD and HTD of CSPs under

continuous heating was calculated by Kissinger equation.

A plot of ln(b/Tmax
2 ) versus 1/T yields an approximate

straight line with a slope of -E/R. Calculated activation

energy of CSPs at HTD has been shown in the Table 4

which clearly shows the lowering in activation energy for

HTD for CSP in presence of nanoalloys. Remarkable

lowering has been found in presence of Zn–Cu alloys.

Summarizing these results, it may be inferred that

BMNs can be used as catalyst for AP and CSPs while Zn–

Cu was found to be the best.

Conclusion

Composite solid propellants were prepared with and

without nanoalloys (Zn–Cu, Zn–Ni, Zn–Fe), where nano-

alloys are used as catalyst. TGA analysis shows catalytic

activity of CSPs of metal alloys was best as compared to

metal alloys with AP. Burning rate study shows enhance-

ment in burning rate with nanoalloys. Best results were

found for Zn–Cu.
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