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a b s t r a c t

Bimetallic nanoalloys (BMNAs) of 3d-series (Ni–Cu, Ni–Co and Ni–Zn) were prepared by hydrazine reduc-
tion of respective metal chloride in ethylene glycol at 60 ◦C. These were characterized by X-ray diffraction
(XRD) and transmission electron microscopy (TEM) and particle size was found to be in the order of 34,
43 and 30 nm, respectively. The thermolysis of ammonium perchlorate (AP) and AP-HTPB composite solid
propellants was found to be catalyzed with BMNAs and burning rate was found to be enhanced consid-
eywords:
imetallic nanoalloys
mmonium perchlorate
hermal decomposition

erably. TG and ignition delay studies demonstrated that higher temperature decomposition (HTD) of AP
is enhanced enormously by these additives and Ni–Co nanoalloy is the best catalyst.

© 2009 Elsevier B.V. All rights reserved.
gnition delay
urning rate
omposite solid propellant

. Introduction

Ammonium perchlorate (AP) is most important oxidizer for
omposite solid propellants (CSPs) [1]. The characteristic of the
hermal decomposition of AP are believed to influence the perfor-

ance of CSPs and are remarkably sensitive to additives [2–7]. The
urning rate of CSPs having AP in the matrix of polymeric fuel can
e accelerated by the addition of small amount of transition metal
xides. Most recently, new catalyst of nano size have been reported
hich are more active than commonly used one.

In material science, the range of properties of metallic systems
an be greatly extended by taking mixtures of elements to generate
ntermetallic compounds and alloys [8]. The rich diversity of
ompositions, structures and properties of metallic alloys has led
o widespread applications in electronic and catalysis. To fabricate

aterials with well defined, controllable properties and structures
n the nanometer scale, afforded by intermetallic materials have
enerated interest in bimetallic nanoalloys. Surface structures,
omposition and segregation properties of nanoalloys are of
nterest as they are important in determining chemical reactivity
specially the catalytic activity. Moreover, nanoalloys are also of

nterest as they may display structures and properties which are
istinct from those of the pure elemental cluster and bulk alloys.
anoallloys have been prepared by low temperature synthetic
athway, co-decomposition, co-reduction methods, etc. [8].
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In the present work, bimetallic nanoalloys (BMNAs) were pre-
pared by hydrazine reduction of metal chloride in ethylene glycol
without use of any protective agent [9]. The particle size of the
nanoalloys was evaluated. Further a comprehensive investigation
on thermolysis of AP and AP-HTPB with and without catalyst have
been undertaken using TG, ignition delay and burning rate studies.

2. Experimental

2.1. Materials

AP obtained from CECRI, Karaikudi was used without further purification. NiCl2
(Qualigens), CoCl2 (Analytical Rasayan), CuCl2 (Merck), ZnCl2 (Merck) HTPB (VSSC,
Thiruvanthapuram), IPDI (Merck) and DOA (Merck) were used as received.

2.2. Preparation of BMNAs

All BMNAs were prepared by hydrazine reduction in ethylene glycol as reported
earlier [9]. An appropriate amount of metal chloride (1.25 mM) was dissolved directly
in ethylene glycol followed by addition of an appropriate amount of hydrazine
(0.05–0.9 M) and of 1.0 M NaOH solution (10–72 �l). At 60 ◦C, metal nanoalloys were
formed after about 1 h, in a capped bottle with stirring. The reaction was performed
in an organic solvent instead of aqueous solution, so it was relatively easy to form
nanoalloys. Nitrogen gas was produced and bubbled up continuously during reaction
which created an inert atmosphere.

2.3. Characterization

X-ray diffraction (XRD) measurement were performed on the BMNAs by an X-ray

diffractometer using Cu K� radiation (� = 1.5418) and diffraction pattern is shown
in Fig. 1. Crystallite size was determined according to the half width of the highest
intensity diffraction peak using Debye–Scherrer’s equation [10] (Table 1). The size
and morphology of the BMNAs were also studied by transmission electron micro-

scope (TEM) model No. CM200, operating voltage 20–200 kV and resolution 2.4 ´̊A
(Fig. 2).

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gsingh4us@yahoo.com
dx.doi.org/10.1016/j.jallcom.2009.02.024
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Fig. 1. XRD patterns.

Table 1
Crystal size of BMNAs.

Nanoalloy Particle size (nm)

XRD TEM

N
N
N

3

3

B
p
a

i–Co 37.3 43
i–Cu 26.5 34
i–Zn 30.1 30

. Thermolysis of AP in presence of BMNAs

.1. Simultaneous TG-DTG-DSC
TG-DSC-DTG thermogram (Fig. 3) on pure AP and AP with
MNAs (by mixing in ratio of 99:1) were recorded on the sam-
les (∼12 mg) using Perkin Elmer (Pyris Diamond) under nitrogen
tmosphere (200 ml/min) at a heating rate 10 ◦C/min
Fig. 2. TEM images.

3.2. Isothermal TG
Isothermal TG on the AP with and without BMNAs by varying
compositions (0.25, 0.5, 1 and 2% by mass) at 300 ◦C under static air
atmosphere were recorded using indigenously fabricated TG [11]
apparatus (Fig. 4).
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Fig. 4. Isothermal TG of various % of BMNAs in AP at 300 ◦C.

Table 2
DTG and DSC phenomenological data of the AP and AP with BMNAs.

Samples DTG DSC

Peak (temperature (◦C)) Nature Peak (temperature (◦C)) Nature

AP 282 Exo 285 Exo
410 Exo 420 Exo

Ni–Co 267 Exo 275 Exo
300 Exo 300 Exo

Ni–Cu 277 Exo 279 Exo
324 Exo 325 Exo

T
I

S

A
A
A
A

Fig. 3. TG-DTG-DSC thermogram.

.3. Ignition delay (Di) measurments

This measurement was undertaken using the tube furnace (TF)
echnique [12] in the temperature range of 360–420 ◦C. Twenty mil-
igrams of samples (AP and AP with BMNAs in same ratio as in TG)

ere taken in an ignition tube and time interval determined with
elp of stop watch, between the insertion of the ignition tube into
he TF and the moment of ignition indicated by the appearance
f fumes with light, gave the value of ignition delay in seconds.
he sample was inserted into the TF with the help of a bent wire.
he time for the insertion of the ignition tube into the TF was kept
onstant throughout each run. The accuracy of temperature mea-
urements of TF was ±1 ◦C. Each run was taken five times and mean
i value are reported in Table 2. The Di data were found to fit in the
q. (1) [13–15].
i = A exp
(

Ea

RT

)
(1)

here, Ea is activation energy for thermal explosion. A is the pre-
xponential factor, and T the absolute temperature. Ea’s assessed

able 3
gnition delay (Di), activation energy for ignition delay (Ea) and correlation coefficient of A

ample Di (s)

360 ± 1 ◦C 375 ± 1 ◦C 390 ± 1 ◦C 405 ± 1 ◦C

P 105 93 85 71
P + Ni–Co (1% wt.) 64 59 53 48
P + Ni–Cu (1% wt.) 75 68 64 55
P + Ni–Zn (1% wt.) 90 85 75 63
Ni–Zn 290 Exo 280 Exo
340 Exo 336 Exo

by Eq. (1) along with the correlation coefficients (r) are given in
Table 3.
3.4. Preparation of CSPs

CSP samples were prepared by dry mixing [16] of AP [100–200
and 200–400 mesh (3:1)] with BMNAs (1% by wt.). The solid mate-

P and AP + BMNAs (1% by wt.).

Ea (kJ/mol) r (Correlation coefficient) −ln A

420 ± 1 ◦C

60 49.14 0.9897 4.65
45 22.18 0.9977 0.04
48 26.78 0.9849 0.75
55 31.13 0.9834 1.37
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Table 4
Burning rate of CSPs with and without BMNAs (1% by wt.).

Sample Burning rate (mm/s) r*/r

CSP 1.22 1.00
CSP + Ni–Co 2.08 1.71
CSP + Ni–Cu 1.77 1.45
CSP + Ni–Zn 1.59 1.30

T
I

S

C
C
C
C

Fig. 5. TG thermogram of CSPs with and without BTMNs.

ials were mixed with HTPB in the ratio of 3:1. The binder part
ncludes the curing agent (IPDI) in equivalent ratio to HTPB and
lasticizer (DOA, 30% to HTPB). During mixing of the solid com-
onents with HTPB, temperature was maintained at 60 ◦C for 1 h.
he propellants were prepared with and without BMNAs, casted
nto aluminum plates having dimensions 1 cm × 3 cm × 10 cm. The
amples were cured in an incubator at 70 ◦C for 8–10 days [17].

.5. Measurement of burning rate

The cured propellant samples were cut into smaller pieces
aving dimensions 0.8 cm × 0.8 cm × 9.0 cm and burning rate was
easured at ambient pressure by fuse wire technique [17]. An aver-

ge of 3 measurements was taken which are within experimental
rror and results are reported in Table 3.

.6. Thermal decomposition of CSPs

The non-isothermal decomposition of propellants with and
ithout BMNA were carried out in static air using indige-
ously fabricated TG apparatus at a heating rate of 10 ◦C/min
aking 20 mg of samples. The plots of percent decomposition
s. temperature are given in Fig. 5 and ignition delay mea-
urements were done as reported earlier and data shown in
able 5.

. Results and discussion

BMNAs are prepared by hydrazine reduction in ethylene gly-
ol, which is better than earlier reported method [9]. There is
o need of any protective agent which is difficult to remove

ompletely from the metal surface by simple washing. The XRD
atterns (Fig. 1) for all these BMNAs show considerable broad-
ning of the peaks, which are due to the presence of very small
rystallites.

able 5
gnition delay (Di), activation energy for ignition delay (Ea) and correlation coefficient of C

ample Di (s)

360 ± 1 ◦C 375 ± 1 ◦C 390 ± 1 ◦C 405 ± 1 ◦C

SP 68 62 55 52
SP + Ni–Co 54 50 46 44
SP + Ni–Cu 57 53 48 45
SP + Ni–Zn 62 56 50 48
r* and r are burning rate of CSP with and without BMNA, respectively.

TEM images are in range of 43–30 nm, which is in good
agreement with that estimated by Scherrer equation from
the XRD pattern. Average size for BMNAs are shown in
Table 1.

The non-isothermal TG thermogram in flowing N2 atmo-
sphere (Fig. 3) clearly indicates that thermal decomposition of
AP takes place in two steps [18–20]. TG thermogram (Fig. 3)
for AP with BMNAs does confirm that nanocrystals affect both
LTD and HTD of AP, addition of catalyst, not only increases the
mass loss of AP but also lower the HTD range of AP to form
gaseous products. DTG also confirms lowering temperature of HTD
(Table 2).

DSC thermogram (Fig. 3) for the decomposition of pure AP shows
three events. The endothermic peak at 237 ◦C represents the tran-
sition of AP from orthorhombic to cubic form [1]. The first step is
an exothermic peak observed at 285 ◦C corresponds to LTD pro-
cess and second peak corresponding to HTD process observed at
420 ◦C. DSC thermogram of AP in presence of BMNAs shows notice-
able change (shifting to lower temperature) in the decomposition
pattern.

The effect of BMNAs on thermolysis of AP by varying their
amount (Fig. 4), experimental results clearly indicate that the cat-
alytic activity increases with increasing amount of the BMNAs in
AP. AP with BMNAs ignited with noise at sudden high temperature.
Computational calculation shows that activation energy for igni-
tion for AP is lowered by the BMNAs (Table 3). Results reported in
table clearly shows that BMNAs enhance the burning rate ‘r’ of CSPs
which is highest for Ni–Co near about two times and lowest for
Ni–Zn nanoalloy (Table 4).

Most of the studies suggested that ballistic modifiers are active
mainly in the condense phase at AP-binder interface [21]. TG ther-
mograms shown in Fig. 5 indicates that the condensed phase
reactions are occurring in CSPs. CSPs has two step decomposi-
tion namely LTD and HTD whereas in case of propellants with
BMNAs, the thermal decomposition occurs at much lower temper-
ature in case of HTD, which may be due to the activity of BMNAs
(Fig. 5). Ignition delay and their kinetic parameters are shown in
Table 5

CSPs also ignited with noise and flame at sudden high temper-
ature. Computational calculation shows that activation energy for

ignition of CSPs lowered by the BMNAs. Summarizing these results,
it may be inferred that BMNA can be used as catalyst for AP and
CSPs.

SPs with and without BMNAs (1% by wt.).

Ea (kJ/mol) r (Correlation coefficient) −ln A

420 ± 1 ◦C

49 20.3 0.9800 0.36
41 16.5 0.9970 0.67
43 17.7 0.9843 0.85
46 18.4 0.9800 0.62
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. Conclusions

BMNAs were prepared by hydrazine reduction method and used
s catalysts in the thermolysis of AP and CSPs. The burning rate
as found to be enhanced with BMNAs. TG-DTG-DSC and ignition
elay studies demonstrated that HTD of AP is enhancing enor-
ously by these catalysts and Ni–Co nanoalloy was found to be the

est.
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