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Abstract: A bottom up approach for the preparation of Nano Aluminium Powder 

(NAP) using a Transferred Arc Thermal Plasma Reactor (TAPR) is described.  The 

aluminium block is subjected to evaporation by the application of a thermal plasma.  

The aluminium vapour produced is rapidly quenched to room temperature resulting 

in crystallization of the aluminium vapour in nano-particulate form.  Various 

process parameters, such as the plasma torch power, reactor pressure and plasma 

gas composition were optimized.  This paper also describes the characterization of 

NAP by analytical methods, for the estimation of the Active Aluminium Content 

(AAC), Total Aluminium Content (TAC), XRD, bulk density, BET surface area, 

HR-TEM etc.  The results are compared with those for samples prepared in other 

thermal plasma reactors, such as the DC Arc Plasma Reactor (DCAPR) and the 

RF Induction Thermal Plasma Reactor (RFITPR), and for commercially available 

NAP samples (ALEX, prepared by the EEW technique).

Keywords: nano aluminium, thermal plasma, DC arc plasma, RF induction 

plasma, aluminium content, BET surface area, HR-TEM

ISSN 1733-7178

e-ISSN 2353-1843



54 A. Pant et al.

1 Introduction 

Micron sized aluminium powder is one of the most widely used ingredients in 

explosive, propellant and pyrotechnic formulations.  However, its full potential 

has not been exploited because of the incomplete combustion of Al and its 

extensive oxidation prior to combustion.  This problem is somewhat mitigated 

with the use of NAP and the current research reveals that addition of NAP to 

composite propellants results in improvements in the burn rate and specific 
impulse (Isp), as well as in high explosive formulations to enhance the detonation 

properties and the underwater performance [1-12].  Various techniques are used 

to prepare NAP and these are divided into high temperature and low temperature 

processes.  The high temperature techniques include gas evaporation [13-16], 

plasma chemical synthesis [17-22], laser ablation [23], arc discharge [24-26], 

electro-explosion [27-30], and ion implantation [31], whereas the low temperature 

techniques include solution methods [32-38] and mechanical attrition (ball 

milling) [39-40].  However, producing bulk NAP continues to be a technical 

challenge.  Two different vapour condensation methodologies, viz. Electrical 
Explosion of Wire (EEW) and thermal plasma have been reported for bulk 

production of NAP.  The thermal plasma route has inherent advantages such as 

a high production rate and control of the particle size (monodispersity). 

We have developed a methodology for the preparation of NAP using 

a Transferred Arc Plasma Reactor (TAPR).  It is a bottom up approach where an 

aluminium block is subjected to evaporation by the application of a thermal plasma.  

The aluminium vapour produced is rapidly quenched to room temperature resulting 

in the crystallization of aluminium particles in nano-particulate form.  Various 

process parameters, such as plasma torch power, reactor pressure and plasma 

gas composition, were optimized for the process.  This paper also describes the 

characterization of NAPs prepared by the TAPR method, by purity analysis, bulk 

density, surface area, XRD, HRTEM etc.  These results are compared with NAP 

prepared by other thermal plasma reactors, such as the DC Arc Plasma Reactor 

(DCAPR) and the RF Induction Thermal Plasma Reactor (RFITPR), and with 

commercially available NAP samples (ALEX, prepared by the EEW technique).

2 Experimental 

2.1 Preparation of NAP by a thermal plasma 
Plasma is comprised of partially ionized gases at very high temperatures (5000-

20,000 K), and contains ions (positive and negative), electrons, molecules and 



55Preparation of Nano Aluminium Powder (NAP) using a Thermal Plasma...

neutral species. A plasma can deliver the energy necessary to cause evaporation of 

any solid, and also initiate chemical reactions. A Transferred Arc Thermal Plasma 

Reactor (TAPR) (make: TEKNA Inc. Canada) was used for the preparation of 

NAP (Figure 1).

Control 

Console

Plasma 

Chamber

Quench / Reaction 

Zone

Cyclone Collector

Figure 1. TAPR system used for the preparation of NAP samples.

A TAPR assembly consists of the following: the power supply, plasma torch 

and displacement system, cooling system, vacuum unit and pressure control 

system, plasma chamber, reactor chamber/quench sections and powder collection 

system.  The system has a bank of two DC power supplies capable of giving 

a combined power of 30 kW (max.).  A liquid ring vacuum pump was used to 

evacuate the system to a base pressure of 10−1 torr.  The plasma torch gave currents 

up to 500 A in the transferred arc mode. A high temperature (up to 10,000 K) 

was realised during the generation of the thermal plasma and hence very intense 

cooling of the exposed parts of the system was applied in order to protect them 

from the high heat flux.  The TAPR system was equipped with deionised (DI) 
water circulation in the console, which provided the necessary cooling for the 

reactor, plasma torch and the electrode.  The temperature of the DI water was 

kept at ~15-20 ºC.  Aluminium blocks (~99% pure) in the graphite crucible were 

used as the anode.  The arc was generated using argon as a plasma gas.  The 

argon plasma from the torch was allowed to impinge on the metal anode and 

subsequently transferred its heat to the target; this resulted in the vaporization 

of the aluminium (m.p. of aluminium 660 ºC) in the evaporator/reactor chamber.  

The resulting aluminium vapour was subsequently subjected to rapid cooling via 
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three quenching zones (Q-1, Q-2 and Q-3).  NAP was formed due to the rapid 

homogeneous nucleation and quenching, resulting in the formation of very fine 
aluminium powder.  After the reaction and quench zones, NAP passed through 

the cyclone collector and was collected at the bottom of the collector.  NAP was 

collected in the canister under a controlled atmosphere. 

2.2 Analysis and characterization of NAPs

2.2.1 Reagents and NAP samples 
All of the reagents, such as cerium(IV) sulfate(VI), Mohr’s salt [(NH4)2Fe(SO4)2·6H2O], 

conc. sulfuric acid, potassium dichromate, diphenylamine (indicator), phosphoric 

acid, ferroin (indicator), EDTA, zinc sulfate [ZnSO4·7H2O], sodium acetate 

trihydrate, [CH3COONa·3H2O], conc. hydrochloric acid, sodium salt of xylenol 

orange etc. were of analytical grade.  All solutions were prepared in distilled water.

This laboratory has also assessed NAP samples prepared by other methods, 

such as DC Arc Plasma Reactor (DCAPR), Radio Frequency Induction Plasma 

Reactor (RFIPR), and Electrical Explosion of Wire (EEW; ALEX powder).   

2.2.2 Characterization by instrumental methods
The bulk density was measured by the conventional method using tap 

densitometer equipment.  An accurately weighed NAP sample (~8 g) was taken 

in a glass measuring cylinder (50 mL).  The material was tapped using the above 

mentioned equipment to realize a constant value of the minimum volume required 

for the solid material.  It took ~40 strokes to realize the minimum volume.  The 

bulk density (BD) was calculated as follows:

BD = m/V

where: m − mass of the powder taken for testing, g, and V − volume occupied 
by the powder in the measuring cylinder, cm3. 

The powder X-ray diffraction (XRD) of the NAP samples was measured in 
an X-ray Diffractometer (X´Pert PRO Panalytical and Bruker D8 advance) with 
a Cu Kα source at a measurement angle range 2θ = 20-70º.  The surface area was 
measured by nitrogen adsorption using a Gemini VII 2390t surface area analyzer 

(Micromeritics, USA).  The sample (0.2 g) was activated by heating at 250 ºC for 

6 h under N2 gas purging.  High Resolution Transmission Electron Microscopy 

(HRTEM) images were taken with a TECHNAI F-30 (FEI) instrument with 

a 300 kV Field Emission Gun (FEG).  The NAP sample was dispersed in hexane 

with the help of sonication.  The dispersed mixture was mounted on a TEM grid.  
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The solvent was evaporated by drying in an oven. 

2.3 Analytical method for the estimation of Active Aluminium Content 

(AAC)
An accurately weighed NAP sample (50-60 mg) was transferred to a 250 mL 

conical flask and 0.2 N cerium(IV) sulfate(VI) solution (50 mL) was added to it.  
The powder was dissolved in the cerium(IV) sulfate(VI) solution by occasional 

swirling and by applying heat using a hot plate for 30 min.  The solution was 

cooled to room temperature and ferroin indicator (1-2 drops) were then added.  

This solution was titrated against standard Mohr’s salt solution.  The colour 

change at the end point was dark yellow to orange.  The burette reading (Vs) was 

noted.  Similarly, a blank titration was carried out without aluminium powder 

and the blank reading (Vb) was noted. 

Calculation: 

where: M = 8.993 g (equivalent mass of aluminium); m − mass of Al in sample, g; 
Vb − blank burette reading without sample solution; Vs − burette reading with 
sample solution, mL; N − normality of Mohr’s salt.

2.4 Analytical method for the estimation of Total Aluminium 

Content (TAC)

2.4.1 Preparation of aluminium stock solution 
An accurately weighed NAP sample (70 mg) was transferred to a clean 50 mL 

beaker.  Concentrated hydrochloric acid (5 mL) was added and the mixture was 

boiled for about 20 min on a hot plate.  If any powder remained on the walls, it 

was washed down with distilled water (25 mL) and boiled again.  The beaker 

was cooled to near room temperature.  This solution was then made up to 250 mL 

in a volumetric flask with distilled water.

2.4.2 Formation of the Al-EDTA complex and back titration of the 

excess EDTA with standard zinc sulfate solution 
The aluminium stock solution (10.00 mL) was added to a 125 mL conical 

flask, and the free acid was neutralised with 1 N NaOH solution.0.01 M EDTA 

solution (20.00 mL) was transferred quantitatively into the flask using a burette.  
Sodium acetate buffer solution (20 mL) of pH~5 was added.  The solution was 
boiled gently on a hot plate for 5 min to speed up the formation of the Al-EDTA 
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complex.  Xylenol orange indicator (10 drops) was added and mixed well.  The 

solution appeared lemon yellow in colour.  If the EDTA is insufficient to chelate 
all of the aluminium ions, the solution will be deep red in colour.  In the latter 

case, additional EDTA solution (5.00 mL or more) was added to this deep red 

solution. It was boiled again until the colour changed to lemon yellow.  The 

solution was then back-titrated with a standardized zinc solution (0.01 M) until 

the colour changed from lemon yellow to orange red at the endpoint. 

Calculation:  

where: Vb is blank burette reading without sample solution; Vs − burette reading 
with sample; N − normality of ZnSO4 solution; W − weight of the sample, g.

3 Results and Discussion

3.1 Preparation of NAP 
The preparation of nanopowders via the thermal plasma route is one of the 

techniques used for large scale production of nanomaterials because of the high 

enthalpy, high reaction temperature and steep temperature gradients associated 

with thermal plasma.  It follows a gas phase condensation mechanism. 

To optimize the process for the preparation of NAP, various experiments were 

performed to study the effects of changing process  parameters, such as plasma 
power, reactor pressure and different dilutions of H2 gas in the Ar plasma etc.

3.1.1 NAP prepared under different plasma power conditions
The effect of plasma power was studied and it was observed that an increase in 
power led to a higher vaporization rate, resulting in a better yield without much 

change in particle size. Figure 2 shows the SEM images of the NAP prepared 

under different plasma power conditions (18 and 25 kW) while keeping the 
other parameters, such as the flow rates of the quench gas and the plasma gas 
composition constant.  From the SEM images, it was observed that the particles 

were spherical and mono-dispersed, with a few larger agglomerates.  These 

images reveal that the particles are less than 200 nm in size.
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Figure 2. SEM images of NAP samples prepared at different plasma powers: 
(a) 18 kW, (b) particle size distribution at 18 kW, (c) 25 kW.

The 2D AFM images (Figure 3a and 3b) of the Al powders synthesized 

under 18 and 25 kW plasma power conditions also confirm that the loosely 
bound spherical particles were less than 200 nm in size.

 

(a)                                                 (b)

Figure 3. AFM images of NAP samples prepared at 14 psia and different 
plasma powers: (a) 18 kW, (b) 25 kW.
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3.1.2 NAP prepared under different reactor pressures
In order to increase the production rate, the nanopowders were prepared under 

different reactor pressure conditions (14.5-10.0 psia) while keeping the power and 
the flow rates of the different gases constant (plasma power 25 kW and plasma 
gas flow rate 35 lpm).  It was observed that a decrease in the reactor pressure 
resulted in an increase in mean free path, which results in the synthesis of well 

dispersed and less agglomerated particles.  The SEM images (Figure 4) revealed 

that the particles were spherical with a few larger agglomerates, having particles 

less than 200 nm in size.

 

(a)                                                       (b)

Figure 4. Typical SEM images of NAP samples prepared at: (a) 10.0 psia, and 

(b) 14.5 psia, reactor pressure conditions.

3.1.3 NAP prepared at different H2 dilutions
To examine the effect of the plasma characteristics on the preparation of NAP, 
the plasma gas (argon) was diluted using different amounts of hydrogen (0-20%) 
gas, while keeping the total flow (35 lpm) of the plasma gas constant.

Hydrogen is a diatomic gas and H2 plasma has a higher energy content at 

a given temperature than monoatomic gases like Ar or He, because of the energy 

associated with the dissociation of the molecules.  It has been reported that H2 

lowers the boiling point of the material and provides much better heat transfer 

properties to the plasma [41].  Hydrogen addition increases both the thermal 

conductivity and the enthalpy of the gas.

Figure 5 shows the SEM images of the NAP prepared under different H2 

dilution conditions.  The SEM images show spherical particles, however it was 

observed that with an increase in H2 concentration, the particle size was increased.  

This is attributed to the difference in vaporization rate due to the hydrogen 
addition in the arc, leading to a higher vapour concentration and resulting in 

larger diameters of the nanoparticles [42, 43]
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(a)                                               (b)

(c)

Figure 5. SEM images of NAP samples prepared at different H2 dilutions: 

(a) 90% Ar + 10% H2, (b) 80% Ar + 20% H2, (c) 100% Ar.

The 2D AFM images (Figure 6) of the NAP prepared under different plasma 
compositions also confirm the increase in the particle size.  However, the particles 
are < 200 nm at 20% H2 dilution.  No remarkable increase in the yield of NAP 

was observed by changing the H2 dilution.
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(a)                                                 (b)

(c)

Figure 6. AFM images of the NAP samples prepared at different H2 dilutions: 

(a) 90% Ar + 10% H2, (b) 80% Ar + 20% H2, (c) 100% Ar.

3.2 Experiments under the optimized process conditions
By optimizing the chamber pressure, plasma power and plasma gas 

composition, NAP samples were synthesized at a production rate of > 50 g/h.  

The optimised process parameters for the preparation of NAP in the TAPR are 

given in Table 1. 
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Table 1. Optimised process conditions in the TAPR for the preparation of 

NAP

Sl. No. Reaction parameter Optimised condition

1 Chamber pressure 14.5 psi

2 Arc current 350 A

3 Power 22 kW

4 Plasma gas composition Ar (90-100%), H2 (0-10%)

5 Quench gas Argon

3.2.1 Characterization

Estimation of the Active Aluminium Content (AAC)

Pure NAP is very reactive with oxygen and thus becomes pyrophoric.  It is 

stabilised by controlled surface oxidation with a limited exposure to oxygen, 

which produce an Al2O3 layer on the outer surface (2-6 nm).  This oxide layer 

generally does not contribute constructively for its use as a fuel, and hence it is 

usually considered as “dead weight”.  Aluminium metal in the particle core is in 

the zero oxidation state, and is considered as active aluminium, the effective fuel 
for HEM applications.  Apart from the oxide layer, there may be other impurities, 

such as nitrogen (in the form of AlN), carbon, and other metals depending upon 

the preparation methodology and the purity of the starting material employed 

in the plasma system.  The presence of all of these foreign impurities certainly 

reduces the total aluminium content (TAC) in the bulk NAP.  Thus, it affects the 
performance of the NAP as a fuel in HEM applications.  Hence, it is essential to 

quantify both the AAC and the TAC in the NAP.  In view of the above necessity, 

analytical methods were developed for the estimation of AAC and TAC.

Four methods have been reported in the literature [44-48] for the 

estimation of AAC in nano aluminium powder.  Glotov et al. [47] reported 

a permanganatometric and volumetric method for the determination of the free 

aluminium.  However, the main disadvantage of this method is the requirement 

of special equipment for the measurement of the evolved gas and its sensitivity 

to ambient conditions.  Another method by which the active aluminium content 

can be determined is a thermogravimetric (TG) method [48].  The main drawback 

of this method is incomplete oxidation of the aluminium powder, which leads 

to an underestimated result.  An indirect estimation method using XRD, BET 

and HRTEM has also been reported in the literature. All of the above methods 

were successfully used for the determination of the Al content in conventional 

micron sized Al particles.  However, NAP gave unsatisfactory results because 

of its high reactivity.
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Fedotova et al. [46] reported a redox titration method for the estimation of 

AAC.  Cerium(IV) sulfate(VI) is a powerful oxidising agent (reduction potential 

in 1-4M sulfuric acid is 1.44-1.42 V).  When an accurately weighed sample 

of the aluminium powder is added to an excess of a known amount of cerium 

sulfate solution at slightly elevated temperature, aluminium becomes oxidised 

to Al3+ ions.  The amount of Ce4+ ions remaining is determined by back titration 

against standardised Mohr’s salt (ferrous ammonium sulfate hexahydrate) 

solution using ferroin indicator (endpoint colour change from yellow to orange).  

The reaction between Al and cerium sulfate is shown in Scheme 1, whilst the 

reaction between cerium sulfate and Mohr’s salt is shown in Scheme 2.  The 

same method was adopted here for the estimation of AAC, however the heating 

time for the dissolution of the Al in cerium sulfate was increased to 30 min in 

order to completely dissolve the aluminium powder.

Al + 3Ce4+
Al3+ + 3Ce3+ 

(Scheme 1) 

Fe2+ + Ce4+
Fe3+ + Ce3+

(Scheme 2) 

Estimation of Total Aluminium Content (TAC)

Two methods have been reported in the literature [49, 50] for the estimation 

of TAC for micron sized aluminium powder.  These are complexometric and 

gravimetric. The complexometric titration method was adopted here due to the 

ease of analysis and also to realize better accuracy and precision.  

NAP was dissolved in concentrated HCl to convert all of the aluminium 

into Al3+.  The solution was then diluted to a known volume to prepare a stock 

sample solution.  All of the Al3+ ions present in a known volume of the stock 

solution were converted to a stable Al-EDTA complex with a known amount of 

excess EDTA solution.  The excess EDTA was back titrated with standard zinc 

sulfate solution using xylenol orange indicator. 

Micron sized, bulk aluminium powder (99.8% purity) was taken as a standard 

sample and used to validate the method.  The results are shown in Table 2. ALEX 

(imported from Russia) and TAPR synthesized samples had AAC values of 86%, 

whereas RFIPR and DCAPR synthesized samples had lower AAC values (70-

75%).  The differences in AAC values may be due to the addition of a higher 
content of oxygen gas for a longer period of time.  The NAP obtained here was 

greyish in colour, with a bulk density of ~0.29-0.32 g/cm3 (Table 3), which is 

much lower than that of micron aluminium.
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Table 2. AAC and TAC values of different NAP samples

NAP Sample
AAC
[%]

STDEV
σ

TAC
[%]

STDEV
σ

EEW,  (ALEX, Russia) 85.5 0.66 96.3 0.4

DCAPR,  (UOP) 70.0 0.56 85.0 0.7

TAPR,  (C-MET) 86.9 0.32 92.0 0.34

RFIPR,  (ARCI) 75.6 0.49 85.6 0.26

Micron-Aluminium 
powder,  (HEMRL)

98.7 0.33 100.8 0.71

3.3 XRD and TEM analysis
Typical XRD scans of NAP prepared by different routes are shown in Figure 7.  
The X-ray diffraction pattern of all samples exhibited the characteristic peaks of 
nano aluminium.  The diffraction pattern of NAPs prepared by different methods 
closely matches with micron Al.  However, careful observation further showed 

that the Micron Al shows no impurity peaks, whereas ALEX powder, TAPR 

and RFIPR samples showed minor AlN, Al2O3 and Al(OH)3 peaks, respectively.  
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Figure 7. XRD scans of NAP samples prepared by different routes: (a) Micron Al, 

(b) TAPR,(c) EEW, (d) RFIPR.
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(a)                           (b)                           (c)                           (d)

  

(e)                                   (f)

Figure 8. HRTEM images of NAP samples prepared by different routes: (a) 
and (b) TAPR; (c) and (d) EEW (ALEX); (e) DCAPR; (f) RFIPR.

A comparison of the HRTEM micrographs is shown in Figure 8.  The 

HRTEM images indicate that the particles are mostly spherical in shape.  The 

average particle size is given in Table 3.  It was quite interesting to see the 

differences in average particle size obtained with different plasma systems.  ALEX 
and DCAPR samples showed comparatively narrow particle size distributions 

compared to the TAPR and RFIPR samples, which showed broader particle size 

distributions.  Figure 8b represents the HRTEM of an NAP sample prepared via 

TAPR, which showed a thin layer of alumina as a passivating layer of thickness 

around 3-5 nm.  Wider particle size distributions might be the reason for the 

higher AACs in TAPR samples.  A closer study of Figure 8d reveals that in ALEX 

powder, the particles contact each other through their outer oxide layers, which 

indicates that clustering of the particles may have occurred after the oxidation 

of the metallic cores [51]. 
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Table 3. BD, BET surface area and particle size of NAP samples

NAP sample
BD

[g/cm3]
BET SA
[m2/g]

Particle size, [nm]

BETSA HRTEM

EEW, (ALEX, Russia) 0.27 21 102 100-200

DCAPR, (UOP) 0.3 19.3 114 100-250

TAPR, (C-MET) 0.29 12.4 178 50-250

RFIPR, (ARCI) 0.32 11.5 193 50-300

Micron-Aluminium 
powder, (HEMRL)

1.5 0.38 5060 -

3.4 Surface area analysis
Surface area measurements are widely used to provide a measure of the average 

particle size of NAPs.  Typically, the particle size calculation is based on the 

assumption that particles are closed spheres with uniform surfaces and uniform 

sizes. 

The specific surface results obtained from gas adsorption, along with the 
average particle size (As) calculated using Equation 1, are listed in Table 3.

As = 6000/(SA × d)  (1)

where: SA − surface area of NAP samples, m2/g; d − density of aluminium 
(2.7 g/cm3).

The results are summarised in Table 3.  The BET surface areas of the NAP 

samples were 11-19 m2/g which is similar to the ALEX sample value.  It was 

further observed that the BET average particle sizes are within the size range 

obtained by HRTEM.

4 Conclusions

A gas phase condensation method has been developed for the preparation of 

NAP at 50g/h using TAPR.  The influence of process parameters such as plasma 
power, chamber pressure and plasma gas composition have been studied and 

optimized to realize NAP with particle sizes in the range of 50-250 nm with 

high AAC values.  It was observed that an increase in power lead to a higher 

yield and a decrease in reactor pressure resulted in less agglomerated particles.  

The effect of hydrogen dilution was also studied.  It was observed that higher 
concentrations of hydrogen gas in the plasma gas composition resulted in an 

increase in particle size.  Thus, we have been able to control the NAP growth by 
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plasma evaporation by controlling the reactor parameters.  Isolated NAP samples 

were characterized for purity analysis (AAC and TAC), BD, BET surface area, 

XRD and TEM.  The results have been compared with those prepared using other 

thermal plasma reactors (DCAPR and RFITPR) and the EEW technique.  It was 

observed that the particle size distribution is broad in NAP samples prepared by 

TAPR in comparison to ALEX powder.
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