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Abstract
Aluminum nanoparticles (AlNPs) and aluminum oxide (AlONPs) nanoparticles were 

selectively produced in large quantities by the electrical explosion of wire (EEW) 

process in different conditions. Transmission electron microscopy (TEM), laser particle 

size analyzing, X-ray diffraction (XRD), and Fourier-transform infrared (FT-IR) 

spectroscopy were carried out to characterize the purity, morphology, particle and 

crystallite size of the nanoparticles. The effects of wire diameter, feed rate, electrode 

distance, pulse time, voltage, carrier gas pressure, and fan pressure in the exploding 

wire chamber on the particle size were analyzed by a preliminary Taguchi design of 

experiment. The results show that the wire diameter, feed rate, pulse time, voltage, 

and electrode distance are the main five factors. An ultimate response surface 

methodology (RSM) design showed the particle size increases with decreasing voltage and increasing other factors.  
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Introduction 

 luminum nanoparticles (AlNPs) and alumina (AlONPs) 
nanoparticles have recently been attracted much attention 

because of their unique properties and have widely been studied in 
various fields, such as electronics devices and catalysis.1-7 AlNPs are 
the most common ingredients for explosives and the most reactive 
metals due to their high heat of oxidation into the corresponding 
oxides, and their low cost.6-9 AlONPs are suitable for preparing 
special ceramics with improved hardness and wear resistance as 
well as in membranes and catalyst preparation.10-13 

The most important problem on the way toward wide 
applications of AlNPs and AlONPs is the dependence of their 
properties to the production conditions.14 There are a wide variety 
of chemical and physical methods for production of AlNPs and 
AlONPs.15-20 Most of these methods require costly precursors, 
templates, and harsh preparation conditions. 

The electrical explosion of wire (EEW) which is basically a 
physical vapor deposition technique has been used for the 
production of nanopowders due to several advantages such as: (a) 
ability to produce nanopowders with high purity, (b) high energy 
efficiency, and (c) feasibility to be used for mass production.21 This 
technique uses of both top-down and bottom-up approaches. The 
top-down process when the solid wire is disintegrated into vapor 
by the Joule heating effect and produce a supersaturated vapor. 
The bottom-up process during which nanoparticles are formed 
through the nucleation and subsequent growth of nuclei from the 
supersaturated vapor.7 Several investigations have been carried out 
to determine the effect of various experimental factors on the 
characteristics of powder produced from the EEW. Some of these 

factors are: (i) ambient gas species and pressure,22,23 (ii) energy 
deposited into the wire,24-26 and (iii) initial crystalline structure of 
wire.27 

Many papers have been published on different aspects of this 
method.7,28-31 However, literatures on optimization of production 
protocol of EEW are scanty and still need to be investigated. 
Therefore, the objective of this study was optimization of mass 
production of AlNPs and AlONPs based on EEW by using design of 
experiments methods and prediction of the best preparation 
condition to produce nanoparticles having specific particle size.32 

Experimental 

General 

X-ray diffraction (XRD) patterns were recorded on an Inel French, 
EQUINOX 3000 model X-ray diffractometer with Cu Kα radiation (λ= 
1.5406, 30 kV, 20 mA). Transmission electron microscopy (TEM) 
were performed using a Jeol JEM-2100 transmission electron 
microscope with an accelerating voltage of 200 kV. The size 
distribution and zeta potential of the samples were obtained using 
a laser particle size analyzer (HPPS5001, Malvern, UK). Fourier 
transform infrared (FT-IR) spectra were recorded as KBr pellets 
using a Shimadzu 470 FT-IR spectrophotometer. Design of 
experiment (DOE) software Version 7.0.0 was used to investigate 
the statistical analysis of preparation of AlNPs by EEW. 

Typical procedure for the synthesis of nanoparticles by EEW 

The EEW experiments were carried out using a designed apparatus 
for mass production of nanoparticles.28 The apparatus consists of a 
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wire feeding system which continuously conducts wire into the 
EEW chamber with a defined rate. The aluminum wire acts as the 
upper electrode while a fixed aluminum plate at the bottom of 
explosion chamber acts as the lower electrode. The lower electrode 
was connected to a direct current power source. The voltage and 
the distance between electrodes were two of investigated 
operational factors. After each explosion the high voltage source 
was concurrently recharged and the feeding system kept advancing 
the wire, and the process was repeated again. In each experiment, 
the chamber was evacuated to 0.1 Pa pressure then the chamber 
was purged by argon three times. 

On beginning, the current density is passed through the wire 
and the temperature of the wire rises by joule heating. The wire 
undergoes physical changes such as melting, boiling and 
vaporization. Some of surface evaporation from the wire takes 
place before the wire melts completely. On decreasing the 
thickness of wire, the current density passed through the wire is 
decreased significantly but the surface evaporation leads to 
formation of plasma of the wire materials which increases the 
current to some extent. As the wire materials completely melt, the 
current through the wire become negligible and when the 
concentration of the vapor reaches to a particular value, an arc 
discharge occurs. At this stage, a column of ionized plasma is 
formed. Subsequently, the plasma begins to expand due to the 
enormous difference in the temperature and pressure of the 
plasma and the ambient gas. The expanded plasma particles are 
rapidly cooled down during the expansion and a supersaturated 
vapor is formed which undergoes a homogeneous nucleation of 
nanoparticles.7,30-36 The nanoparticles were collected and subjected 
to further studies. 

Results and discussion 
 

Experimental design and mathematical model 

In order to obtain a mathematical model for prediction of a real 
system containing a number of factors, careful planning of 
experiments should be done.37,38 Design of experiments is a 
statistical approach for modeling of an experimental response ώ by 
considering the most important effective factors ὼȟὼȟȢȢȢȟὼ as 
(equation 1): 

ώ ὪὼȟὼȟȢȢȢȟὼ                                 (1) 

 

Figure 1. HalfςNormal % probability vs. standardized effect plot for each 
factor based on preliminary design by Taguchi method (D and F factors that 
are on the line have negligible effect on the response). 

Designing methods are often viewed as a three-step process: 
i) system design, ii) factor design, iii) tolerance design. System 
design involves determining which factors may have the greatest 
influence on the response. The selected factors are the factors of 
the design, and their magnitude are referred as levels. The outputs 
of system which are recorded and analyzed are the responses. 
Statistical analyses are used to find the optimum levels for each 
factor. The Taguchi method is one of the easiest designing methods 
to study a large number of factors with a small number of 
experiments. The Taguchi method has developed into an 
established approach for analyzing interaction effects when ranking 
and screening various controllable factors. Moreover, this method 
is applicable to solving a variety of problems involving continuous, 
discrete, and qualitative design variables. The Taguchi method uses 
an orthogonal array designated by Ln, where n is the number of 
rows or individual experiments.39,40 In this work a preliminary 
design was performed with Taguchi model to eliminate the less 
important factors. The remaining important factors were studied 
comprehensively by response surface method (RSM) method 
(equation (2)).41 

ὣ  ὢ ὢ  ὢ ὢ ὢὢ Ễ         (2) 

Where, i and j are the linear and quadratic indexes, respectively, 
and  ̡ is the regression coefficient. ὢ and ὢ are the studied 

independent factors.  is the interception coefficient,  and  are 

the linear terms,   and   are the quadratic terms and   are the 

interaction parameter terms. P value with 95% confidence level was 
considered to evaluate the effectiveness of the model terms. 

Preliminary design of experiment 

In the first stage, an L8 (2^7) orthogonal array (8 experiments) with 
seven degrees of freedom (DOF) was designed for investigation of 
the effects of seven factors including wire diameter, feed rate, 
voltage, carrier gas pressure, pulse time, fan pressure, and 
electrode distance (Table S1). The particle size of AlNPs were 
selected as the numerical response. XRD patterns give only 
crystallite size and not particle size but in monophase crystalline 
materials such as our AlNPs, the crystallite size is a good estimation 
of particle size. In addition, the XRD technique offers further 
valuable information about the purity of the AlNPs and possible 
formation of AlONPs. Therefore, the crystallite sizes determined 
from XRD patterns using the Scherer equation were selected as a 
measure of particle size of AlNPs (Table S2).42 

Quantitatively, the contributions of carrier gas pressure and 
fan pressure were the least (0.37 and 0.014, respectively) and 
therefore, these factors were ignored for further studies.  

The validity of the proposed model was proved by ANOVA 
(Table S3). The value of Prob > F for the model was less than 0.05 
indicating the model is significant. The R2-value 0.9962 implied that 
99.62% of the variability in the data can be explained by the model. 
The predicted R-Squared of 0.9392 was in reasonable agreement 
with the Adjusted R-Squared of 0.9867. Adequate precision which 
measures the signal to noise ratio was 27.307 indicates an adequate 
signal. 

The half-normal probability plot is a graphical tool that uses 
the relative contribution of all factors to determine which one is 
important or unimportant.43,44 All factors close to the line should be 
considered while those coincide on the line have negligible effect 
on the response. In our study, all factors except carrier gas pressure 
and fan pressure had significant influence on the particle size of 
AlNPs (Figure 1).  
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The normality of data was checked by plotting a normal 
probability plot of the residuals. If the data points on the plot fall 
fairly close to the straight line, then the data are normally 
distributed.45 The normal probability plot of the AlNPs showed such 
proximity to the straight line and indicated a normally distributed 
population (Figure 2). In addition, the plots of the residuals revealed 
that they have no obvious pattern and unusual structure. They also 
showed equal scatter above and below the x-axis. This implied that 
the model proposed is adequate and there is no reason to suspect 
any violation.41 

 

Figure 2. Normal probability plot of residual for AlNPs for each factor based 
on preliminary design by Taguchi method. 

Final design of Experiments 

In the last stage the remained five variables, wire diameter, feed 
rate, electrode distance, pulse time, and voltage, were studied 
comprehensively by Box Behnken response surface design method. 
The levels of the factors in coded and actual units are given in Table 
S4. Again, the particle size was selected as the numerical response. 
The experimental conditions and results obtained were shown in 
Table S5. 

ANOVA results were presented in Table S6. The Model F-value 
of 104.26 implied the model was significant. There was only a 0.01% 
chance that such a large "Model F-Value" could occur due to noise. 
Values of Prob > F less than 0.0500 indicated all A, B, C, D, E terms 
were significant.   

The Lack of Fit F-value of 9.35 implied the Lack of Fit was not 
significant relative to the pure error. The Predicted R-Squared of 
0.9324 was in reasonable agreement with the Adjusted R-Squared 
of 0.9468. Adequate precision was 39.455 indicated an adequate 
signal. The validity of the final model was also evaluated using 
residual graphs (Figure 3).  

 
Figure 3. Normal plot of residual based on final design by response surface 
method. 

The major factor determining the particle size in the EEW is 

superheating of the evaporated material i.e. + , where W is 

the energy injected into the evaporating wire and 7  is the 
sublimation energy of the wire, which diminishes when the 
diameter of the wire is reduced: 

$ πȢσ ρπ7 7ϳ                                    (3) 

For a typical experiment (Run 7), the predicted particle size 
based on the superheating was 27 nm which is in good agreement 
with the experimental result. 

The modified coded equation (4) indicated the contribution of 
main factors on the particle size. 

ÐÁÒÔÉÃÌÅ ÓÉÚÅρπφȢυρωȢφσ!ρυȢρω"ρψȢτπ#
ρσȢψυ$σπȢφτ%                                                                                (4) 

The results revealed that the order of contribution of factors 
in the particle size followed from the following trend: 

Voltage > Electrode distance > Feed rate > Pulse time > Wire 
diameter. 

In addition, apart from the voltage all factors show straight 
relationship with the particle size. The particle size increases with 
increasing all factor but the voltage (Figure 4). This inverse 
relationship between voltage and particle size is in agreement with 
previously reports29 and is due to increase in the energy deposited 
in the wire during the increasing the voltage (5). 

7 #6                                                (5) 

In where #, 6 and 7  are capacity, voltage and the energy stored 
in the capacitor, respectively.46,47  

 

 

Figure 4.  Response surface plots for particle size: (a) Effects of wire diameter 
and pulse time on the response Actual factors (B= 2.5, C=3.0, E=8.5), (b) 
electrode distance and voltage on the response Actual factors (A=0.3, B=2.5, 
D=2.5). 
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Correlation coefficient factor for electrode distance was 0.184 
that meant this factor was the second effective factor on particle 
size. This effect is quite clear since overheat is inversely 
proportional to electrode distance and the particle size increase 
with decreasing the  + values. 

Correlation coefficient factor for feeding rate was 0.152 which 
placed it in the third place. Increasing the feeding rate resulted in 
decreasing the electrode distance as well as increasing the plasma 
volume in the chamber.7,31 

An argon inert atmosphere with specified purge pulse was 
applied for gathering and conducting solid aerosols. Particle size 
increased with increasing pulse interval. Correlation coefficient 
factor for pulse time was 0.138. 

Correlation coefficient factor for wire diameter was 0.096 
which place it in the last place. Despite of unexpected least 
importance of wire diameter, it is clear that with increasing wire 
diameter, the superheating, + decreases and the particle size 
increases. This result was compatible with the results obtained 
previously.47,48 

Process optimization 

Process optimization depends on the target and herein was 
designed in order to obtain particles with size range 25 ± 5 nm. 
There were ten desired solutions for such target and the highlighted 
area on the overlay plot in Figure 5 shows one of them. In all 
solutions, the minimum required voltage was 11.40 kV and the 
maximum amount of required wire diameter was 0.20 mm.  

An independent experiment (A, B, C, D, and E = 0.1, 4, 5, 2, and 
8.5, respectively) was carried out to point prediction and verify the 
model. The particle size measured with XRD was 99.71 nm which is 
in agreement with the value 91.34 nm predicted. 

In order to investigate the mass production potential of EEW, 
the experimental run 20 was done for 1 hour. The nanoparticles 
were collected and weighted. The yield was 60%. 

 
Figure 5. Typically overlay plot for the optimal regions using response 
surface 

Characterization 

AlNPs analyses 

Typical TEM image of AlNPs is shown in Figure 6 (Experiment 7, Run 
7). Particle size distributions based on the graphical image analysis 
of TEM are also given in Figure 6. The AlNPs were close to spherical 
in shape. Average particle size was 25.15 nm and particle 
distribution was in the range of 10-50 nm. The highest probability 
corresponded to 15-20 nm particles. Almost 88% of AlNPs had a size 
between 15-40 nm.  

 
Figure 6. Size distribution and morphology of AlNPs. Inset shows the size 
distribution of AlNPs obtained from TEM. 

A typical X-ray diffraction pattern of the prepared 
nanoparticles was shown in Figure 7 (Experiment 7, Run 7). The 
major patterns located at 2θ values 38.4°, 44.5°, 66.5°, and 78.1° 
were corresponded to (111), (200), (220), and (311) planes of AlNPs 
in a face-centered cubic structure as the main phase. (JCPDS 89-
4034, a = bƏ c Ə 4.0494 Å) respectively. Additional weak patterns 
(35.1°, 44.5°, 57.0°, 37.4°, 45.5°, and 67.8°) were assigned for 
alumina as minor impurity due to probable oxidation of AlNPs 
surface. Repeating the procedure using argon atmosphere resulted 
in pure AlNPs. 

 
Figure 7. Typically XRD patterns of AlNPs produced by EEW. 

The average particle size calculated from Debye-Scherer 
equation was 27.73 nm.49 The result is in agreement with the value 
obtained by dynamic light scattering analysis shown in Figure 8. A 
very sharp peak for AlNPs at 28.21 nm with 100% intensity is 
observed (PDI = 0.384) which indicates a narrow distribution of 
nanoparticles of size 28.0 ± 5 nm.  

 
Figure 8.  Particle size distribution of AlNPs prepared by EEW method. 
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AlONPs Analyses 

AlONPs was produced easily in the oxygen atmosphere. A typical X-
ray diffraction pattern of the prepared AlONPs was shown in Figure 
9. The major patterns located at 2θ = 35.1°, 44.5°, and 57.0° are 
corresponded to (104), (400), and (116) planes of α- Alumina (JCPDS 
46-1215) and 2θ values and 2θ values 37.4°, 45.5°, and 67.8° were 
three distinct reflections corresponded to (110), (400), and (440) 
planes of γ- Alumina (JCPDS 10-0425). Calculations of crystallite size 
using Debye-Scherer’s equation showed that the α- and γ-phases of 
Al2O3 had an average crystallite size of about 9.0 nm and 26.0 nm, 
respectively. 

Figure 9. XRD patterns of AlONPs produced by EEW. 

In the FT-IR spectrum of Al2O3 (Figure 10), a broad band 
centered at 3445 cm-1 was assigned to OH stretching of the 
adsorbed water or surface OH groups. The band at 1421 cm-1 is due 
to bending of molecular water.50 Sharp peaks between 1000 and 
500 cm-1 could be assigned to Al-O stretching.  

 
Figure 10.  FT-IR spectrum of synthesized AlONPs by EEW method. 

Dynamic light scattering showed a very sharp peak for AlONPs 
at 50.75 nm with 100% (PDI = 0.331) which indicates a narrow 
distribution of particle size 50.0 ± 5 nm (Figure 11). 

 
Figure 11.  Particle size distribution of AlONPs prepared by EEW method. 

Conclusions 

In this work aluminum/alumina nanoparticles were produced in 
large scale by EEW process. This method is ecologically safe, useful 
for mass production, requires a relatively small energy, and allows 
making powders with a small degree of contamination. The EEW 
production of powders is of special interest since a considerable 
overheat of the metal and the nonequilibrium process allows for 
the preparation of the nanoparticles with such new properties as 
well controlled close to spherical and those which are expensive or 
difficult to produce by other methods. Analysis of variance was 
carried out to find main effect factors and optimization of 
conditions for synthesizing nanoparticles. It is found that the 
voltage, electrode distance, feed rate, pulse time, and wire 
diameter were the most effective factors. The particle size 
increases when the voltage decreases and decreases when other 
factors increase. The values of model adequacy indicators show a 
good correlation between experimental data and those obtained 
based on mathematical equations of models developed. 
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