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Abstract

In the present study, by using methods of pulsed discharge of wire and powder, nanopar-
ticles (NPs) of light elements such as Al, Mg, B, and transition metal borides (TMBs)
have been synthesized. Among these, NPs of TMBs have been conventionally synthesized
by thermal plasma methods such as plasma jet, plasma torch, etc. However, these meth-
ods have high power consumption (in order of kW), hence, achieve low energy conversion
efficiency. Here, pulsed wire discharge (PWD) method is a one-step, cost-effective, high
energy conversion efficiency and production rate method for NPs synthesis was employed
in the present study. Due to the challenge of heating B wire, a modification of PWD-pulsed
discharge of compacted powder was attempted for B powder. By pulsed discharge of com-
pacted powder, for the first time, spherical crystalline B and TMBs NPs were synthesized
by a pulsed discharge. The synthesis of each kind of NPs depends on the material of the
electrodes: Cu for B, Ti for TiB2, Mo for MoB2, Zr for ZrB2, and W for WB4, which was
confirmed by XRD and TEM results. Besides the main phases, minor phases were detected
by XRD due to the uneven metal: B ratio in the process and are explainable by phase di-
agrams. A small amount of impurities like C, Fe/Cr are detected by EDS in B and TMBs
NPs, however, these impurities can be suppressed by alternating the experimental setup.
These NPs may be used as raw materials for sintering of TMBs pellet and are expected to
be useful for lowering sintering temperature. A sub-study of sintering TMBs of monolithic
TiB2 and tungsten boride by spark plasma sintering (SPS) was done to investigate the
effect of the size of starting powder on sintering behavior. In addition, by preparing NPs
of light elements like Al and Mg, it was confirmed that these elements did not fit well
with the particle size determining equation by PWD proposed by Tokoi et al., as a result,
a complement to fulfill this inconsistency was suggested. First, by considering number
density instead of the mass density of plasma/vapor during the PWD process, atomic
mass was added. Then, besides Brownian coagulation, the nucleation process also plays
an important role in particle formation and the critical size of the nucleus must contribute
to the size of NPs. Therefore, considering the time the plasma/vapor expansion attains
its largest volume (i.e. pressure of metal plasma/vapor is equal to ambient gas pressure),
by a combination of experiment and simulation using hydrodynamic behavior calculation,
it was found that the temperature of plasma/vapor was approximately 0.7 and 0.56 times
of the normal boiling temperature of Mg and Cu, respectively. Furthermore, due to the
correlation of nucleation temperature and latent heat of vaporization, the critical sizes of
Mg, Al, Cu, Ag, Ni, Pd were calculated. Since the volume of nuclei is proportional to
particle size, volumes of nuclei with calculated critical sizes of the above metals were added
into the newly proposed parameter termed as relative nucleus number. It turned out that
data of NPs of the above metals fell in a curve in the geometric mean diameter-relative
nucleus number graph, which confirmed the validity of the newly proposed parameter. By
this complement, the particle size determining equation can be applied for NPs of various
light and heavy metals by PWD.
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Chapter 1

Introduction

1.1 General

In this chapter, there will be four sections in order: motivation for the present study,
literature survey, problem statement, and composition of the present study. First of all,
the first section-motivation for the present study gives a general outlook. Next, the litera-
ture survey provides a comprehensive background regarding this study including technical
approaches for nanoparticles, then pulsed wire discharge as a method for nanoparticle
preparation/synthesis, and finally, nanoparticles of light elements such as aluminium, mag-
nesium, boron, and boron’s alloys. After that, based on the background mentioned in the
last section by the literature survey, the author addresses problems that this study is
dealing with. Lastly, the composition of the present study gives brief summaries of each
chapter so that readers can easily understand the scope of this study.

1.2 Motivation for the present study

Nanoparticles, which are involved in broader field-nanomaterials, started to be studied
approximately two decades ago. Since then, the number of studies on nanoparticles has
always been increasing year by year, which is demonstrated by the impressively continu-
ous increment of the number of scientific reports concerning nanoparticles. This number
of reports reached over 50 thousand in the single year of 2020 (surveyed by Scopus on
March 2021). And yet interest in this area does not seem to cease. The reason is that
nanoparticles with a range of sizes from few nanometers to less than 100 nm possess
many distinctive properties which have never been observed in their bulk size counter-
parts. These fascinating properties include changes of melting point, bandgap, magnetic,
optical, etc. and stemming from the fact that the specific surface area and surface electron
number significantly enhances with decreasing particle size.

By taking advantage of these exceptional properties of nanomaterials, scientists around
the world are solving present issues regarding to energy (e.g low-energy consumption, en-
ergy harvesting, energy storage, sustainable energy), pollution (waste and water solution),
and health (cancer treatment, drug delivery), etc.

Inspired by the endless interesting properties of nanomaterials and nanoparticles in
particular as well as their potential in solving human being’s present issues, the author
decided to conduct this study on synthesis and size control of nanoparticles of light metals
and their applications. In this study, pulsed wire and powder discharge was being used
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as the main experimental methodology for synthesis and size control of nanoparticles. In
addition, spark plasma sintering was also used as a supportive experimental methodol-
ogy to synthesize tungsten borides pellet for the evaluation of mechanical properties of
synthesized compounds.

According to Light Alloys-Metallurgy of the Light Metals (2017), the term ”light metals”
has traditionally been given to both aluminium and magnesium. Additionally, titanium
and beryllium should also be included. Moreover, there are ten other elements that are
lighter than titanium and are classified as metals. Except for boron in the form of strong
fibers embedded in a suitable matrix, because of the fact that the alkali metals such as
lithium, potassium, sodium, rubidium, and cesium, and the alkaline earth metals such as
calcium and strontium are too reactive, while yttrium and scandium are quite rare, none
of them can be used as a base material for structural purpose.

In this study, nanoparticles of aluminium, magnesium, boron, and its alloys were chosen
to be synthesized by pulsed wire and powder discharge. Nanoparticles of aluminium and
magnesium were prepared by pulsed wire discharge, nanoparticles of boron were prepared
by pulsed discharge of compacted powder. Especially, in the first time, nanoparticles of
transition metal borides were synthesized by a pulsed discharge. In addition to prepar-
ing nanoparticles of aluminium and magnesium by pulsed wire discharge, size control of
particles was also discussed and a complement for particle size prediction equation was
proposed. An in-depth discussion on these topics will be given in later sections.

1.3 Literature survey

First of all, this section provides information on synthesis methods for nanoparticles
including top-down ad bottom-up approaches. In each kind of o approach, some represen-
tatives methods and their advantages, as well as disadvantages, are briefly reviewed. Then,
pulsed wire discharge (PWD) as a method for nanoparticle preparation/synthesis is intro-
duced. This introduction goes through the basic principles of PWD, the history of PWD,
and particle size control by PWD. After that, nanoparticles of light elements and alloys
that the present study deals with, namely aluminium, magnesium, boron, and its alloys
prepared/synthesized by many different methods and their applications are discussed.

1.3.1 Synthesis methods for nanoparticles

Nanoparticle synthesis/preparation methods are usually classified into two large groups
of approaches: top-down and bottom-up. Top-down approaches include methods that
principally reduce materials from bulk size to nano-size. Representative methods of
top-down approaches are mechanical milling, pulsed laser ablation, arc discharge. Next,
bottom-up approaches include methods of generating particles with nano-size by assem-
bling clusters. For example physical vapor deposition, chemical vapor deposition, sol-gel
method, pyrolysis.

1.3.1.1 Top-down approaches

Koch [1] reviewed comprehensively the synthesis and structure of nanocrystalline materi-
als produced by mechanical attrition including mechanical milling and mechanical alloying.
In this method, grain size decreases with increasing milling time[2, 3, 4]. Nanoparticles of
a series of bcc and hcp structure elements with grain sizes as small as 9 and 13 nm were re-
ported to be obtained after milling for 24h[5] . According to the review[1], nanocrystalline
grains of metals with different crystal structures fcc, bcc, hcp were produced and the grain
sizes of these groups of metals saturated to a minimum value which correlated with the
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melting point of corresponding metals. Yamada and Koch obtained the minimum grain
size of TiNi intermetallic of 5 nm prior to amorphization[6]. Also, the grain size was able
to be reduced further by increasing the ball: powder weight ratio[1]. Moreover, the effect
of composition on the final grain size of Fe-Cu alloys was reported by Eckert[7]. The ad-
vantages and disadvantages of mechanical milling and mechanical alloying were discussed
in the review paper of Koch[1] and Suryanarayana[8]. The advantages were the capability
of mass production of nanocrystalline materials for potential applications. The disadvan-
tages were the issues of powder contamination (from milling media and/or atmosphere)
and powder consolidation.

Another example of the top-down approach is laser ablation/deposition. Laser ablation/
deposition employs laser as an energy source to produce nanoparticles or directly deposit
nanoparticles onto a substrate for thin film deposition. In this method, the laser is radiated
to a bulk-size target of the desired material. By irradiating the target, the particles are
either directly ejected from the target surface due to photomechanical effect or nucleation
in the vapor phase following by condensation and cooling during adiabatic expansion.
While the former one is the nanoparticle synthesis formation mechanism of fs/ps ablation
(ultrashort/short pulse), the latter one corresponds to that of ns ablation[9]. Nanoparticles
obtained by laser ablation can be generated in a vacuum/gas atmosphere or in liquids.
Control of nanoparticle size distribution has been studied extensively. Orii et al. reported
the generation of ZnTe nanoparticles in the Argon atmosphere and the effect of annealing
temperature on the particle size distribution [10]. Tsuji et al. generated Ag nanoparticles
using Nd: YAG laser ablation and described the dependence of particle size distribution
on wavelengths of the laser source[11]. The ablation time duration was also investigated
as a factor affecting the size distribution[12]. In laser ablation in liquid, the concentration
of solutions can be used to tune the particle size distribution. Mafune et al. reported the
decrease in particle size when increasing the concentration of anionic surfactant sodium
dodecyl sulfate from 0.003M to 0.05M[13]. One more commonly used way to control
particle size is by post-irradiation of the formed colloidal solution due to the interaction
of nanoparticles with the laser beam, especially stronger with a wavelength close to the
plasmon resonance wavelength of the nanoparticles[9]. Mafune et al. reported about the
reduction of Au nanoparticles by irradiating the produced colloidal by laser with 532nm
wavelength which is close to the plasmon resonance of Au nanoparticles (520nm) due to
more effective absorption of radiation[14]. Despite the significant capability of controlling
the particle size and tuning size distribution, the laser ablation method suffers from the
low efficiency of the laser which is inherent. This is considered to be the largest drawback
of this method.

The arc discharge is another common nanoparticle synthesis method that belongs to the
top-down approach. Basically, in this method, two electrodes made of desired materials
are adopted as anode and cathode for arc discharge. The setup can be placed either in gas
or liquid media. Usually, electrodes themselves are employed as raw materials. Sometimes,
catalysts are used to promote the process. After a DC or AC supply voltage is applied to
anode and cathode, a current goes through the electrodes and induces the breakdown of
dielectric media between electrodes. The arc discharge is greatly used to synthesize carbon
nanomaterials[15, 16, 17, 18]. In addition, there is a large number of studies reporting the
synthesis of nanostructures of oxides [19, 20], metals[21, 22, 23, 24], and many other non-
carbonaceous nanostructures [25, 26]. Particle size control of the arc discharge method
can be done by adjusting the electric current, arc discharge medium, or using catalysts.
Generally, arc discharge is a simple method for the synthesis of nanoparticles. However,
arc discharge has some disadvantages: for small scale synthesis, the production rate is
quite low, however, for larger scale, the continuous discharging make the electrodes and
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chamber get hotter and hotter quickly and must be cooled down by a separate cooling
system which makes the process more costly and less efficient.

1.3.1.2 Bottom-up approaches

Physical vapor deposition (PVD) is a vapor phase method and one of the most well-
known methods for the synthesis of nanostructures basing on the bottom-up approaches.
Basically, PVD employs physical factors such as thermal energy, electron bombardment
energy to eject atoms of desired materials out of the target and deposit them onto the
substrate[27]. Synthesis of ZnO nanowires was reported using physical vapor deposition
by means of heating precursor[28, 29, 30]. Continuous ultra-thin MoS2 films were reported
to be grown by the PVD synthesis process based on magnetron sputtering[31]. Generally,
with a long history of research, PVD methods are chosen for well-controlled nanostruc-
tures’ required purposes. Additionally, in this technique, not only precursor ejection but
also substrate preparation is important. The drawback of PVD is considered to be the
low energy conversion efficiency due to the heat loss during the process.

Chemical vapor deposition (CVD) is principally similar to PVD, however, chemical
reactions play a crucial role in the formation of nanostructures. Furthermore, the selection
and preparation of substrates and catalysts also have an effect on the final products by
this method. Nanostructures of MoS2 were reported to be synthesized by sulfurization
of MoO3 powder supported by means of heating[32, 33, 34]. Nanostructures of carbon
such as graphene[35] and single-wall carbon nanotubes[36] were reported to be generated
by CVD. Additionally, there were many nanostructures of oxides, silicon, the compound
was successfully synthesized by CVD[37, 38, 39]. Similar to PVD, CVD can be used to
synthesize well-controlled nanostructures with a high capability of controlling size and
morphology thanks to the adjustment of temperature, flow gases, catalysts, etc. The
disadvantage of CVD is considered to be similar to that of PVD which is the low energy
conversion efficiency.

The sol-gel method is one of the bottom-up approaches which has been investigated for
a long time. It is also known as one of the liquid phase methods. According to a review by
Hench et al.[40], sols are dispersions of colloidal particles in a liquid, in which colloids are
solid particles with diameters of 1-100 nm and a gel is an interconnected, rigid network
with pores of submicrometer dimensions and polymeric chains whose average length is
greater than a micrometer. By sol-gel methods, a wide range of materials are synthesized,
for example, ceramic oxide compositions[41, 42, 43, 44], silica[45], hydroxides, sulfides, and
metals[46, 47]. The main advantages of this method are the high purity and homogeneity
of synthesized products, along with the high capability of size, size distribution, and
morphology control of nanoparticles. The drawback of this method is considered to be the
complexity of the synthesis process and the production rate is not high.

Besides PVD, CVD, and sol-gel methods, pyrolysis is also a common method for the
synthesis of nanoparticles by a bottom-up approach. Pyrolysis is classified into three cat-
egories: vapor-fed aerosol flame synthesis (VAFS) where the precursor is supplied as a
form of metal vapor, flame-assisted spray pyrolysis (FASP) where the precursor is sup-
plied in the state of low combustion enthalpy solution and usually in an aqueous solvent,
and flame spray pyrolysis (FSP) where the precursor is also in liquid form, but with sig-
nificantly higher combustion enthalpy[48]. In this method, the synthesis of oxides is quite
facile via combustion of metal halides such as synthesis of Al2O3 from AlCl3 or TiO2

from TiCl4[49] and many other oxides[50, 51, 52]. Furthermore, multicomponent systems
such as V2O5/TiO2[53, 54], CuO/CeO2[55, 56] and oxides of two or more metals such as
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MgAl2O4[57, 58], LaCoO3[59, 60] were reported to be synthesized by pyrolysis. However,
synthesis of metallic nanoparticles by pyrolysis is scarce, only synthesis of Cu[61, 62],
Co[63, 64], and Bi[65] have been reported. The size distribution of nanoparticles synthe-
sized by this method is governed by self-preserving size distribution, in which particles
nucleate and grow by Brownian coagulation, this gives the geometric standard deviation
1.46[66]. In general, pyrolysis is appropriate for nanoparticle synthesis method for indus-
trial purposes thanks to high production, however, this method also faces some challenges
such as the selection of suitable precursors and their high cost.

In summary, every method as well as approach has its specific advantages and disad-
vantages. Some methods provide high purity and homogeneity of nanoparticles but the
trade-off is their complicated synthesis process, production rate, and vice versa. As a
result, herein we introduce pulsed wire discharge as a method for nanoparticle synthe-
sis which possesses the advantages of simple, low-cost, high energy conversion efficiency,
and high production rate but high purity nanoparticle yield, along with the capability of
particle size control. Detailed information is going to be written in the next section.

1.3.2 Pulsed wire discharge method

Pulsed wire discharge (PWD) is a cost-effective, one-step, eco-friendly, high production
rate and energy conversion efficiency method for nanoparticle synthesis. The principle
of PWD originally came from the exploding wire phenomenon which has a long history
of investigation. These studies were mainly regarding peculiar but reproducible voltage
and current waveforms, properties of matters at extreme conditions, shock waves, etc.
Although PWD is fundamentally similar to exploding wire phenomenon, the research
target of PWD is nanoparticles coming from the phenomenon and was first reported by
Jiang et al.[67]. In this section, first, a brief history of investigations concerning exploding
wire is surveyed, then basic principle of PWD for nanoparticle synthesis is introduced and
an overview of studies regarding nanoparticle synthesis by this method is reviewed, and
finally, means of particle size control by PWD are discussed.

1.3.2.1 History of PWD

The exploding wire itself was done at a very early time due to its simple electrical
components including a wire and a battery. Back to the first time when the exploding
wire has been experimentally done by E. Nairne in 1774, the experiment was actually not
subjected to the purpose of exploding wire but to prove that current in all parts of a series
circuit is the same[68].

Not until when Faraday et al. reported the results of exploding gold and other metals’
wires using a Leyden battery and obtaining very small particles in 1857 that the explod-
ing wire was first investigated for the purposes close to the exploding wire phenomenon.
However, at that time, due to the limitation of the optical microscope, he could not come
to any conclusion about the size of particles synthesized but the extremely small size of
them[69].

After that, in the 1920s, attraction to the phenomenon was evoked by the work of Ander-
son et al. for describing the temperatures generating in the phenomenon that can attain
those on the sun[70, 71, 72]. During the following four decades, a number of studies were
done by many researchers around the world: Nagaoka[73, 74, 75], Kleen[76], Wrana[77],
Eiseilt[78], Conn[79], Kvartskhava[80, 81], Lebedev[82], Chace[83]. The fundamental cir-
cuit of exploding wire is shown in Fig 1.1
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Figure 1.1: Fundamental circuit of exploding wire. B-charging source, C-storage con-
denser, S-switch, W-exploding wire, Rc-charging resistor[84].

Figure 1.2: Typical current waveforms by exploding wire[84].

After the above studies, the number of investigations regarding the exploding wire
phenomenon increased so drastically that a conference on this topic particularly was held
in 1959, then later, the 2nd, 3rd, and 4th time of conference continued to be organized
in 1961, 1964, and 1967, respectively. These conferences facilitated to gain knowledge
greatly about the exploding wire phenomenon. The proceedings of these conferences were
collected and published into 4 volumes of books, namely ”Exploding wire” by W. G. Chace
and H. K. Moore[85, 86, 87, 88]. Research issues in these conferences can be classified
into the following categories: General researches on the phenomenon (Theoretical and
Experimental), Shock waves, Applications, and Techniques.
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What made the exploding wire phenomenon so special was the explosion of the wire
in an extremely short time normally of the order of microseconds. Figure 1.2 shows the
typical current waveforms described by Chace et al.[84]. If the wire had not been exploded
i.e. by using a thicker wire, the current waveform with respect to time would be like Fig
1.2(C). However, because of the explosion of wire, the current waveforms were usually
seen as Fig 1.2(D). Chace et al. gave an explanation basing on this current waveform as
following. First, the wire is heated by the electric current and melts. The melted wire is
further heated by the ever-increasing current. The physical shape of the wire is maintained
by inertia and magnetic pressure. The temperature of the wire reaches the boiling point,
however, the conditions are not appropriate for equilibrium boiling, which leads to the
superheating of the liquid wire. Due to the lack of surface activation, the barrier for phase
change is harder to reach and the temperature attaining is far above the normal boiling
point of metal wire. When the barrier is surmounted, vaporization occurs along with the
explosion. The vaporization of the wire leads to the decrease of current after reaching its
peak due to the low electrical conductivity of the gas phase. After decreasing, the current
keeps constant. This period is called ”dwell time” or ”dark time”, in which the current
flows at a constant, low rate carried by a limited supply of carriers-ions and/or electrons.
Density at this time is still high and electrons do not receive enough energy by collisions
to produce ionization, as a result, the number of carriers remains constant. This state
exists for a very short time. The wire-shaped extremely hot metal vapor surpasses the
pressure induced by inertia and ambient atmosphere and expands. Hence, the pressure
drops, the mean free path increases, and ionization accompanying avalanche occurs. This
is called ”restrike” or ”reignition”. The current now rises again and is controlled by the
RLC circuit.

General researches on the phenomenon include specific characteristic regarding the ex-
ploding wire such as electrical current, resistance/conductance, temperature, phase tran-
sition. ”Current pause” or ”dwell” were mentioned in the previous paragraph is one of
the attractive topics of exploding wire. By using a composite system of an oscilloscope,
a streak camera, and a time-resolving spectrogram, Reithel et al. compared and pro-
posed the mechanisms of the explosions in the cases of the current pause and no current
pause[89]. By means of sub-microsecond flash x-ray, Chace reported that the current
during the dwell may be carried largely on thermionic electrons generated from the ex-
plosion fragments[90]. Due to the complicated phase transition during exploding wire,
the variation of resistance/conductivity is apparently interesting. About this, by stan-
dard curving-fitting method, Good reported an expression of resistance with respect to
time[91]. The temperature during the phenomenon was also studied extensively by both
experimental and theoretical methods[92, 93]. In addition, the effects of external factors
like ambient pressure and magnetic field were also examined[94, 95]. Regarding the plasma
generation, Ross et al. suggested that since dense liquid core stabilizes the plasma against
the evolution of instabilities and premature ejection from the circuit, moreover, delays the
plasma formation until the peak of current, the use of exploding wire as a source of plasma
is advantageous[96].

Some applications by exploding wire were described, for instance: in photochemistry[97],
exploding wire plasma accelerator[98], metal-water reactions by exploding wire[99], pres-
sure environments created by wires explosion in water[100], high power pulse steepening[101],
a high voltage, quick-acting fuse to protect capacitor banks[102], hypervelocity projector[103],
light source for plasma quantitative analysis[104].
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1.3.2.2 PWD for nanoparticle synthesis

Figure 1.3: Schematic diagram of PWD for nanoparticle synthesis

Figure 1.3 shows a schematic diagram of PWD for nanoparticle synthesis. Since PWD
is fundamentally similar to exploding wire phenomenon, the PWD experiment setup in-
cludes a simple RLC circuit similar to that shown in Fig. 1.1. A schematic diagram of
PWD is shown in Fig. 1.3. This circuit comprises a high-voltage power supply, capacitor
bank(s), a gap switch, and a thin metallic wire employed as starting material set between
a pair of electrodes (Fig. 1.3(a)). By charging the capacitor bank(s) with a high volt-
age and discharging by closing the gap switch, a large pulsed current passes through and
heats the thin metallic wire (Fig. 1.3(b)). Due to Joule heating, the wire melts, vaporized,
partly ionized, and turns into a mixture of plasma/vapor (Fig. 1.3(c)). The mixture of
plasma/vapor expands outwards and quenches by contacting with ambient medium (Fig.
1.3(d)). This plasma/vapor of metal quenches quickly from high temperatures and is su-
persaturated. The supersaturation of vapor of metal induces the homogeneous nucleation
(Fig. 1.3(e)) and metal vapor turns into clusters. After nucleation, the clusters continue
to grow to larger aggregates called primary particles (Fig. 1.3(e)). These primary particles
move randomly, collide and stick together to become larger and larger, finally become sec-
ondary particles(final nanoparticles). This step is called coagulation by Brownian motion
(Fig. 1.3(g)).

Nanoparticles of metals and oxides of U, Cu, Al, Pt, and Ag were reported to be
synthesized using exploding wire in a very early age (1962). Obtained particles were
almost in a spherical shape. With increasing charging voltage, particle size decreased
and size distribution became narrower. The explosion of noble metals like Ag, Pt in air
yielded metallic nanoparticles while other metals yielded a mixture of oxide and metallic
nanoparticles [105].

The formation of other kinds of nanoparticles such as nitride, iodide, sulfide, carbide,
fluoride was subsequently reported. Joncich et al. reported the formation of iodide, sulfide,
carbide of Mg and Al in 1964[106]. After that, he and his colleagues reported the formation
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of Mg, Ti, Zn, Tn, Zn, and Al nitrides in 1966[107].

The understandings regarding the influence of explosion conditions on explosion results
have been built generally after several decades of investigation.

• The overheating or ratio of charging energy/vaporization energy, K is a crucial factor
for characterization. The particle size decreases and the size distribution becomes
narrower with increasing K. It can be explained by the rise of expansion rate and the
degree of ionization of explosion products[108, 109]. This was also experimentally
demonstrated by comparing particle size results obtained by transmission electron
microscope (TEM) images and Brunauer Emmett Teller (BET) and concluded that
with increasing K the number of submicron-sized particles decreased, which also
decreased the particle size[110].

• The characteristic of different metals affects the heating effectiveness of pulsed elec-
tric current on the wire. It is well known that metals in exploding wire are classified
into two classes[111]:

– Class 1: low boiling point and low heat of vaporization (Cu, Ag, Al, Au, Sn,
Zn, Cd)

– Class 2: high boiling point and high heat of vaporization (W, Mo, Pt, Ni, Fe,
and Ti)

For Class 1, heating energy is effectively deposited into the wire and the current
waveform is usually like Fig 1.2(D). For Class 2, heating energy cannot deposit into
the wire completely due to the breakdown on the surface of the wire caused by the
extraction of thermal electrons. In this case, discharge occurs before the wire is
vaporized, as a result, the current waveform is like Fig 1.2(A).

• The media surrounding the wire is very important for the formation of nanoparti-
cles. Apparently, with different gas species, due to reactive or inert characteristics,
products are different. With specific gas, the variation of gas pressure controls the
particle size by controlling the expansion volume[112]. The thermal conductivity of
different gases also affects the cooling rate, which affects particle size[113]. Dense
media like liquids suppress the formation of discharge and may decrease the particle
size.

• Particles obtained are usually in a spherical shape. Particle size distribution fol-
lows a log-normal distribution with geometric standard deviation varies from 1.4-1.8
depending on whether reaction happened or not[114].

Recently, the formation of nanoparticles by using exploding wire has been approached
by analyses of thermodynamic models and numerical calculations. By thermodynamic
modeling and characterization of Al nanoparticles, Kumar et al. explained the decrease
in particle size with decreasing ambient gas pressure by the decrease in critical particle
size[115]. Ranjan et al. employed a diffusion model and experimental results of the
expansion of vapor cloud to explain the decrease in particle size with decreasing ambient
gas pressure[116]. Bai et al. adopted a numerical method to calculate the size of atomic
vapor clusters with respect to calculated temperature, then modelized and gave prediction
on particle size distribution[117].

In recent researches, many papers are focusing on the applications and improve quality
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of nanoparticles synthesized by PWD for specific purposes. Intermetallic nanoparticles
like Ti-Ag, Fe-Ag[118], Zn-Al, Zn-Ag, Zn-Cu, Zn-Ti-O[119] were synthesized for antibac-
terial purposes. Fe-Fe3O4 core-shell structure nanoparticles were produced for biomedical
application[120]. Fe3O4 and γ-Fe2O3 nanoparticles for arsenic removal[121]. Multilayer
graphene-coated Cu nanoparticles synthesized in isopropyl alcohol for stable dispersion
for a long time[122]. Nanoparticles of Zn, Cu, Ni, Co, Fe, Mo, Nb, Ti, W, Zr, Hf, Ag, Pd,
V were prepared in organic capping agents for air-stable purposes[123].
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Table 1.1: Summary of studies on exploding wire for NPs synthesis

Year Kinds of NPs synthesized Media Point Ref.

1962 U3O8, CuO, Al, Pt, Ag Air, Ar Synthesis and characterization [105]

1964 Iodines, Sulfides, Carbides of Al and Mg Nearly vacuum Synthesis and characterization [106]

1966 Nitrides of Mg, Ti, Zr, Ta, Zn, Al N2, NH3 Synthesis and characterization [107]

1993 Diamond Unknown Diamond production [124]

1994 Mo Ar Preparation Mo nanoparticles for MoS2 synthesis [125]

1995 γ+β-Al2O3, TiO2, ZrO2 Ar+O2 Synthesis and characterization [126]

1996 Al, γ-Al2O3, Al4C3, W, WC, W2C Distilled water, Decane Formation of chemical compounds in liquid [127]

1997 Al, Al2O3 Ar, Air Synthesis and characterization [128]

1998 Cu, Al, Ni, Fe, W, Pt, Ti Ar, Air, N2, O2, NH3 Production and characterization [129]

1999 Ni, Fe, W, Sn, Al, Cu, Zn, Ti, Ag, In Ar Preparation and characterization [130]

1999 AlN N2, N2+NH3 Synthesis and characterization [131]

2000 Cu-Zn alloy Ar Synthesis and characterization [132]

2001 γ-Fe2O3 Dry air Synthesis and characterization [133]

2002 PZT O2 Pb, Zr, Ti wire simultaneously discharged [134]

2002 NiFe2O4 O2 Investigation of magnetic properties [135]

2003 Al2O3 O2
Investigation of phase transition from
activated alumina to α-Al2O3 by adding ZrO2

[136]

2003 AlN N2/NH3 Achievement of AlN content at 97% [137]

2003 Fullerene N2 Discharge of carbon fibers [138]

2004 W Ar Investigation of passivation, oxidation, and combustion of W NPs [139]

2004 SnO2 O2 Synthesis of SnO2 NPs and particle size distribution [114]

2005 NiO N2 +O2 Synthesis and characterization [140]

2005 Single-walled carbon nanotubes N2 Discharge of carbon fibers [141]

2005 Fe-N N2/NH3 Investigation of phase composition [142]

2005 ZnFe2O4 O2 Synthesis and characterization [143]

2006 Al with passivated layers Ar then stearic, oleic acid introduction Passivation layer by non-inert coating [144]

2006 Al2O3-ZrO2 nanocomposite O2 Simultaneous discharge of two wires [145]

2007 Cu-Ni alloy Ar Explosion of Cu-plated Ni wire and characterization [146]

2008 Cu-Sn alloy Ar Explosion of Sn-coated Cu wire and characterization [147]

2008 Cu-Ni-P N2 Explosion of Ni-P-plated Cu wire and characterization [148]

2008 TiO2 O2 Control of rutile and anatase phase [149]

2008 Ni-Cu N2 Discharge stranded Ni and Cu wires and characterization [150]

2009 Cu-Zn/CuO-ZnO Ar Nanoparticles for humidity sensors [151]

2009 Al NPs with oxide shell Ar with O2 flow Passivation layer for Al NPs and prevent agglomeration [152]

2009 Ti-Cr alloy Ar Explosion of Cr-plated Ti wire and characterization [153]

2009 TiN N2 Synthesis and characterization [154]

2009 Zn Ethanol, Distilled water Disperse in paints for anticorrosion purpose [155]

2010 Al-Al4C3 Ar + Butane Al4C3 coated Al NPs for prevention of agglomeration [156]

2010 organic-covered Ti He Discharge of Ti wire with oleic acid and vapor/mist. [157]

2010 AlN N2 AlN NPs with particle size less than 10 nm [158]

2011 Ag nanofluid Ethanol, Deionized water Optimal synthesis of Ag nanofluid in liquids [159]

2011 Fe-Ni Ethanol, Deionized water Investigation of magnetic properties [160]

2011 Au colloid Water, TW20 solution, Ascorbic acid Preparation and stability characterization [161]

2011 polymer-Cu composites Polyaniline, Polyacrylic acid Cu NPs dispersed in polymer mattrix [162]

2011 Ti-Fe Ar Phase change with increasing content of Fe [163]

2012 Carbides of W, Ti, Ta, Al Ar, C2H2, C3H8, Benzene, Toluene, Decane Synthesis and characterization [164]

2012 Ni-Al Ar/N2 Discharge of twisted-wire [165]

2013 Pt, Ni Pt(NH3)2(NO2)2 solution Explosion of Ni wire in Pt solution [166]

2013 Fe3O4, γ-Fe2O3 Air NPs for arsenic removal purpose [121]

2014 Cu coated with oleic acid Oleic acid Oxidation prevention by oleic acid coating [167]

2014 Fe-Ni Ar+N2+O2 Oxide shell Fe-Ni-core NPs [168]

2014 BN nanosheet/nanotube-Fe nanocomposite N2 Discharge of BNNS-coated Fe wires [169]

2015 Organically- capped Zn NPs Organic capping agents Air-stable organically-capped ZNPs [170]

2015 Zn, Cu, Ni, Co, Fe, Mo, Nb, Ti, W, Zr, Hf, Ag, Pd, V Organic capping agents Air-stable organically-capped NPs [123]

2015 Oxidation-resistant Cu-based NPs Ascorbic acid Oxidation resistant NPs for conductive ink [171]

2015 Pd N2, Ar, He Pd NPs preparation and grain-size determining equation [172]

2016 Cu-Ag, Cu-Pb, Al-Pb Ar Explosion of twisted wire for binary metallic [173]

2016 Multilayer Graphene-coated Cu Iso propyl alcohol
Synthesis of uniform and stable
dispersions in common organic solvents

[122]

2016 Ag-Au alloys Deionized water Explosion of twisted-wire [174]

2016 Mu metal Poly(acrylamide-co-acrylic acid) Preparation and characterization [175]

2016 Mg, Al, Si, Ge, Sn Toluene, 1,2-epoxydodecane, Tetrahydrofuran Discharge of Si, Ge wafer, Mg ribbon [176]

2016 AlN Liquid N2 Discharge in liquid nitrogen [177]

2016 ZrC Ar, Ar/Oleic acid vapor, Oleic acid liquid Synthesize and characterization [178]

2016 Cu-Sn-58Bi N2 Synthesis three-component NPs and characterization [179]

2017 Fe, Fe3O4 and bimetallic Cu/Fe O2/Ar Magnetic nanoparticles for biomedical applications [180]

2017 Fe Deionized water/Pre-prepared synthetic wastewater NPs for removal of heavy metals [181]

2017 Mg Ar Capability of prepare alkaline earth metal NPs by PWD. [182]

2017 ZrN, ZrO2 and β–Zr7O11N2 N2/O2 Evidence to study on Zr alloys fuel cladding in nuclear accidents [183]

2018 Ag-Al alloys Ar Twisted-wire explosion [184]

2018 W, Ni, Fe Unknown W, Ni, Fe NPs as precursors for sintering [185]

2018 Fe-FeO-graphene composite Graphene oxide suspension Discharge of Fe wire in graphene oxide suspension [186]

2019 Cu-Nb, Pb-Cu, Ag-Ni, Ag-Fe Ar Explosion of twisted-wire [187]

2019 W-Cu Ar Core-shell structured NPs and application in SPS [188]

2019 Cu-Fe Ar Janus-like bimetallic NPs with high antibacterial activity [189]

2019 Al Ar, He, N2 Enhancement of hydrogen generation [190]

2019 (CuxZn1-x)O and (CuxAg1-x)O Ar+O2 NPs for antibacteria purpose [191]

2019 Zn/Al, Zn/Ag, Zn/Cu. Zn/Ti-O composites Ar+O2 Antimicrobial composite NPs synthesis [119]

2019 Sn-0.75Cu Ar Synthesis and characterization [192]

2019 MoC Ar+Kerosene fume High yield attraction of MoC [193]

2020 Ti-Ag, Fe-Ag Ar Antibacterial bimetallic NPs synthesis [118]

2020 Al-Mg alloy Ar Application for high-energy [194]

2020 β-MoO3 O2/N2 Optimal condition for high yield content of β-MoO3 [195]

2020 Nanodiamond Distilled water Formation of nanodiamond [196]

2021 Fe/Fe3O4 core-shell Ar+O2 Magnetic nanoparticles for biomedical applications [120]
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1.3.2.3 Particle size control by PWD

Since particle size greatly influences the properties of nanoparticles, particle size control
is one of the most concerns in any nanoparticle synthesis method. It was found that over-
heating K and ambient gas pressure were two basic factors that can be used to manipulate
the particle size. The effect of overheating K on particle size was found early and reported
[105]. Additionally, although the effect of ambient gas pressure on particle size was un-
derstood a long time ago, it was rather used for enhancing the degree of reactiveness of
gas for synthesizing oxides or nitrides[108].

Jiang et al. first reported using gas pressure as a factor for controlling particle size
in PWD[67]. For metallic nanoparticles prepared by PWD, it was known that particle
size decreased with increasing overheating K and decreasing ambient gas pressure. Many
papers have reported this tendency. However, the conception of particle size control needs
the combination of these two factors. Tokoi et al. proposed a particle size determining
equation by PWD by suggesting a new parameter called plasma/vapor density[112]. There
were theoretical plasma density, Dth and experimental plasma/vapor density, Dexp. Dth

was identified as follows,

Dth =
mP

Ec
, (1.1)

where m is mass of wire in [g], P is ambient gas pressure in [Pa], and Ec is charging
energy into capacitor banks in [J].The dimension of Dth is [g/m3]. Dexp was derived
experimentally by the mass of starting wire and the volume expansion of plasma/vapor
during PWD obtained by high-speed images. The relationship between Dexp and Dth was
empirically determine as follows,

Dexp = 106(Dth)0.6. (1.2)

After that, the relationship between geometric mean diameter, D1 was also found by
experiments as follows,

D1 = 3.8(Dexp)0.4. (1.3)

From the Eqs. (1.1),(1.2), and (2.13), the particle size determining equation was proposed
as follows,

D1 = 3.8

[
106

(
mP

Ec

)0.6
]0.4

. (1.4)

This particle size determining equation was verified by the experimental results of three
metals Cu, Ag, and Ni[112, 197].

In 2015, Sato et al. reported the preparation of Pd nanoparticles by PWD and proposed
the addition of a new factor in the particle size determining equation. The ratio of and
the vaporization energy of the wire, Kp =

Ep
Ev

where Ep is the energy deposited into the
wire up to the end of wire heating stage and Ev is the vaporization energy of the wire.
Therefore, now Dth defined in Eq. (1.1) became

Dth =
mPKp

Ec
=
mP

Ec

Ep

Ev
. (1.5)

This modification did not affect the previously proposed particle size determining equation
by Tokoi et al. since all the experimental results indicated that Ep is at least equal to Ev.
As result, with these results, Kp was supposed as 1, which means the wire is completely
vaporized. With Kp < 1, the wire vaporization was not complete due to the discharge on
the wire’s surface. With the above modification, experimental results of Pd nanoparticle
by PWD fitted with the particle size determining equation proposed by Tokoi et al[172].
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1.3.2.4 Theoretical foundation of particle size control by PWD

Like other physical vapor methods for the synthesis of nanoparticles, particle formation
in PWD commences with the diffusion and quenching of the plasma/vapor of metals. The
theoretical mechanism of this process was first reported by Smoluchowski in 1917. First,
let us think about the dispersion of initially identical particles (or primary particles).
Primary particles collide with each other to become large particles. The transport mech-
anism of these particles follows Brownian motion. Therefore, this process is well-known
as Brownian coagulation or aggregation. After a period of aggregation, these particles
contain aggregates of various sizes and concentrations, for example: ni particles with size
i, nj with size j. Here, n is number concentration and size is the number of primary par-
ticles comprising the aggregate. There is a fundamental assumption that aggregation is a
second-order rate process, in which the rate of collision is proportional to the product of
concentrations of two colliding species. As a result, the rate of collisions between particles
i and particles j is defined by:

J ij = kijninj , (1.6)

where kij is a second-order rate constant, which depends on particle size and transport
mechanism. Assuming that the interparticle forces do not affect the effectiveness of aggre-
gation due to the short-range nature of these forces. As a result, this assumption means
that every collision is effective in forming an aggregate. Therefore, it is possible to the
rate of change of concentration of aggregate l where l = i+ j:

dnl
dt

=
1

2

i=l−1∑
i+j→l,i=1

kijninj − nl
∞∑
l=1

kilni , (1.7)

The first term on the right-hand side expresses the rate of formation of aggregates l by
the collision of any pair of aggregates, i and j, such that i + j = l. Because by counting
in this way each collision will be counted twice, the factor 1/2 is added. The second term
represents the loss of aggregates l by aggregation with any other aggregates.

Equation (1.7) can be considered as the discrete form of particle size distribution equa-
tion. The continuous form of particle size distribution is as followings,

∂n(i, t)

∂t
=

1

2

∫ i

0
k(i− j, j)n(j, t)n(i− j, t)dj − n(i, t)

∫ ∞
0

k(i, j)n(j, t)dj, (1.8)

where the left-hand side indicates the rate of change of concentration of particles of size i,
the coefficients k(i − j, j) are equivalent to the collision rate constant kij in Eq.(1.7). In
integral expressions, thay are known as collision kernels.

By identifying the solution of Eq.(1.8), it is possible to understand the particle size
distribution in terms of time. Some theoretical solutions have been reported. Meesters and
Ernst et al.[198] provided the solution of Eq.(1.8) in a simple exponential form by assuming
collision kernels are constant and independent of the size of the colliding aggregates. This
result is in good agreement with the Smoluchowski result for the discrete case because
for long times, the Smoluchowski result approaches the exponential distribution[199]. One
more solution was given by Swift and Friedlander et al[200]. Their approach was known as
the ”self-preserving” distribution. Basing on this approach, Friedlander and Wang et al.
derived a numerical solution for Brownian aggregation. The self-preserving distribution
obtained with consideration of the inclusion of the dependence on aggregate size appeared
to be approximately exponential form[199].
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In the most recently, another approach to Brownian coagulation was proposed by Lee
et al.[201, 202] that a log-normal form was assumed for the aggregate size distribution
to compute the parameters of the distribution using kernels with consideration of the
dependence of aggregate size. The size distribution function for particles with volume v
for a log-normal distribution is written as,

n(v, t) =
N

3
√

2πvlnσ
exp

[
−ln2(v/vg)

18ln2σ

]
, (1.9)

where vg(t) is the geometric median particle volume, σ(t) is the geometric standard de-
viation, N is the total number concentration. Lee et al. also showed that the value of σ
reached the limit value of 1.32 after long times and the volume distribution in reduced
form could be expressed as,

xf(x) =
1√

2πln2
exp

[
−(ln

√
2x)2

ln4

]
. (1.10)

A comparison between the exponential distribution, self-preserving distribution, and log-
normal distribution has been made[199] and shown in the following graph.

Figure 1.4: Comparison of ”self-preserving” distributions, in terms of the reduced ag-
gregate size, x, as xf(x) versus x. The results are from the computations of Friedlan-
der and Wang[203], the exponential form, and the log-normal distribution of Lee[202],
Eq.(1.10).(cited of ref.[199])

Although the result of Lee has less fundamental justification than that of Friedlander,
log-normal distribution is widely employed and has convenient mathematical properties[199].
Many studies of the synthesis of nanoparticles by PWD have adopted this model for the
particle size distribution of the nanoparticles prepared by PWD. Experimental results have
shown that log-normal distribution fits well with the particle size distribution of nanopar-
ticles by PWD. Therefore, for the theoretical background of the particle size control pro-
posed by Tokoi et al., an analytic solution for free molecular regime using log-normal
distribution was used[204, 112]. The dependence of the geometric standard deviation (σg)
and the geometric mean particle volume (vg) on time (t) are expressed as follows,

ln2σg =
2

15
ln

[
2 +

exp
(

15
2 Z0 − 2

)
1 + 5

8Ht̄

]
, (1.11)
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and

vg

vg0
=

exp
(

9
2Z0

) [
1 + 5

8Ht̄
]6/5[

2 +
exp( 15

2
Z0−2)

1+ 5
8
Ht̄

]3/5
, (1.12)

where,

H = exp

(
1

8
Z0

)
+ 2exp

(
5

8
Z0

)
+ exp

(
25

8
Z0

)
, (1.13)

t̄ = Krg0
1/2N0t = Kvg0

1/6N0t, (1.14)

K =

(
6kT

ρp

)1/2

, (1.15)

Z0 = ln2σg0. (1.16)

Here, vg0, rg0, σg0, N0, t, k, T , and ρp are the geometric mean of initial particle volume,
the geometric mean of particle radius, the initial geometric standard deviation, the initial
number concentration of particle, time, the Boltzmann constant, temperature, and the
particle density, respectively. An assumption that Ht̄ � 1, and Z0 ≈ 0 was made by
Tokoi et al.[112]. With the same assumption, by substituting Eq.(1.14) to Eq.(1.12), we
have the relation between vg and N0 and vg0 as follows,

vg ∝ (vg0N0t)
6/5. (1.17)

Therefore, because the geometric mean diameter (D1) is proportional to cube root of
geometric mean of particle volume, assuming t to be constant, the relationship between
D1 and N0 and vg0 can be written as,

D1 ∝ (vg0N0)2/5. (1.18)

In PWD, it can be considered that N0 corresponds to Dexp. As a result, by comparing
Eq.(1.18) and Eq.(2.13), it can be said that the experimental results obtained by Tokoi et
al. in ref.[112] are in good agreement with the analytic solution of the equation of particle
size distribution by a log-normal distribution.

15



1.3.3 Nanoparticles of light elements and alloys

Magnesium is one of the most abundant elements on the earth. Due to the advantages
of lightweight (1.74 g/cm3), high strength, and anti-corrosion, Mg is widely used for fab-
ricating cover of electronic devices. Additionally, the high reactivity of Mg to O2 made it
useful for applying on the light sources. Recently, the use of Mg nanoparticles in Mg-air
batteries was reported to improve the performance of Mg anode[205]. Mg nanoparticles
also attracted much attention on their feasibility of hydrogen storage. The theoretical hy-
drogen absorption of Mg is nearly 7.7 wt%. There are many pieces of research working on
hydrogen storage of Mg nanoparticles for enhancement of hydrogen absorption/desorption
capacity, hydrogen absorption/desorption speed for the past decades. Wan et al. demon-
strated hydrogen storage performance enhancement of Mg nanoparticles encapsulated in
reduced graphene oxide[206]. Chen et al. reported the preparation of ultrathin carbon
layer encapsulated Mg nanoparticles by methane plasma reaction method. At optimal con-
dition, they obtained absorption of 4.8 wt% H2 within 10 min at 573K and desorption of
5.0% H2 within 20 min at 623K with an average 80 nm Mg nanoparticle covered with 3 nm
ultrathin carbon shell[207]. By transition metal decoration (Ni, Ti, Pd), hydrogen storage
capacity, absorption/desorption speed was improved[208, 209, 210, 211]. So far, localized
surface plasmon resonance of Mg nanoparticles was also explored, besides the conventional
metals (Au, Ag, Cu), which could be an alternative for expensive noble metals[212, 213].
Moreover, Mg nanoparticle was also employed in hydrogen generation[214] and light mi-
crowave absorber[215]. All of the above applications of Mg nanoparticles suggested an
enormous potential of this material.

Amorphous boron has a large volumetric heat of combustion (∼ 136 MJ/kg), which has
the potential for use as a fuel additive. Additionally, 10B has a large thermal neutron
capture cross-section (3840 barns), which is useful for neutron capture therapy[216]. Re-
cently, several methods were used to prepare B nanoparticle[217, 218, 219], many of them
aim for the application of fuel combustion. Nano-sized boron was reported to enhance
70% in the energy content and decrease the 15% boiling point of aviation turbine kerosene
fuel[220]. Additionally, B nanoparticle was also reported to be used in textiles for antibac-
terial purpose[221]. So far, a boron-loaded polymeric sensor using boron nanoparticles
for direct detection of the thermal neutron was reported[222]. Also for the application
of neutron capture therapy, the production of boron nanoparticles by ultrasonication in
an aqueous medium is described[223]. Beside elemental boron nanoparticle, nanopar-
ticle of boron-containing compounds such as B4C, BN, transition metal borides (TiB2,
ZrB2, WB3/WB4). These compounds are especially well-known in the ceramic field. In
general, these compounds has high melting temperature, high hardness, oxidation, and
corrosion resistance, which are suitable for the use in harsh environment. Consolidation of
these compounds is usually done by various sintering techniques: hot-press, spark plasma
sintering, and pressureless sintering. Since their melting temperatures are quite high,
sintering temperatures are also high, which may promote grain growth. By using start-
ing materials as nano-sized powder, lower sintering temperature and smaller grain size
are attributed. Synthesis of this nanosized powder normally requires high-temperature
methods[224, 225, 226].

Besides magnesium, aluminium is also one of the lightest metals with a density of
2.7 g/cm3. Similar to B, Al also has large volumetric heat of combustion (8̃1 MJ/kg).
As a result, Al nanoparticle is especially potential for combustion applications such as
rocket propellant[227, 228]. The combustion behavior of Al nanoparticles was also actively
investigated [229, 230, 231, 232, 233, 234]. Additionally, plasmon resonance properties of
Al nanoparticles in the ultraviolet range were also explored[235, 236, 237]. There are
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numerous ways to fabricate Al nanoparticle including solid, liquid, vapor phase[238, 239,
240, 241].

1.4 Problem statements and study purposes

First, in order to consolidate a ceramic pellet, it is widely known that the starting
powder plays an important role in the sintering behavior of the product. The decrease of
particle size of starting powder has the effect of reducing the sintering temperature, which
saves energy consumption. However, for transition metal borides, the effects of different
sizes of starting powder on the monolithic transition metal boride sintering and reactive
transition boride sintering have not been discussed.

Second, for the sake of reducing the sintering temperature of transition metal boride,
by which reducing power consumption and achieving desirable phase (metaphase) of tran-
sition metal boride pellets, using nano-sized powder as a starting material is considered
to be a feasible solution. However, by conventional methods for synthesizing NPs of tran-
sition metal borides, considerably large power consumption is required, which may not
improve the net power consumption for the whole process of synthesis of transition metal
boride ceramics. As a result, it is necessary to adopt single-step, cost-effective, and high-
energy conversion efficiency methods to synthesize NPs of transition metal borides. PWD
is such a method, however, although various compounds of NPs have been synthesized
by PWD, for example, oxides, nitrides, carbides by conducting PWD in the ambiance
of O2/air, N2/NH3, CH4/organic vapor, respectively, NPs of borides have never been re-
ported. Using PWD in boron-containing gas like diborane (B2H6), decaborane (B10H14)
or boron trichloride (BCl3) is an imaginable method. Nevertheless, due to the toxicity
and/or flammability of those gases/vapors, appropriate treatments for safety are required
and make the synthesis process more complicated and costly. This limitation is the barrier
to synthesize NPs of transition metal borides by PWD.

Third, based on the literature survey in the section 1.3.2.2, it can be considered that a
wide range of elements has been subjected to exploding wire as well as PWD for nanopar-
ticle synthesis purposes. Most of them are transition metals or post-transition metals (Al,
Sn, Pb), some of them are metalloids (Si, Ge). Mg is the only one belonging to alkaline
earth metals which have been examined by PWD. On the other hand, metals are classified
as class I (Cu, Ag, Al, Au, Sn, Zn, Cd) and class II (W, Mo, Pt, Ni, Fe, and Ti) for their
different behavior in terms of exploding wire. This classification is also considered to be
related to the characterization of nanoparticles synthesized by PWD due to the difference
in heating effect. As a result, although Mg nano/submicron particles have been already
prepared by PWD, due to large difference in atomic mass, boiling point, and heat of va-
porization compared to metals classified in both class I and class II, whether and how Mg
nanoparticle is different from other metal’s ones has not been clarified yet.

Finally, the particle size determining equation proposed by Tokoi et al.[112] is considered
to be significant progress on metallic nanoparticle synthesis by PWD. However, until
now, this equation has been verified by only experimental results of Cu, Ag, Ni, and
Pd nanoparticles. On the other hand, according to the aforementioned classification of
metals in PWD, these metals are included in class I (Cu, Ag) and class II (Ni, Pd), hence,
it is probably different for the case of Mg. When the particle size determining equation
was proposed, the proposal of plasma/vapor density was given based on the theory of
coagulation of particles by Brownian motion during the nanoparticle formation process.
After that, by considering the different heating effects on different metals (class I or II),
Sato et al. modified the equation by adding Kp factor without affecting previous results
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and provided experimental evidence of Pd nanoparticle. However, nucleation has not
been considered yet. In particular, the important factors affecting the nucleation process
including the critical size, the temperature, and the saturation at the time of nucleation
for metals should be discussed to predict the particle size of various metal NPs.

Basing on the problem statements addressed above, there are four main topics of this
research as follows,

1. Discussing the effects of different sizes of starting powder on the monolithic transition
metal boride and reactive transition metal boride sintering.

2. Synthesis of NPs of transition metal boride by a one-step, cost-effective method.

3. Clarifying the particle formation of light elements (Mg and Al) by PWD.

4. By applying the case of Mg and Al in particle size determining equation by Tokoi et
al. and considering a nucleation process in the particle size determining equation,
confirming the validity of the equation and proposing a modification if necessary.

1.5 Composition of the present study

The present study composes of four chapters, namely, introduction, methodology, results
and discussion, and conclusions.

First, chapter 1 including this section gave an introduction to the present study. This
chapter began with general information and motivation for this study regarding nanopar-
ticle synthesis of light elements. Subsequently, a literature survey including approaches
for nanoparticle synthesis, PWD as a nanoparticle synthesis method accompanying with
the history of its preceding exploding wire, particle size control by PWD, nanoparticles
of light element-synthesis methods, and their application was carried out. This literature
survey is a fundamental background to identify the objectives of the present study in the
following section. Finally, problems that needed to be solved were pronounced and the
objectives of the present studied were briefly described.

Second, chapter 2 provides information regarding the methodology necessarily used to
accomplish this study. The methodology includes experimental setups for pulsed wire and
powder discharge, spark plasma sintering for ceramic pellet formation. Next, information
concerning raw materials and experimental conditions used in the study are listed. Sub-
sequently, experimental procedures regarding experiments of pulsed wire discharge, pulse
discharge of compacted powder, and spark plasma sintering are gone through. Finally,
analytical methods adopted for characterizing nanoparticles and sintered bodies, and hy-
drodynamic behavior calculation for simulating temperature of plasma/vapor during the
experiment of pulsed wire discharge are given in detail.

Third, chapter 3 shows results and discussion to fulfill the purposes of the present
study. First, spark plasma sintering was used to fabricate ceramics pellets to discuss the
effect of different sizes of starting powder on the monolithic transition metal boride and
reactive transition metal boride sintering. Then, synthesis of NPs of B and transition
metal borides by PWD and pulsed discharge of compacted powder are described and
carefully characterized by using a combination of XRD, TEM images, EDS, and Raman
spectroscopy. Subsequently, the preparation of NPs of light elements (Mg and Al) by
PWD are described and discussed on aspects of particle formation (discharge waveforms,
deposition energy) and material evaluation (phase, morphology, particle size distribution
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by XRD, TEM). Then, the introduction of prepared Mg nanoparticles to the particle
size prediction equation proposed by Tokoi et al. and the inconsistency is expressed.
Finally, calculation of the critical radius of metals and the appropriateness are discussed
using experimental and simulated results, along with the new equation for particle size
prediction by PWD is proposed.

Eventually, chapter 4 gives a summary of the results obtained in chapter 3 and combining
with the objectives described in chapter 1. An assessment is provided and future plans
need to be done with the present study are discussed.
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Chapter 2

Methodology

2.1 General

This section describes experimental setups and electrical circuits adopted in pulsed wire
and powder discharge for nanoparticle synthesis and spark plasma sintering for fabricating
ceramic pellets. Additionally, calculations of energy deposition into the wire are presented.
Information about raw material as well as experimental conditions is listed. Finally,
analytical methods for characterization of nanoparticle and ceramic pellets such as X-
ray diffraction, SEM, TEM, high-speed camera, Raman spectroscopy, Vickers hardness
are described in detail.

2.2 Experimental setups for pulse wire and powder dis-
charge

Experimental setups and electrical circuits for pulse wire and powder discharge, fol-
lowing with measurement of inductance, current, and voltage measurement, and energy
deposition into the wire are described as following.

2.2.1 Experimental setups and electrical circuit

Experimental setups and electrical circuit of the present study are shown in Fig. 2.1. In
Fig. 2.1(a), the experimental setup includes an airtight stainless steel (SUS304) chamber
(V=23 l) with a stainless steel lid opened from the top, a simple RLC circuit shown in
Fig.2.1 consisting of a high voltage DC power supply (Kikusui, PHS 35K-3), 3 capacitors
(each has a capacity of 10 µF) in parallel which could be added or removed to adjust
the capacity, a gap switch with a controller. Additionally, the chamber could be vacu-
umed through 2 gas outlets, one was used for sucking the air inside the chamber prior to
experiments and could be opened or closed by a rotating valve, the other was used for
collecting synthesized powder via a membrane filter (Omnipore, pore size 0.1 µm and 0.2
µm). There was one more port to inlet ambient gas and air with Swagelok valves. Voltage
was measured by using 2 voltage probes (Tektronix P6015A). Current was measured by a
current transformer (Pearson 101). The voltage probes and the current transformer were
connected to a digital oscilloscope (Yokogawa DLM2024) to monitor voltage and current
waveforms during the experiments. A high-speed camera (Photron FASTCAM SA4) with
shutter speed up to 500,000 fps was set in front of the viewport and around 4 meters away
from the wire as shown in Fig. 2.1(a). An optical lens (Nikon 135mm f/2.8) was mounted
on the high-speed camera and a neutral density filter (Kenko PRO-ND500) was set on the
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Figure 2.1: (a)Experimental setup used for pulsed discharge of wire and compacted powder
for nanoparticle synthesis. For pulsed discharge of compacted powder, experimental setup
at the position of electrodes circled by dash line was changed by (b) for B nanoparticle, (c)
for nanoparticle of Ti, Mo, W borides, (d) for nanoparticle of Zr boride(improved setup for
suppressing of impurity). (e) Electrical discharge circuit commonly used for both pulsed
discharge of wire and compacted powder
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lens to cut off highly intensive light from the pulsed wire discharge for better observation.
Depending on the intensity of emitted light from different pulsed discharge experiments,
the aperture of the lens was adjusted appropriately. To assure the pulsed discharge was
recorded properly, the high-speed camera was triggered by using a CMOS level signal
output from the oscilloscope. Whenever the oscilloscope received a signal of voltage, the
oscilloscope outputted a 3.3V CMOS level signal to trigger the high-speed camera. For
pulsed discharge of compacted powder, crystalline/amorphous B powder was compacted
inside a carbon-made heat-shrinkable tube with 2 rods of Ti, Mo, W, or Zr from 2 sides
so that the compacted powder was well-contacted with metal rods. These setups were
clamped on the electrodes inside the chamber for pulsed discharge. With the case of using
Zr rods, for the purpose of suppressing impurity of Fe which could be caused by the poor
contact between metal rods and SUS nuts and electrodes, a pair of different electrodes was
prepared by drilling through the electrodes. By this setup, contact between metal rods
and stainless electrodes was improved and problems of Fe impurity could be solved.

Electrical circuit adopted in PWD experiment is a simple RLC circuit and is shown
in Fig. 2.1(e). When the gap switch is closed and electrical current starts to discharge
through the circuit (t = 0), equation of current in terms of time is shown as follows,

L
d2i

dt2
+R

di

dt
+

1

C
i = V c, (2.1)

where

R = Rout +Rin +Rwire = Rconst. +Rwire, (2.2)

L = Lout + Lin + Lwire = Lconst. + Lwire, (2.3)

V c = Q0/C, (2.4)

Here, R is the total resistance, Rconst. is the resistance of the circuit including resistance
of inside and outside of the chamber, Rwire and Lwire is the resistance and inductance of
wire, respectively, which may change during PWD, L is the total inductance including
inductance of inside Lin, outside Lout of the chamber, and inductance of wire Lwire. The
solution of Eq. (2.1) is shown as follows,
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• R2 > 4L/C

i(t) =
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• R2 = 4L/C

i(t) =
Q0

LCβ
te−αt, α =

R

2L
. (2.7)

Three types of the above equations are classified as underdamped, overdamped, and crit-
ically damped oscillation, respectively.
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2.2.2 Measurement of inductance

Inductance was measured by shorting the circuit with a 3 mm diameter Cu rod with a
voltage of 1000 V. This charging voltage V c provided insufficient energy for the wire to
vaporize. With unexploding wire, inductance is negligibly small, hence Lwire = 0. As a
result, the value of each element in the circuit of PWD is shown in Table 2.1

Table 2.1: Values of elements in the PWD circuit

Lin 250 nH
Lout 1020 nH at C=10 µF, 900 nH at C=20 µF, 850 nH at C=30 µF
Rconst. 0.07 Ω
Rin 1 mΩ

2.2.3 Current, voltage measurement and energy calculation

In order to calculate deposition energy, it is necessary to calculate voltage dropping on
the wire and current passing through the wire during the PWD experiment. First of all,
measured voltage (V (t)) obtained by subtracting voltages monitored by the voltage probes
at A and B in Fig. 2.1(e). From Fig. 2.1(e), V (t) is defined by,

V(t) = VR(t) + VE(t) + VL(t), (2.8)

where V R(t), V L(t), and V E(t) are the voltage dropping on the wire, the inductance, and
the resistance inside the chamber, respectively. From Eq. (2.8), V R(t) can be expressed
as,

VR(t) = V(t)−
(
Rini(t) + Lin

di(t)

dt

)
. (2.9)

By obtaining V (t) and i(t) from the experiments, V R(t) in Eq. (2.9) can be calculated.
The deposition energy (E(t)) during PWD is defined as follows,

E(t) =

∫ t

0
V R(t)× i(t)dt. (2.10)

A typical voltage-current waveform of PWD is shown in Fig. 2.2. The process of PWD
can be divided into two stages: wire heating and arc discharge. At the wire heating stage,
current increases with the phase transformation of the wire solid-liquid then decrease
when the wire is vaporized. At the end of the wire heating stage, the voltage waveform
attains its peak, then drops remarkably and oscillating due to the appearance of the arc
discharge (plasma). At the arc discharge, the current also oscillates and is controlled by
the parameters R, L, C of the circuit. The energy deposited into the wire up to the end
of the wire heating stage is defined as Ep. The energy deposited into the arc discharge
(plasma) is defined as Ea. Previously calculated deposition energy (E(t)) up to the end
of the process is the total of Ep and Ea, and is defined as Et. Besides, Ev is defined as
vaporization energy of the wire. Kp is the ratio of Ep and Ev, which indicates whether
the wire has been completely vaporized or not, i.e. if the wire has been already completely
vaporized, Kp should be equal or larger than 1. For the case Kp is larger than 1, the
exceeded energy is considered to be dissipated in the surrounding environment.
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Figure 2.2: Typical voltage-current waveform by PWD and related parameters

2.3 Spark Plasma Sintering for fabricating ceramic pellets

Spark plasma sintering (SPS) experiments were carried out at Nanko Laboratory, Na-
gaoka University of Technology (NUT) and Structural Non-oxide Ceramics Group, Na-
tional Institute for Materials Science (NIMS), Tsukuba. At NUT, commercial TiB2 pow-
ders with different particle sizes were used to fabricate TiB2 ceramic pellets. At NIMS,
commercial W and B powders were employed to fabricate tungsten borides ceramic pellet
under various conditions. Information on SPS instruments is shown in Table2.2. Condi-
tions regarding experiments are described in section 3.2 for convenience.

Table 2.2: Information about SPS instruments

Nanko Lab, NUT Structural Non-oxide Group, NIMS

Manufacturer Sinterland Inc. Sumitomo Coal Mining Co. Ltd

Model No. LABOXTM-1550i75S Dr. Sinter SPS-1030

2.4 Raw materials

This section provides information on wires, rods, and powders used as raw materials in
the present study.

2.4.1 Wires

Al wires (φ=0.1 mm, 99.9%), Mg wires (φ=0.1, 0.3, 0.5 mm, 99.95%), Cu wire (φ=0.1
mm, 99.9%) were purchased from The Nilaco Corporation. Boron wire (φ=0.1 mm) was
purchased from Goodfellow Japan.

2.4.2 Rods and powders

Micron-sized crystalline B powder (≈ 40 µm) was purchased from Soekawa Co., Ltd.
Micro-sized amorphous B powder (≤ 1 µm, ≥ 95%) was purchased from Sigma-Aldrich
as a raw material of pulsed discharge of compacted powder and SPS for tungsten borides
ceramic pellets fabrication. Also as a raw material for SPS for tungsten borides ceramic
pellets, W powder (0.45-0.58 µm, ≥ 99.9%) was purchased from Japan New Metal Co.,
Ltd.. Metallic rods employed as electrodes of pulsed discharge of compacted powder
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were purchased from Nilaco Corporation (Cu rods(φ=2 mm, 99.9%), Ti rods (φ=2.5 mm,
99.9%), Mo rods (φ=2 mm, 99.95%), W rods (φ=2 mm, 99.95%), and Zr rods (φ =2 mm,
99.2%)).

2.5 Experimental procedures

Here, experimental procedures of pulsed wire discharge, pulsed discharge of compacted
powder, and spark plasma sintering experiments are described.

2.5.1 Pulsed Wire Discharge

In the present study, PWD experiments were carried out using Al, Mg, B, and Cu wires.
Prior to experiments, wires were cleaned by alcohol to avoid contaminants. The procedure
of a typical PWD experiment is described below,

1. Wire was set between two electrodes by clamping it with SUS304 nuts inside the
experiment chamber as shown in Fig. 2.1.

2. Lid was closed and the chamber was vacuumed by a rotary pump or an oil-free scroll
pump to around 10 Pa. Then, Ar gas was introduced into the chamber at 50 kPa
and one more time vacuumed to around 10 Pa. This process was repeated 3 times
at each condition to purge vapor sticking on the chamber wall.

3. Ambient gas (Ar/N2) was introduced to the chamber at the desired pressure.

4. High-voltage DC power supply was switched on and started to charge capacitors
via a load resistor at the desired voltage. Charging was carefully done so that the
charging voltage does not exceed the working voltage of the capacitors (6.5 kV).

5. By closing the gap switch with a controller, a large pulsed current underwent the
wire. The process of pulsed wire discharge was described in detail in the section
1.3.2.2.

6. At the same time as PWD experiments, voltage-current waveforms and high-speed
images were taken by a digital oscilloscope and a high-speed camera. Regarding
these measurements, a description was provided in the section 2.2.1.

7. After the pulsed discharge, the powder was collected through a membrane filter by
sucking the ambient gas in the chamber via another route rather than the route for
primary vacuuming by changing the vacuum route.

8. The membrane filter was separated from the experiment chamber with a locking
door. This locking door was closed whenever experiments are being done and opened
for collecting powders.

9. After collecting powder, the locking door was closed, and the air was introduced into
the chamber at atmospheric pressure to supply wire.

10. Experiments were repetitively done until the obtained powder was estimated to be
sufficient for characterization.

11. After synthesizing sufficient powder, the membrane filter was ejected and powder
was collected by shaving the membrane filter. The collected powder was stored
inside a sample bin for further characterization.
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12. Last but not least, remaining electrical charges at the capacitors were connected to
the ground carefully for the sake of other people’s safety.

2.5.2 Pulse Discharge of Compacted Powder

Basically, the pulsed discharge of compacted powder is similar to pulsed wire discharge.
However, before discharging, powder has to be compacted in advance. To compact powder
for experiments, the first powder was inserted into a carbon-made heat-shrinkable tube
(φ=2.1 mm for φ=2 mm for Cu, Mo, W, Zr rods and φ=2.6 mm for Ti rods). Then,
metallic rods were used to compact powder from two ends. Metallic rods were stabilized
for tight contact with powder by heating the heat-shrinkable tube from its outside surface
with a soldering iron. The heat-shrinkable tube was heated, shrank, as a result, stabilized
the powder and metallic rods. The subsequent procedure was identical to that of pulsed
wire discharge described in the previous section.

2.5.3 Spark Plasma Sintering

For SPS experiments, first, starting powders were prepared, then, powders were sub-
jected to SPS for sintering. The preparation of starting powders was done by either dry
mixing or wet mixing. Dry mixing was applied for mixing TiB2 powders with different
particle sizes. Wet mixing was applied for mixing W powder and amorphous B powder.
Procedures for dry mixing and wet mixing are described as following.

• Dry mixing procedure

1. Weighting two components for desired relative ratio.

2. Pouring powders of two components into a plastic bottle.

3. An amount of ZrO2 balls (φ=5 mm) which was around 4 times of powder’s
weight was pouring into the plastic bottle together with the mixture of powders.
Caps were closed tightly.

4. The bottle was placed on a ball milling machine at a rotational speed of ap-
proximately 270 rpm for 24 hours.

5. After 24 hours, the mixture of powders and ZrO2 balls was separated by using
a sieve with mesh size 300 µm.

6. Mixture of powder was collected and ZrO2 balls were cleaned by an ultrasoni-
cation equiptment.

• Wet mixing procedure

1. Weighting two components for desired relative ratio.

2. Pouring powders of two components into a plastic bottle.

3. An amount of ZrO2 balls (φ=10 mm) which was around 4 times of powder’s
weight was pouring into the plastic bottle together with the mixture of powders.

4. 60 ml methanol was poured into the bottle. Caps and tapes were used to seal
tightly to avoid leaks during ball milling.

5. The bottle was placed on a ball mill machine at a rotational speed of approxi-
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mately 270 rpm for 24 hours.

6. After 24 hours, the mixture was taken out and poured into a beaker.

7. After that, the mixture was subjected to an evaporator to separate methanol
from the mixture of powders. Subsequently, the mixture was kept inside a
drying furnace overnight for the complete vaporization of liquid matters.

8. After-drying mixture was pulverized into fine powder for SPS.

Next, the procedure of SPS experiments is described. Basically, the procedure is identi-
cal at NUT and NIMS, hence, the different points are provided in brackets. The procedure
of SPS is as following,

1. For the preparation steps, switching on the main breaker (only in NUT), opening
a cooling water valve, switching on the power of the SPS machine, switching on
the SPS machine control unit was done in order. Values of z-axis displacement,
temperature, voltage, current were monitored by a computer (at NUT) or a data
logger (at NIMS).

2. Since the unused status of the chamber of SPS was a vacuum, one needed to introduce
air inside the chamber to open it. Usually while waiting for this step, preparing the
sample was done.

3. Graphite foils were prepared to prevent the contact of powder and graphite die and
punches.

4. Depending on the size of pellets, starting powder was weighed and poured into the
die and punches settings, then, they were pressed axially by a manual hydraulic
press at an appropriate pressure for the powder to get cylinder shape, subsequently
subjected to SPS machine as shown in Fig. 2.3.

5. After the air fulfilled the chamber, the setting of punches, dies, and powder was
placed on the bottom spacers in the chamber. Next, upper spacers were placed on
the top of the setting. It was required that a small hole for temperature monitoring
could be seen from the viewfinder of a thermal radiation camera placed at a viewport
of the chamber.

6. The whole system was moved all the way up until the spacer at the top contact with
the upper electrode of SPS.

7. The aforementioned small hole was necessarily confirmed one more time for the
precise temperature monitoring.

8. The lid of the chamber was closed and the rotary pump was switching on to evacuate
the chamber. At NUT, after about an hour, the pressure was approximately 6 Pa.
At NIMS, after 15 min, it was approximately 10 Pa, then, an oil diffusion pump was
connected to continuously vacuum the chamber up to approximately 5 ×10−3 Pa.

9. While waiting for the vacuum, the sintering program (temperature, pressure, holding
time) was set. When the pressure reached the desired value, the sintering process
was started by switching on the sintering function.

10. When the temperature rose to around 800◦C, it should be checked in the viewfinder
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of the thermal radiation camera if the small hole was being viewed at the center or
not.

11. During the SPS experiment, it was important to monitor the z-axis displacement,
programmed temperature (PV), and obtained temperature (SV) to assure proper
sintering process. A large difference of PV and SV may lead to failure of the process
or even damage of the SPS machine.

12. After the program ended, the sintering function was switching off at the control
panel. Subsequently, about 1 hour of waiting for the sample to cool was required.
The setting was lowered for quicker cooling speed. At NIMS, N2 gas was introduced
for cooling the sample.

13. The sample was taken out of the setting. Graphite foils on the surface of the sample
were shaved, then the sample was subjected to further characterization.
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Figure 2.3: Spark plasma sintering experimental setup
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2.6 Analytical methods for characterization of nanoparti-
cles and sintered pellets

2.6.1 Powder X-ray diffraction

Powder X-ray diffraction (XRD) was employed in almost all the samples synthesized
for phase composition analysis in the present study. There are 3 XRDs being used, two
of them are located at NUT and the remaining is at NIMS. At NUT, they are Rigaku
RINT2000, Cu-Kα radiation of 0.15418 nm, 50 kV, 300 mA, and Rigaku Miniflex 600,
40 kV, 15 mA. At NIMS, the XRD instrument was similar to the Rigaku Miniflex 600 at
NUT.

For the powder sample, the powder was placed in a small hole drilled on the surface of
a zero diffraction Si crystalline holder. Then the powder was pressed to compact in the
hole so that the pressed surface was smooth and matched with the surface of the holder.

For the ceramic pellet sample, the pellet was stabilized by an Al holder, a piece of glass,
and clay so that the surface of the pellet was matched with the surface of the Al holder.

For quantification of the NPs purity, the reference intensity ratio (RIR) or a calibration-
curve method was carried out. With the latter method, commercially available Cu and B
powders were mixed at some compositions and XRD peak intensities were measured.

2.6.2 Scanning electron microscope

Scanning electron microscopes (SEM) adopted in the present study include a field emis-
sion scanning electron microscope (FE-SEM) (JEOL JSM-7500F) equipped with an energy
dispersive X-ray Spectroscopy (EDS) detector and a desktop SEM (HITACHI TM3030).
SEMs were used to observe nanoparticles prepared by PWD, micro-structure of pellet
synthesized by SPS.

2.6.3 Transmission electron microscope

Transmission electron microscopes (TEM) used in the present study include a TEM
(JEOL 2000FX) at an accelerated voltage of 200 kV and a field emission transmission
electron microscope (FE-TEM) (JEOL JEM-2100F) at an accelerated voltage of 200 kV
equipped with an EDS detector. In this study, TEMs were used for numerous analyses
shown below.

2.6.3.1 Bright Field Image

Bright-field image (BFI) was used in most of the samples prepared by PWD. By BFI,
it was possible to identify the morphology and size of the particles. Then, BFI could be
used to measurement of particle size distribution.

2.6.3.2 Dark Field Image

Darkfield image (DFI) was used to identify the position of ultrafine MgO particles (sev-
eral nanometers) together which the presence of Mg particles (several tens of nanometer).
A DFI was obtained by moving objective aperture to the position of diffracted spots
corresponding to diffraction of MgO in selected area diffraction (SAD) image.
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2.6.3.3 Selected Area Diffraction

Selected area diffraction (SAD) was used to identify the phase composition of the sample
at the area of interest while observing using TEM.

2.6.3.4 Energy Dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) was used to identify elements (from B to
U) included in the sample at the area of interest while using TEM. Both qualitative and
quantitative analyses could be done with EDS.

2.6.3.5 Lattice image

Lattice images were used to identify the lattice fringes of the crystallites of the particles
observed by TEM. By the images, it was possible to specify the phase composition of a
single nanoparticle individually.

2.6.3.6 Electron Energy Loss Spectroscopy

Electron Energy Loss Spectroscopy (EELS) is known as spectroscopy method for mea-
suring atomic composition, chemical bonding, and valence and conduction band electronics
properties by radiating a beam of electrons with a known, narrow range of kinetic energies
into a sample, measuring the amount of energy loss via an electron spectrometer, and
analyzing the causes of energy loss. In terms of atomic composition analysis, compared
to EDS, EELS works best with relatively light elements. In the present study, EELS was
used to investigate whether oxygen was present in the raw material of TiB2 or not.

2.6.4 Particle size distribution

Particle size distribution (PSD) was carried out as a inevitable characterization of
nanoparticles prepared by pulsed discharge of wire and powder. PSD was obtained by
doing a statistic of size of particle synthesized by PWD. Sizes of around 1000 particles
were taken every condition to investigate the PSD. Then, the geometric mean diameter of
particles are defined as following,

f(d) =
1√

2πdlogσg

exp

(
−(logd− logD1)2

2log2σg

)
, (2.11)

where

logσg =

√∑
ni(logdi − logD1)2∑

ni
, (2.12)

logD1 =

∑
nilogdi∑
ni

. (2.13)

Here, d is particle size, f(d) represents the lognormal distribution function, D1 and σg are
geometric mean diameter and geometric standard deviation, respectively, ni and di are
the number of particles with its diameter, respectively.

2.6.5 High-speed camera

A high-speed camera (Photron FASTCAM SA4) was used to record the time-evolution
of plasma/vapor expansion during PWD experiments. The usage details of the high-speed
camera were mentioned in the section 2.2.1.
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2.6.6 Raman Spectroscopy

Raman spectroscopy instrument (Horiba Jobin Yvon, LabRAM HR-800) was adopted to
identify the amorphous C in nanoparticles of borides synthesized by the pulsed discharge
of compacted powder.

2.6.7 Archimedes density measurement

In order to measure the density of pellet fabricated by SPS, the Archimedes density
measurement method was used. The procedure of measurements is described as follows,

1. A ceramic pellet after cleaning surfaces from graphite foils was weighted by electronic
balance to obtain the mass of the pellet in dry condition mdry.

2. The pellet was immersed inside a beaker of toluene for about 1 day so that toluene
can infuse into the close pores of the pellet if they were present.

3. After 1 day, the pellet was picked out, slightly wiped by a piece of Kimwipe, and
weighted to obtain the total mass of pellet and mass of toluene infusing into the
close pore of the body mwet.

4. Subsequently, the pellet was weighted inside toluene to obtain min.

5. At the same time, the temperature of toluene should be monitored.

6. Next, the volume of the pellet can be calculated as follows,

V pellet =
mwet −min

ρtoluene
, (2.14)

where
ρtoluene = 0.88412− 9.2248× 10−4 × T [◦C]. (2.15)

7. Finally, density of the pellet can be calculated as follows,

Dpellet =
mdry

V pellet
. (2.16)

2.6.8 Vickers hardness

Before measuring hardness, the surfaces of the pellets were polished to a qualified rough-
ness (nearly as gloss as a mirror). In order to test the hardness of ceramic pellets, a Vickers
hardness testing equipment (Akashi MVK-H3) was used. A load of 2000, 1000, or 500 g
was used in each SPS condition for testing Vicker hardness. For every load, 5 indentations
were pressed for reproducibility of the measurement.

2.7 Hydrodynamic behavior calculation

To elucidate the temperature profile in terms of time during PWD experiments of differ-
ent materials, an attempt to calculate the hydrodynamic behavior of the wire/plasma with
a one-dimensional for the cylindrical geometry. The hydrodynamic motion of the PWD
was solved using conventional hydrodynamic equations as the continuity, momentum, and
energy conservation equations within the Lagrangian coordinate system, as follows,

dρ

dt
= −ρ(∇.−→u ), (2.17)
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d−→u
dt

= −∇p
ρ
, (2.18)

de

dt
= −p(∇.

−→u )

ρ
+ E(t), (2.19)

where ρ is the mass density, −→u is the velocity, p is the pressure, e is the internal energy,
and E(t) is the experimentally obtained deposition energy. The thermal conduction and
the radiation loss in the simulation were neglected since these effects were too small in the
time range. The deposition energy was assumed to be a uniform distribution along with
the radial direction. To enclose these equations, the equation of state model as QEOS
was used[242]. The conditions of ambient gas species and gas pressures were set similar
to those of experiments.
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Chapter 3

Results and Discussion

3.1 General

This section includes four main sections which are presented in order: synthesis of
ceramic pellet by spark plasma sintering, synthesis of NPs of B and transition metal
borides by a pulsed discharge of compacted powder, preparation of NPs light elements (Al
and Mg) by PWD, and a particle size determining equation. In each section, there are
several subsections showing experimental results and corresponding discussion aiming to
clarify and solve issues declared in section 1.4

3.2 Synthesis of ceramic pellets by spark plasma sintering

In the present study, spark plasma sintering was used as a supportive method to fabricate
TiB2 and tungsten boride pellets. For TiB2 pellets, commercial micron-sized TiB2 powder
with different sizes was used as the starting powder and synthesized pellets were subjected
to Vickers hardness measurements to discuss the effects of different sizes of starting powder
on the monolithic transition metal boride. For tungsten boride pellets, commercial micron-
sized W and amorphous B powder were used to synthesize boron-rich tungsten boride
pellets and conditions of sintering to obtain single-phase along with the condition of the
size of starting powder are discussed. This study is also the first step for the preparation of
transition metal boride ceramic using NPs prepared by pulsed wire and powder discharge.

3.2.1 Titanium diboride sintering by SPS

Titanium diboride (TiB2) is known as one of the ultra-high temperature ceramics
(UHTC) due to its high melting temperature (∼3200◦), high hardness and strength at
high temperatures, good thermal and electrical conductivity, high corrosion resistance
and chemical stability[243, 244, 245]. These excellent properties of TiB2 render TiB2-
based materials suitable for various applications such as wear-resistant components, cut-
ting tools, armor, aluminum electrolysis cathodes[246]. However, the requirement of high
temperature as high as 2000◦C for binderless sintering monolithic TiB2 has limited its
feasibility for widespread applications[244, 247, 248]. Many methods for consolidation
of TiB2 were reported such as pressureless sintering[249, 250], hot press[247, 251, 252].
SPS[253, 254, 255]. Through various methods for consolidation of monolithic TiB2, the
particle size of starting powders plays an important role to obtain highly dense ceramic
pellets. Khanra et al. reported the sintered body with a relative density of 97% and
86% of the synthesized nanosized powder and commercial micron-sized powder(∼ 10µm),

34



respectively, at 1950◦C by pressureless sintering. Demirskyi et al. described the fabrica-
tion of a nearly fully dense body of 99.2% theoretical density and Vickers hardness of 23
GPa at 1700◦C with nano-sized starting powder by microwave sintering[256]. Rabiezadeh
et al. reported synthesis and sintering monolithic TiB2 nanopowders by the hot press at
1700◦C, which yielded the sintered body with a relative density attaining 92% and Vickers
hardness of 25.9 GPa[250]. Recently, a study adopting SPS with submicron-sized starting
powder was reported by Balci et al.[257]. They reported the densest body reached 96.7%
theoretical density and Vickers hardness of 27.4 GPa at 1500◦C, pressure 60 MPa, and
keeping time 15 minutes. Without using nano-sized powders as starting material, the
lowest sintering temperature for a dense body is 1400◦C with relative density of 96.1% by
SPS, however, due to the formation of secondary phase TiB, Vickers hardness decreased
to as low as 17.4 GPa[258]. Hence, for a single-phase dense TiB2 sintering body, at least
1800◦C (SPS, 1-2µm starting powder, 97.6% theoretical density) is required[253]. With a
larger particle size such as 5.68 µm[255] and ∼ 10 µm[249], relative density only attained
80% and 86% at 1800◦C and 1950◦C by SPS, respectively. In this section, an investiga-
tion on the relationship between the size of starting powder and the sintering behavior of
monolithic TiB2 is carried out. Commercial TiB2 powder of two different sizes ∼10 µm
and ∼ 1.87 µm were employed. First, the sintering behavior of each kind of powder at
elevated temperatures was studied. Then, a small powder is mixed with a large powder
to investigate the effect of mixing on attainable density and Vickers hardness. The table
3.1below shows the experimental conditions for sintering of TiB2.

Table 3.1: Experimental conditions for sintering of TiB2.

Experiment 1 Experiment 2 Experiment 3

Size of TiB2 powder 10 µm 1.87 µm
1.87 µm:30%+10 µm:70%
1.87um:70%+10um:30%

Temperature [◦C] 1550, 1750, 1900 1600, 1700, 1900 1900
Pressure [MPa] 60
Keeping time [min] 10
Sintering medium Vacuum (∼6 Pa)
Heating rate 100 K/min
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3.2.1.1 Sintering using ∼ 10 µm powder

Figure 3.1: XRD patterns of as-prepared TiB2 pellets sintered at various temperatures
using ∼10 µm powder.

Figure 3.1 shows XRD patterns of as-prepared TiB2 pellets at 1550, 1750, and 1900◦C
by SPS. It can be seen that at all temperatures, single-phase TiB2 was obtained. The
density of pellets was measured by the Archimedes method. Theoretical density of TiB2

is 4.52 g/cm3. Results of relative density are shown in Fig.3.2 below.

Figure 3.2: Relative density of as-prepared TiB2 pellets sintered at various temperatures
using ∼10 µm powder.
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It is visible that relative density increased with increasing the temperature, however,
even at 1900◦C, it is not possible to obtain a dense sintered body of TiB2 by using starting
powder with size ∼10 µm.

Figure 3.3: Fracture surfaces of as-prepared TiB2 pellets sintered at various temperatures
using ∼10 µm powder.

Figure 3.3 shows fracture surfaces of as-prepared TiB2 pellets sintered at various tem-
peratures using ∼10 µm powder. It can be seen that although grain growth was promoted
with increasing the temperature, there were many intergranular voids, which may explain
the low relative density.

3.2.1.2 Sintering using ∼ 1.87 µm powder

Figure 3.4: XRD pattern of as-prepared TiB2 pellet sintered at 1900◦C using ∼1.87 µm
powder.

Figure 3.4 shows XRD pattern of as-prepared TiB2 pellet sintered at 1900◦C using
∼1.87 µm powder. Despite the small grain size and high sintering temperature, there was
no secondary phase in the sample. Samples sintered at 1600 and 1700◦C are considered
to have similar single-phase TiB2.
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Figure 3.5: Relative density of as-prepared TiB2 pellets sintered at various temperatures
using ∼1.87 µm powder.

Figure 3.4 shows the relative density of as-prepared TiB2 pellets sintered at various
temperatures using ∼1.87 µm powder. It can be seen that with increasing sintering tem-
perature, the relative density of pellets also increases. The high relative density indicates
the dense sintered body. After measuring density, pellets were polished and subjected to
Vickers hardness testing.

Figure 3.6: Vickers hardness of as-prepared TiB2 pellets sintered at various temperatures
using ∼1.87 µm powder.

Figure 3.6 shows Vickers hardness of as-prepared TiB2 pellets sintered at various tem-
peratures using ∼1.87 µm powder. At 0.5 kg load, Vickers hardness of pellets prepared at
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1600 and 1700◦C has an average value of approximately 46.2 GPa whereas pellet prepared
at 1900◦C has an average value of Vickers hardness of 45.1 GPa. Since the error bars
are overlapped to each other at all 3 conditions, the values of Vickers hardness of pellets
prepared at 3 conditions are possibly not much different from each other.

Figure 3.7: Fracture surfaces of as-prepared TiB2 pellets sintered at various temperatures
using ∼1.87 µm powder.

Figure 3.7 shows surfaces of as-prepared TiB2 pellets sintered at various temperatures
using ∼1.87 µm powder. It is clearly seen that with increasing temperature from 1600
to 1900◦C, the grain growth was significantly promoted. Unlike the fracture surfaces of
pellets prepared using ∼10 µm powder shown in Fig.3.3, the effect of using starting powder
with size ∼1.87 µm is clearly seen, which may explain the increment of relative density. In
addition, comparing to pellet prepared using ∼10 µm powder, the number of intergranular
voids decreased significantly.

3.2.1.3 Sintering using a mixture of ∼ 10 µm and ∼ 1.87 µm powders

By mixing ∼1.87 µm powder into ∼10 µm powder with a weight percentage of 30% and
70% and sintering by SPS at 1900◦C, the effect of using starting powder with small grain
size was investigated.

Figure 3.8: Relative density of as-prepared TiB2 pellets sintered at various weight per-
centages of ∼1.87 µm powder at 1900◦C.
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Figure 3.8 shows relative density of as-prepared TiB2 pellets sintered with various weight
percentages of ∼1.87 µm powder at 1900◦C. It can be seen that with the addition of 30
wt.% and 70 wt.% of ∼1.87 µm powder, the relative densities of pellets significantly
increase and are close to that of pellet prepared using only ∼1.87 µm powder.

Figure 3.9: Vickers hardness of as-prepared TiB2 pellets at various weight percentages of
∼1.87 µm powder at 1900◦C.

Figure 3.9 shows Vickers hardness of as-prepared TiB2 pellets sintered at various weight
percentages of ∼1.87 µm powder at 1900◦C. It can be seen that although the relative
densities of pellets containing 30 wt.% and 70 wt.% of ∼1.87 µm powder are relatively
high and comparable to pellets containing 100% ∼1.87 µm powder, the values of Vickers
hardness are considerably low, which are approximately 32.4 GPa at both conditions with
0.5 kg load.

Figure 3.10: Fracture surfaces of as-prepared TiB2 pellets sintered at various weight per-
centages of ∼1.87 µm powder at 1900◦C.

Figure 3.10 shows fracture surfaces of as-prepared TiB2 pellets sintered at various weight
percentages of ∼1.87 µm powder at 1900◦C. It can be seen that the 3 conditions are not
much different from each other. At a sintering temperature of 1900◦C, the addition of
∼1.87 µm powder from 30 wt.% greatly promotes the grain growth and consolidation of
the pellet.
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3.2.1.4 Discussion on the result of Vickers hardness

By the results of Vickers hardness shown in Fig. 3.9 and the relative density shown in
Fig. 3.8, it was found that although the relative density of samples fabricated with mixed
powder was nearly as high as that of samples fabricated with small powder under similar
conditions of temperature and pressure, which is necessary to be discussed. In order to
elucidate this result, an XRD measurement was carried out with 3 pellets: 30 wt.% small
powder, 70 wt.% small powder, and 100 wt.% small powder. The results are shown below
figure.

Figure 3.11: XRD patterns of pellets sintered under conditions of 1900◦C with compo-
sitions of (a) 30 wt.% small powder, (b) 70 wt.% small powder, and (c) 100 wt.% small
powder.

XRD results shown in Fig. 3.11 indicate that beside sharps peak of TiB2, pellets sintered
with compositions of 30 and 70 wt.% small powder exhibit small peaks at approximately
24, 33, 35, and 54◦, which are corresponding to peaks of Ti2O3 phase. The presence
of oxide phase in the sintered pellets may attribute to the decrease of Vickers hardness
despite nearly similar relative density. However, pellet sintered with the composition of
only small powder reveals only peaks of TiB2 phase. The reason for the presence of Ti2O3

phase in pellets sintered with mixed powder will be discussed. There are two conceivable
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reasons: oxides were present in the raw material, and ZrO2 phase was mixed into the
powder during the mixing process using a zirconia ball mill. The former was investigated
using X-ray diffraction analysis of raw materials of large, small, and mixed powder.

Figure 3.12: XRD patterns of raw materials of (a) large, (b) small, and (c) mixed powder
with a composition of 30 wt.% small powder.

By looking at XRD patterns shown in Fig. 3.12, we can see that all three samples
show nearly similar XRD patterns. Besides sharp peaks of TiB2 as the main phase,
which is obvious, there are some small peaks at approximately 30, 36, and 42◦. These
peaks are, however, not matched with any possible reason caused during experiments and
processes such as ZrO2, therefore, these peaks can be considered to belong to the original
material. Additionally, TiO2 phases (anatase and rutile) were not confirmed. Thus, it can
be considered that probably the amount of TiO2 phase was smaller than the detectable
range of the XRD. For higher sensitivity of oxygen detection, the raw material of small
powder was subjected to analysis of EELS equipped on an FE-TEM.
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Figure 3.13: (a)Bright-field TEM image of a TiB2 grain, (b) EELS spectra of marked
positions (1) to (4) in (a) in the range 150-750 eV, and (c) enlargement of the range
450-550 eV of EELS spectra shown in (b).

Figure 3.13(a) shows a bright-field TEM image of a grain of raw material of small
powder. EELS spectra were taken from positions (1)-(4) shown in this figure. The aperture
of EELS analysis was set at 1 mm, which was corresponding to a region as small as
approximately 20 nm with the magnification of 50k. Figure 3.13(b) shows the EELS
spectra of positions (1)-(4). A sharp edge at approximately 200 eV of each spectrum
reveals the presence of B with K-edge at 188 eV. Figure 3.13(c) shows the enlargement
of Fig. 3.13(b) in the range 450-550 eV. A sample EELS spectrum of TiO2 was also
shown in Fig. 3.13(c). In this sample spectrum, it is apparent that sharp edges of Ti
are seen at approximately 455-470 eV, which are consistent with EELS database of Ti’s
major edges L2 and L3 at 462 and 456 eV, respectively. Additionally, a sharp edge of
O is clearly seen at approximately 530-535 eV, which is consistent with EELS database
of O with K-edge at 532 eV. Because the energy values of Ti and O are quite close to
each other that the energy resolution of EDS maybe not sufficiently fine, EELS was used.
EELS spectra of a TiB2 grain at (1)-(4) only reveal major edges of Ti at approximately
455-470 eV, while it was hardly detected any edges at approximately 530 eV. Therefore,
it can be concluded that the amount of O in the sample is very small. Moreover, if only
an amount of approximately 2-3 mol or vol.% of oxide phases were present in the raw
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material, there would be a steep increment of displacement at a certain temperature in
the displacement-temperature when pellet was sintered due to liquid phase sintering (T.
Nishimura, private communication, June 22, 2021). However, because the displacement-
temperature graph shown in Fig. 3.14 does not exhibit any such abrupt increment of
displacement of the piston of SPS, the amount of oxide phases in the raw material is less
than 2-3 mol or vol.% and can be considered to be negligibly small. As a result, the first
conceivable reason for the presence of Ti2O3 phase in the pellet that oxide phases were
present in the raw material can be neglected.

Figure 3.14: Displacement-temperature graph of sintering of TiB2 pellets with composi-
tions of only large powder, 70, 30 wt.% small powder, and only small powder.

For the second thinkable reason for the presence of Ti2O3 phase, ZrO2 from zirconia
milling ball was considered to mix into the raw material of mixed powders during the
mixing process. This ZrO2 phase was not able to be detected by XRD in Fig. 3.12
probably due to the small amount. At a sintering temperature of 1900 [◦]C, although
ZrO2 was not melted, it can react with C in carbon foil wrapping around the sample to
form ZrC and CO gas[259]. CO gas was thought to react with TiB2 at high temperature to
form Ti2O3 which is known as a high-temperature phase[260]. This thought was confirmed
by using EDS equipped on the FE-TEM to detect the presence of Zr in the sintered pellet.
A TiB2 pellet sintered with the composition of 30 wt.% small powder was crushed by a
set of mortar and pestle made of alumina and silica. EDS results are shown in the below
figure.
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Figure 3.15: (a)Bright-field TEM image of a TiB2 grain crushed from the pellet sintered
with composition of 30 wt.% small powder, (b)Enlargement of (a), (c) EDS spectrum of
an area shown in (b), and (d) similar EDS spectrum with range 0-20 keV.

Figure 3.16: (a) A lattice image of the position that Zr was detected in Fig. 3.15, (b)
Enlargement of (a) showing a small grain of ZrC in area (1), (c) FFT of area (1), (d)
inverse FFT of area (1), and (e) live profile of inverse FFT of area (1).

By EDS spectrum shown in Figs. 3.15(c) and (d), it is seen that Zr was present in the
sample. However, as mentioned before, the amount of Zr is considered to be very small,
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as a result, not all the positions that Zr could be detected. Peaks of Al and Si were also
detected due to using the mortar and pestle of alumina and silica, thus, the intensity of the
peak of O also increased. Peaks of Fe originated from an iron pole piece of the magnetic
lens in the FE-TEM. At the place Zr was detected by EDS, an analysis of the lattice image
was carried out. The result is shown in figure 3.16.

By Fig. 3.16, the presence of a small grain of ZrC was confirmed by identifying a distance
of two continuous lattice fringes. The value of this distance is 0.2414 nm which is best
matched with the plane (200) of ZrC with an interplanar distance of 0.2346 nm. Because
there was no interplanar distance of any possible compound that could be confirmed with
this distance, additionally, this grain was found to be distinguished with surrounding
large grains which were easily confirmed TiB2 phase. As a result, this grain must be ZrC
and the thought that the presence of Ti2O3 phase was because of ZrO2 from zirconia
milling ball is reasonable. In particular, it should be noted that Vickers hardness is
a property characterized at the surface of the pellet. For non-oxide ceramics like TiB2,
surface oxidation due to exposure to air containing water vapor is inevitable. Furthermore,
if the oxides (e.g. ZrO2) were present in amorphous, they could not be detected by XRD,
which is probably correct with this case, hence, cannot be seen in Fig. 3.11.

3.2.1.5 Summary of sintering of TiB2 ceramics

In summary, there are some conclusions from the 3 experiments as follows,

1. By sintering starting powder with size ∼10 µm by SPS, the highest value of relative
density was 74.6% obtained at 1900◦C and 60 MPa.

2. By sintering starting powder with size ∼1.87 µm by SPS, a dense pellet was obtained
at 1600◦C with relative density attaining 96.7%. At 1900◦C, a highly dense pellet
with a relative density of 98% was obtained. Grain growth was observed clearly at
elevated temperatures.

3. At 1600, 1700, and 1900◦C, values of Vickers hardness were not much different and
approximately 46 GPa at a load of 0.5 kg.

4. By mixing ∼1.87 µm and ∼10 µm powder with the ratio of 30 and 70 wt.%, it was
possible to obtain dense pellets with the relative density of 97.1 and 96.7%, which
was close to that of pellet prepared using only ∼1.87 µm powder.

5. Despite the high relative density, values of Vickers hardness of pellets prepared by
mixing ∼1.87 µm and ∼10 µm powder are equally approximately 32 GPa of 2 mixing
conditions due to the formation of Ti2O3 phase. The reason was discussed as the
mixture of ZrO2 from zirconia ball of ball milling for the mixing process.
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3.2.2 Tungsten borides synthesis and sintering by SPS

Tungsten borides include several stoichiometric formulas: W2B, WB, WB2, and “nom-
inal WB4”. Among them, the highest boron-rich tungsten boride is attractive for much
attention from the scientific community due to its fascinating mechanical properties[261]
and is expected to be a potential inexpensive superhard material[262]. This compound
was first proposed as WB4 by Chretien and Helcorsky in 1961[263]. Since then, the correct
composition has been long debated until nowadays. In 1966, Roman and Krug proposed
a structural model of WB4 with hexagonal symmetry P63/mmc[264]. Lundström and
Rosenberg suggested the composition W(1-x)B3. By the computational method, Cheng et
al. have predicted several stable structures of boron-rich W-B compounds and claimed
that the extensively discussed P63/mmc structure of WB4 did not exist and should be
altered to WB(3+x)[265]. In 2015, by means of neutron diffraction, Lech et al. pro-
posed the composition as WB4.2[266]. Recently, by a combination of theoretical predic-
tion and experimental synthesis, Kvashnin et al. has suggested the phase WB(5-x)[267].
From experimental approaches, many studies have also been carried out adopting arc
melting[262, 268, 269], high-pressure synthesis[270, 267], reactive hot press[271, 272],
mechanochemical method[38, 273], and SPS[274, 275] methods. Despite the debate of
finding the correct composition of the highest tungsten boride, the experimentalists ob-
tained a nearly similar composition, which might be denoted as WB4 or WB3. This phase
has been found metastable between 1200-1600◦C depending on the ratio of B and W in
the compound and method[271, 273]. With high—er ratio of B and W, WB4/WB3 is
more stable. However, it was suggested that the ratio of B and W should be at least
8:1[276, 271],9:1[277] for the single-phase WB4/WB3. For the lower ratio of B and W, a
third element must be added doped into the compound to maintain the phase WB4/WB3

such as Ni[272], Ta[278], or Zr[274]. However, the addition of metals might decrease the
performance of ceramics at high-temperature applications. As a result, in this present
study, an attempt to synthesize and consolidate boron-rich tungsten boride compound
by means of SPS was carried out. In the present study, the first proposed stoichiomet-
ric formula-WB4 is used. Table 3.2 shows the experimental conditions for sintering of
tungsten boride.

Table 3.2: Experimental conditions of tungsten boride sintering by SPS

Experiment 1 Experiment 2

W:B ratio 1:4.5, 1:8, 1:12 1:4.5, 1:8 , 1:12

Temperature [◦C] 1300, 1400, 1500, 1600 1500
Pressure [MPa] 50 50, 70, 90
Keeping time [min] 5
Sintering medium Vacuum (10−3 Pa)
Heating rate 100 K/min
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3.2.2.1 Temperature and composition dependence

Figure 3.17: XRD patterns of as-fabricated tungsten boride pellets sintered at various
temperatures and compositions under 50 MPa by SPS

Figure 3.17 shows XRD patterns of as-fabricated tungsten boride pellets sintered under
various temperatures and composition by SPS. It is seen that at compositions of W:B=1:8
and 1:12, WB4 was formed at all sintering temperatures. However, from 1500◦C, phase
hexagonal-WB2 (hex-WB2) was detected. At a composition of W:B=1:4.5, only a small
amount of WB4 was formed at 1300◦C, however, with increasing temperature, only phase
WB2 was formed. Additionally, at a composition of W:B=1:4.5, both phase rhombohedral
WB2 (rhom-WB2) and hexagonal WB2 (hex-WB2) were formed up to 1500◦C, however,
at 1600◦C, only hex-WB2 was detected.
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Figure 3.18: Densities of as-fabricated tungsten boride pellets sintered at various temper-
atures and compositions under 50 MPa by SPS

Figure 3.18 shows densities of as-fabricated tungsten boride pellets at various tempera-
tures and compositions under 50 MPa by SPS. It can be seen in the graph that, in each
composition of W and B, density increased with increasing temperature, however, between
1300◦C and 1500◦C, the increment of density is not clearly seen. Between 1500◦C and
1600◦C, this increment is clearly seen. Basing on the appearance of as-fabricated pellets,
it was possible to recognize the difference of the surface of the pellets between samples fab-
ricated at 1600◦C and 1300−1500◦C. Although crystallography data of phases hex-WB2

and rhom-WB2 were available and theoretical densities were also known, due to still being
investigated, that information of WB4 has not been officially specified. Therefore, it was
not possible to calculate the relative densities of pellets. In addition, the composition of
phases in the samples also must be considered.
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3.2.2.2 Pressure dependence

Figure 3.19: XRD patterns of as-fabricated tungsten boride pellets under various pressures
and compositions at 1500◦C by SPS

Figure 3.20: Densities of as-fabricated tungsten boride pellets under various pressures and
compositions at 1500◦C by SPS
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Figure 3.19 shows XRD patterns of as-fabricated tungsten boride pellets sintered under
various pressures and compositions at 1500◦C. It can be seen that with a composition of
W:B=1:12, WB4 phase was maintained with increasing pressure. With a composition of
W:B=1:8, phase WB4 was decomposed into WB2 with increasing pressure. In detail, at
70 and 90 MPa, mostly rhom-WB2 and hex-WB2 and only a small amount of WB4 phase
were simultaneously present. With a composition W:B=1:4.5, WB4 phase was present but
the concentration was low under all pressures.

Figure 3.20 shows densities of as-fabricated tungsten boride pellets under various pres-
sures and compositions at 1500◦C by SPS. It can be seen that at each composition of W
and B, densities of tungsten boride pellets increased with increasing pressure at 1500◦C.
However, only with a composition of W:B=1:12 that WB4 that WB4 phase was main-
tained with increasing pressure, which reached the highest density of sintered WB4 pellet
as 3.82 g/cm3.

3.2.2.3 Summary of sintering of tungsten boride ceramics

In summary, there are some conclusions from 2 experiments as follows,

1. WB4 phase is formed with excess boron and at least a component of W:B=1:8 was
required.

2. With composition W: B=1:12, single-phase WB4 was only obtained at temperatures
no higher than 1500◦C. At higher than 1500◦C, WB4 phase is decomposed into phase
WB2.

3. Pressure plays a crucial role to obtain dense tungsten boride pellets. At 1500◦C, by
increasing pressure, the density of pellets greatly increased.

4. Smaller starting powder (nano-sized) was expected to decrease sintering temperature
to equal of less than 1500◦C for a dense and high concentration of WB4.
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3.3 Synthesis of NPs of B and transition metal borides by
the pulsed discharge of compacted powder

3.3.1 Boron nanoparticles

3.3.1.1 Boron nanoparticles prepared by PWD

Boron is a metalloid element, which means, at room temperature, B is almost electrically
non-conductive. The pulsed discharge of B was predicted to be a challenge. In the present
study, attempts to discharge B wire in Ar and N2 gas, and crystalline B micro-sized powder
were carried out.

First, pulsed discharge of B wire in Ar and N2 gas were carried out. Discharge conditions
are shown in Table 3.3

Table 3.3: Experimental conditions of PWD of B wire

Wire
Material B
Diameter, d [mm] 0.1
Length, l [mm] 25

Vaporization energy, Ev [J] 27.3
Charging voltage, V c [kV] 6 2 4 6
Capacitance, C [µF] 30
Charging energy, Ec [J] 540 60 240 540
Relative energy, K 19.8 2.2 8.8 19.8
Gas species Ar N2

Pressure, P [kPa] 100 10, 50, 100
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Figure 3.21: Waveforms of V (t) and I(t) of PWD of B wire at P = 100kPa Ar, K = 19.8.
Lower graph is enlargement of upper graph from 0 to 4 µs.

Figure 3.21 shows waveforms of V (t) and I(t) of PWD of B wire in Ar gas at 100 kPa.
It can be seen that from the V (t) waveform that, at the first peak, there were hardly
any edges that could be used to detect the time when the wire was melted, which is very
different from the typical V-I waveforms of PWD of metal wires (Fig. 2.2). After the
peak of voltage, the waveform oscillated with an underdamped oscillation which might be
induced from the arc discharge. The current waveform was also different from those of
PWD of metal wires. Typically, first, when t = 0, the current waveform increases up to a
maximum and decreases, which creating a small lump, along with underdamped oscillation
controlled by the parameters of an RLC circuit. The small lump in the current waveform
of PWD is the characteristic point for the wire heating stage of PWD. As a result, it was
considered that there was no wire heating stage.
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Figure 3.22: A photograph of fragments of B wire found on the bottom of the chamber
after the experiment of pulsed discharge B wire in Ar gas

After several times of discharge, there was no powder collected. Using a piece of tissue
to clean the bottom of the chamber, plenty of fragments of B wire were found. These
fragments are shown in Fig. 3.22. These fragments of B wire indicated that B wire was
broken into pieces rather than vaporized. The presence of these fragments of B wire also
explained the unusual V-I waveforms mentioned above. In order to suppress the formation
of arc discharge, N2 gas was subsequently used as an ambient medium.
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Figure 3.23: (a) Waveforms of V (t) and I(t) and (b) high-speed images during PWD of
B wire at various values of P of N2 gas and K.

Figure 3.23(a) shows waveforms of V (t) and I(t) and (b) high-speed images during
PWD of B wire at various values of P of N2 gas and K. From Fig. 3.23(a), it can be
seen that with decreasing charging voltage 6 kV to 2 kV (K=19.8 to 2.2) and increasing
N2 pressure, the time for arc discharge to happen became longer. Time for arc discharge
to happen was shortest with V c = 6kV and P = 10kPa at approximately 0.2 µs, and
longest with V c = 2kV and P = 100kPa at approximately 23 µs. During this time, there
was a small portion of charging voltage dropped on the wire and the current was nearly
zero, which indicates that an unusual heating stage compared to typical ones observed
in Fig. 1.2. Therefore, the heating effect of current on B wire was predicted to be very
small or nearly zero which is reasonable due to the extremely high electrical resistance of
B at room temperature. From Fig. 3.23(b), it is visible that during the time prior to arc
discharge happened, there was no light emitted from the wire, which is consistent with
the V-I waveforms. This period of time is particularly easy to see with a low charging
voltage. The dropping of a small portion of charging voltage may be anticipated for the
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partial arc discharge on the surface of the wire before a sufficient amount of electrons
was accumulated and induced an avalanche between two electrodes for the arc discharge.
After several times of discharge, there was a very little amount of powder observed on the
collecting membrane filter. A piece of tissue was used to clean the bottom of the chamber.
Plenty of fragments of B wires were seen as in the case of using Ar gas. This means B
wires were broken rather than vaporized during the pulsed discharge.

3.3.1.2 Boron nanoparticles prepared by the pulsed discharge of compacted
powder.

Despite adopting N2 gas which has a larger dielectric breakdown voltage than Ar gas
to suppress the formation of arc discharge, due to the extremely high resistance of B
wire at room temperature, it was very difficult to prepare powders by discharging B
wires. As a result, pulsed discharge of compacted powder was considered and tried. The
experimental setup for pulsed discharge of compacted powder was shown in Fig. 2.1(b).
The experimental conditions are shown in Table 3.4.

Table 3.4: Experimental conditions of pulsed discharge of B compacted powder.

Raw material Boron powder (∼40 µm) approx. 10 mg
Electrodes Cu rod φ=2 mm, 99.9%
Distance between Cu rods Approx. 2.5 mm
Heat-shrinkable tube Inner diameter=2.1 mm (before heating)
Charging voltage, V c 6.2 kV
Capacity, C 30 µF
Charging energy, Ec 576.6 J
Ambient gas Ar
Ambient gas pressure 100 kPa

Figure 3.24 shows the XRD patterns of the raw material B micron-sized powder and as-
prepared B powder by the pulsed discharge of compacted powder. Card data of B, B2O3,
Cu, and B4C referred from the ICDD are placed below the XRD patterns to determine
phases including in the raw material and the as-prepared B powder. By comparing ICDD
data and obtained XRD patterns, the raw material consisted of a B phase and a small
amount of B2O3. Also, it can be seen that despite the high temperature of the pulsed
discharge, there was no compound of Cu and B detected. This means that there was
no reaction between Cu rods and micron-sized B powder raw material. Instead, the as-
prepared powder was identified to include B as the main phase and an amount of Cu
impurity phase. The broad peaks at 2θ=43.3◦ and 2θ=50.43◦ corresponding to Cu card
data show the presence of Cu phase in the form of very small crystallites. Additionally,
the intensity of the XRD pattern of the as-prepared powder was relatively lower than
that of the raw material and the background of the pattern was higher than that of the
raw material. Hence, it could be anticipated that a very small crystallite of B phase was
present in the as-prepared powder. Also, there was also a small amount of B4C formed in
the process of pulsed discharge of powder due to the reaction of vaporized B and C from
the heat-shrinkable tube at high temperature of the pulsed discharge. A B2O3 phase was
also detected in the as-prepared powder as in the raw material.
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Figure 3.24: XRD patterns of raw material (B micron-sized powder) and as-prepared
powder.

Figure 3.25: SEM images of (a) B micron-sized particles of raw material, (b) B powder
after preparation, and (c) B nanoparticles with a size of less than 100 nm, (d) Bright-field
TEM image of B nanoparticles with a size of less than 100 nm.

Figure 3.25 shows SEM images of B micron-sized powder used as raw material, B pow-
der after preparation, and B nanoparticles. Basing on the size of particles shown in Figs.
3.25(a) and (b), it is apparent that there was a large difference between before and after
the deposition of pulsed discharge. The sample of raw material contained a large number
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of micron-sized irregularly shaped particles. After the deposition of pulsed discharge, al-
though there were still micron-sized particles observed, the particles became smaller, which
can be estimated to be several micrometers. At higher magnification of SEM observations,
a large number of spherical nanoparticles were distributed randomly in all observed areas.
Some of them are shown in Fig. 3.25(c). Due to the high quenching rate, the morphol-
ogy of B nanoparticles prepared in the present study was found to be generally spherical
and similar to other kinds of nanoparticles prepared by PWD. Additionally, based on the
observation of raw material, there were hardly particles with such nanoscale size, and
spherical shape was found. Therefore, it is possible to conclude that these nanoparticles
were a product of the preparation. By Figs. 3.25(c) and (d). Most of the nanoparticles
were assessed to be smaller than 100 nm.

Figure 3.26: Bright-field TEM image of B nanoparticles and EDS spectra of some points
in the observed area.

Figure 3.26 shows a bright-field TEM image of B nanoparticles and the EDS spectra
of some points in the observed area. EDS was adopted to analyze the composition of
small areas/particles observed by TEM. The electron beam was focused to approximately
10 nm in diameter to enhance the accuracy of the EDS analysis. The bright-field TEM
image shows the presence of nanoparticles with a size less than 50 nm. Some of the
areas/particles were chosen randomly to analyze by EDS. In the EDS spectra, it is seen
that in all positions, the intensity of B peak was very high despite the limitation in
detecting B which is the lightest element that can be detected with this EDS and emits
a low intensity of characteristic X-ray upon electron radiation. With these data, it is
possible to say that most of the particles have a high concentration of B compared to
Cu and other impurities. Due to the detection of Cu in the XRD pattern, Cu was also
carefully analyzed in each EDS spectrum. Basing on the EDS spectra, it is visible that Cu
was detected in all positions but the intensity of Cu peaks was different in each position.
Moreover, due to the large difference in the atomic mass between Cu and B, in the case
that Cu is present in the grains as large as those of B, it must be clearly observed by the
bright-field TEM images due to the large contrast. However, no such large contrast was
seen in any bright-field TEM images. One of the positions with the largest contrast was
analyzed by EDS showed only a small amount of Cu, as a result, it is not a Cu grain.
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Therefore, it is considered that a small amount of Cu from the electrodes was melted into
the solid solution and condensed on the quenching B vapor and formed nanoparticles. The
presence of oxygen was confirmed in some positions, which is considered to be the oxide
of B. Since oxide was detected previously by XRD in both raw material and as-prepared
powder, the presence of oxide in EDS was understandable. Traces of C in the EDS spectra
were attributed to the C of the melted heat-shrinkable tube during the discharge. Mo was
from the Mo-made TEM mesh grid.

Figure 3.27: Lattice images of B nanoparticles: (a) an angle of 67◦ between interplanar
distances of 0.5 nm and 0.41 nm corresponding to (110) and (105) of B, respectively; (b)
an angle of 80◦ between interplanar distances of 0.44 nm and 0.41 nm corresponding to
(2̄13) and (105) of B, respectively.

In order to analyze further the nanoparticles of B formed by pulsed discharge of com-
pacted powder, lattice images of them were taken. Figure 3.27 shows lattice images of
as-prepared B nanoparticles. By analyzing the distances between two adjacent lattice
fringes and the angles generating between those interplanar distances, it was possible to
conclude the presence of B nanoparticles. In detail, in Fig 3.27(a), an angle of 67◦ between
the interplanar distances of 0.50 nm and 0.41 nm corresponding to (110) (0.5465 nm) and
(105) (0.4255 nm) of B, respectively, were confirmed. In Fig. 3.27, at another position,
an angle of 80◦ between the interplanar distances of 0.44 nm and 0.41 nm corresponding
to (2̄13)(0.4501 nm) and (105)(0.4255 nm) of B, respectively, was also found.

In the present experiment, because Cu and/or Cu-B particles were mixed with B
nanoparticles, a supportive test was done to quantitatively assess the amount of Cu im-
purity in the sample. By mixing B and Cu powders, with known compositions, standard
samples were prepared. Then, XRD patterns of the standard samples were obtained. By
comparing these results with the obtained XRD patterns of the prepared sample, it is
possible to conclude that the mass of Cu impurity in the sample was approximately 4.8
wt.%. In addition, by SEM images, in the as-prepared powder, there were micron-sized
particles remaining. The presence of these particles is considered to be caused by the
insufficiency of the deposition energy. 10 mg of B powder needs 591 J to vaporize while
only 576.6 J was deposited. Furthermore, the discharge of powder was not energetically as
effective as the discharge of wire. A portion of raw material flew out of the arc discharge,
hence, was not heated and dropped on the bottom of the chamber.
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In summary, due to the extremely high resistance of B at room temperature, it is
very difficult to discharge through B elements to generate B nanoparticles. Attempts to
discharge B wires in Ar and N2 gas were done, however, it was not possible to collect enough
powder for characterization and apparently not suitable for the purpose of production
of B nanoparticles. By discharging through B micron-sized powder using Cu rods to
compact B powder inside a heat-shrinkable tube, it was possible to prepare crystalline B
nanoparticles. However, there are some limitations such as impurity and low effectiveness.
Further enhancement of charging voltage as well as improvement of the experimental setup
is considered to be essential.
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3.3.2 Transition metal boride nanoparticles prepared by the pulsed dis-
charge of powder

As described in the previous section, the preparation of B nanoparticles by the pulsed
discharge of compacted B micron-sized powder facilitated the synthesis of B-containing
compounds, which has never been reported before. For the preparation of B nanoparticles
by the pulsed discharge of compacted powder, Cu rods were used as electrodes since Cu
did not react with B to form any compounds. However, if the electrodes were varied
to other materials such as transition metals, it would be possible to synthesize borides
of transition metals. Ti, Mo, W, and Zr were chosen to be the materials of electrodes.
In addition, besides crystalline B micron-sized powder used as a starting material as
in the previous experiment, amorphous B micron-sized powder was also used for cost-
effectiveness and probably more reactive with transition metals than crystalline B was.
The experiments were carried out using the experimental setups shown in Fig. 2.1(a), (c),
and (d). Experimental conditions of this experiment are shown in Table 3.5.

Table 3.5: Experimental conditions for synthesis of transition metal boride nanoparticles
by pulsed discharge of compacted powder

Raw material
Crystalline B micron-sized powder Amorphous B micron-sized powder

(∼40 µm) ∼5 mg/discharge (<1 µm) ∼1.5 mg/discharge
Electrodes W, Mo, and Zr rod φ=2 mm, Ti rod φ =2.5 mm
Sublimation energy 296 J 88 J

Heat-shrinkable tube
Inner diameter=2.1 mm (before heating) for φ = 2 mm

Inner diameter=2.6 mm (before heating) for φ = 2.5 mm
Charging voltage, V c 6.2 kV 6 kV
Capacitance, C 30 µF
Ambient gas Ar
Ambient gas pressure 100 kPa

3.3.2.1 Titanium boride nanoparticles

Figure 3.28: XRD patterns of as-prepared powder by the pulsed discharge of (a) crystalline
B micron-sized powder and (b) amorphous B powder with Ti rods.
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Figure 3.28 shows XRD patterns of the as-prepared powders obtained by the pulsed
discharge of (a) crystalline and (b) amorphous B micron-sized powders between Ti rods.
According to the XRD patterns, TiB2 and B were detected in both (a) crystalline and
(b) amorphous B powders. However, the peaks of TiB2 show the highest intensity among
detected phases, thus, TiB2 is the main phase of the product in both (a) crystalline and
(b) amorphous B powders. In the case of crystalline B powder used as the raw material,
peaks of Ti phase were detected. This Ti phase is a high-temperature phase formed at T ¿
1173 K[279] and was likely formed at a high electrical discharge temperature. These peaks
of Ti were not detected in the XRD pattern of the powder synthesized from amorphous
B. This difference can be explained by the higher specific surface area of the amorphous
powder than the crystalline one. Considering the particle size of both raw materials,
due to the smaller size of amorphous B powder than crystalline B powder (≤ 1 µm vs
∼ 40 µm), the reactions between amorphous B and metals are considered to be faster
than those between crystalline B and metals. Therefore, it is reasonable to consider that
the high-temperature phase of Ti detected in the case of using crystalline B powder as
a raw material originated from the melted Ti that did not react with B powder to form
TiB2. Furthermore, B peaks detected in the XRD patterns might come from the raw
material remaining after the deposition of pulsed discharge. With the raw material of
amorphous B, at the temperature over 1000◦C[280], amorphous powder which has not yet
reacted with Ti while being heated may form β-rhombohedral. In addition, a peak at 28.4◦

was also detected, however, did not belong to any possible phases. An X-ray diffraction
measurement with a low scan speed (1 deg/minute) of only Si holder without any powder
revealed a peak at diffraction angle 28.4◦, which is corresponding to (hkl) indices of 111
of Si. As a result, the peak at 28.4◦ is considered as a part of the background.

Figure 3.29(a) shows a bright-field TEM image of the as-synthesized powder obtained
using crystalline B micron-sized powder as the raw material. All of the observed parti-
cles are in a nearly spherical morphology and smaller than 100 nm. EDS analysis was
employed to identify the composition of a single nanoparticle or a small area including
a few nanoparticles. In order to do that, the electron beam was focused to a spot size
of 10 nm. For the convenience of detection of X-ray, the specimen was tilted 15° with
respect to the electron incident axis. Figure 3.29(b) shows the results of the EDS analysis
of the nanoparticles shown in Fig. 3.29(a). In Fig. 3.29(b), from bottom to top, spectra
(1) to (6) show the composition of nanoparticles of the corresponding positions marked
in Fig. 3.29(a). The top EDS spectrum shows the composition of all nanoparticles in the
overall area. According to the EDS analysis, B, C, Ti, O, Fe, Cu, and Cr were detected
in the analyzed area. The presence of B and Ti, which are elemental components of the
main phase determined by XRD as TiB2, is explainable. By considering the intensity of
the peaks of B and Ti in the EDS spectrum of an overall area, due to the fact that B
is more difficult to be detected with X-ray than Ti because B is a much lighter element,
the intensity of the B peak is relatively high compared with that of the Ti peak despite
Ti being easier to detect by EDS. In similar experiments described in section3.3.1, where
although a Cu peak was clearly observed by EDS, quantitative measurement by an anal-
ysis of standard samples using XRD showed a Cu content of only 4.8% by mass. In this
case, with a similar way of consideration, despite the weak peaks of B in Fig. 3.28, it is
speculated that B was not only present in TiB2 but was also present in excess. Addition-
ally, the presence of oxygen detected by EDS might indicate the presence of a passivation
oxide layer on the nanoparticles. This passivation oxide layer is usually observed with
nanoparticles with large specific surface area and plays a role to protect the nanoparticles
from further oxidation. C originated from the melted carbon-made heat-shrinkable tube
due to the high temperature of electrical pulsed discharge. Moreover, the detection of Fe
and Cr can be explained as the unexpected impurities stemming from the stainless steel
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nuts and electrodes. Finally, Cu peaks in the EDS spectra were because of using of copper
TEM microgrid.

Figure 3.29: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of crystalline B micron-sized powder with Ti rods and (b) EDS spectra of the overall area
and corresponding positions marked in (a) from (1) to (6).
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Figure 3.30: (a) TEM lattice image of a TiB2 nanoparticle and (b) enlarged image of
(a). An angle of 120◦ between planes with interplanar distances of 0.28 nm and 0.28 nm
correspond to that between two planes with (hkil) indices of {101̄0}, which are (011̄0) and
(11̄00) of TiB2, respectively.

Figure 3.31: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of amorphous B powder with Ti rods; (b) EDS spectrum of the overall area observed in
(a). (c) TEM lattice image of a TiB2 nanoparticle; (d) an enlarged and cropped image
of (c), showing an angle of 67◦ between planes with interplanar distances of 0.22 nm and
0.28 nm, corresponding to planes (011̄1) and (101̄0) of TiB2, respectively.

Figure 3.30 shows TEM lattice images of a nanoparticle identified as TiB2 from the
sample prepared using crystalline B micron-sized powder. In Fig. 3.30(b) enlarged image
of (a), an angle of 120◦ between planes with interplanar distances of 0.28 nm and 0.28 nm
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corresponds to that between two planes with (hkil) indices of {101̄0}, which are possibly
(011̄0) and (11̄00) of TiB2, because TiB2 has a hexagonal unit cell, with two {101̄0}
planes creating an angle of 60◦, 120◦, or 180◦. The TiB2 nanoparticles with such lattice
fringes were observed in many areas of the TEM specimen. Therefore, from the results
of XRD patterns, EDS spectra, and the lattice images, it can be concluded that TiB2

nanoparticles were generated by the pulsed discharge of crystalline B micron-sized powder
and represented a large proportion of the sample.

Figure 3.31(a) shows a bright-field TEM image of the as-synthesized nanoparticles using
amorphous B powder as a raw material. Similar to the case of using crystalline B powder
as raw material, these nanoparticles are also smaller than 100 nm and in a spherical
shape. Figure 3.31(b) shows the EDS spectrum corresponding to the nanoparticles in Fig.
3.31(a). From the EDS results, it can be seen that Ti, B, C, O, Mg, K, and Fe are present
in these nanoparticles. Among that, Ti and B were target elements; C originated from
the heat-shrinkable tube and O originated from the passivation layer on the surface of the
nanoparticles, similar to the case of the crystalline B micron-sized powder. Additionally,
Mg and K were also detected by EDS. Since these elements did not involve in any parts
of the experiment, they were likely coming from the raw material. Amorphous B powder
was subjected to analysis by TEM, the results are shown in Fig. 3.32. According to
the EDS quantitative analysis, the amount of Mg and K was 0.74 wt.% and 0.31 wt.%,
respectively. Moreover, from the EDS result of Fig. 3.31(b), the amount of Fe, which was
an unexpected impurity, was determined to be 0.23 wt.%. This Fe might come partially
from the Fe pole pieces of the magnetic lens inside the TEM. In Fig. 3.31 (d), which is
a high magnification of a lattice image shown in (c), an angle of 67◦ between planes with
interplanar distances of 0.22 nm and 0.28 nm, corresponding to planes (011̄1) and (101̄0)
of TiB2, confirmed the presence of TiB2 nanoparticles in the sample.

Figure 3.32: (a) EDS spectrum of amorphous B powder. (b), (d), and (e) are bright-
field TEM images of amorphous B. (b) shows relatively large B particles whose diffraction
image is shown in (c). (e) is an enlargement of (d) and shows small B particles whose
diffraction image is shown in (f)

Figure 3.32 shows (a) EDS spectrum of amorphous B powder, (b), (d), and (e) bright-
field TEM images of amorphous B. Figure 3.32 (c) and (f) are diffraction images of (b)
and (d), respectively. A quantitative measurement using EDS results in Fig. 3.32(a)
indicated that Mg, Al, Si, K, and Fe are present in concentrations of 0.37, 0.1, 0.08, 0.51,
and 0.35 wt.%, respectively. Figure 3.4(b) shows a group of submicron-sized particles

65



whose diffraction image shown in Fig. 3.32 exhibits a diffraction pattern of crystalline
particles. On the other hand, Fig. 3.32(e) shows a group of submicron-sized particles with
a smaller size than those shown in (b). These submicron-sized particles have diffraction
images shown in Fig. 3.32(f) indicating a diffraction pattern of polycrystalline particles
which are different from particles shown in (b).

3.3.2.2 Molybdenum boride nanoparticles

Figure 3.33: XRD pattern of the as-prepared powder obtained by the pulsed discharge of
(a) crystalline and (b) amorphous B micron-sized powder with Mo rods.

Figure 3.33 shows XRD patterns of the powders obtained by the pulsed discharge of
(a) crystalline and (b) amorphous B micron-sized powder with Mo rods. As shown in the
XRD patterns, the as-synthesized powder in both cases (a) and (b) consisted of MoB,
MoB2, Mo, and B. Among those, MoB2 was considered the main phase in both cases (a)
and (b) because peaks of MoB2 were the most clearly observed. Besides, MoB whose
peaks were very low compared to those of MoB2 was considered as a minor phase of the
reactions between Mo and B. The presence of B and B2O3 indicates the amount of residual
B and its oxide phase after the deposition of the pulsed discharge. Furthermore, a peak
at 28.4◦, which appeared in both cases (a) and (b), was confirmed as a background peak,
as mentioned in section3.3.2.1.
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Figure 3.34: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of crystalline B micron-sized powder with Mo rods and (b) EDS spectra of the overall area
and the corresponding positions labeled as (1) to (6) in (a).

Figure 3.34(a) shows a bright-field TEM image of nanoparticles prepared by the pulsed
discharge of crystalline B micron-sized powder and Fig. 3.34(b), from bottom to top, shows
EDS spectra corresponding to the six numbered positions in (a) and to nanoparticles in
the overall area. According to the bright-field TEM image, the as-synthesized particles
are smaller than 100 nm and in a nearly spherical shape. The EDS result in the overall
area shows that Mo, B, C, O, Fe, Cr, Ni, and Cu were present in the sample. Among
those, in the EDS result of an overall area, the intensity B peak is even higher than that
of Mo, indicating that the B might be more abundant in the sample than in the Ti–B
samples. It was noted that, at positions (1) and (3), almost no Mo was detected. If the
diffraction contrast is negligible, based on the contrast of the positions (1) and (3) in
the TEM images, it can be considered that there was a high concentration of B in these
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positions, which is consistent with the EDS spectra. This is because the greater the atomic
mass, the shallower the electron beam can penetrate the sample, which means that fewer
electrons reach the fluorescent screen and the shadows become darker. Additionally, C is
an impurity coming from heated and vaporized heat-shrinkable tubes. Fe, Cr, and Ni are
impurities originating from the stainless steel electrodes, and Cu was not from the sample
but detected due to the scattering of electrons on the Cu TEM microgrid.

Figure 3.35: (a) TEM lattice image of a MoB2 nanoparticle. In (b), which is an enlarge-
ment of (a), an angle of 69◦ between planes with interplanar distances of 0.26 nm and
0.20 nm is observed. These planes correspond to two planes (101̄0) and (011̄1) of MoB2,
respectively. (c) an angle of 67◦ between planes with interplanar distances of 0.43 nm and
0.45 nm corresponding to two planes (101̄1) and (02̄21) of B, respectively.

Figure 3.35(a) shows a TEM micrograph of a single nanoparticle in the sample. Figures
3.35(b) and (c) are high magnification of (a) and show lattices identified as MoB2 and
B, respectively. In the lattices shown in (b), an angle of 69◦ is observed between planes
with interplanar distances of 0.26 nm and 0.20 nm. These planes correspond to the two
planes with (hkil) indices of {101̄0} and {101̄1}, which are (101̄0) and (011̄1) of MoB2,
respectively. At (c), an angle of 67◦ between planes with interplanar distances of 0.43 nm
and 0.45 nm corresponds to the (101̄1) and (022̄1) planes of B, respectively. Basing on
these lattice images and the EDS spectra in Fig. 3.34(b), it can be concluded that the
synthesized nanoparticles mainly comprise crystallites of MoB2 and B. From these results,
it is also possible to explain the presence of excess B in XRD results.
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Figure 3.36: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of amorphous B powder with Mo rods and (b) EDS spectrum of the overall area observed
in (a). (c) TEM lattice image of a MoB2 nanoparticle, (d) enlarged and cropped image
of (c) shows a right angle between planes with interplanar distances of 0.33 nm and 0.28
nm, corresponding to planes (0001) and (101̄0) of MoB2, respectively.

Figure 3.36(a) shows a bright-field TEM image of nanoparticles prepared by the pulsed
discharge of amorphous B powder with Mo rods. Figure 3.36(b) shows the EDS spectrum
of the nanoparticles observed in Fig. 3.36(a). According to the EDS result, besides
Mo and B are target elements, C, O, Mg, Al, Si, K, and Fe are also present in the as-
synthesized nanoparticles. The presence of Mo, B, C, and O can be explained for the same
reasons mentioned in section 3.3.2.1, while Mg, Al, Si, and K are originally present in the
amorphous B powder itself as explained by the EDS results obtained from Fig. 3.32(a).
Figures 3.36(c) and (d) show lattice images of a nanoparticle. In Fig. 3.36(d), a right
angle between planes with interplanar distances of 0.33 nm and 0.28 nm corresponding to
planes (0001) and (101̄0) of MoB2, respectively, was confirmed. The results of bright-field
TEM image, EDS spectra, and lattice images in Fig. 3.36 show that with the raw material
of amorphous B powder, it was also possible to synthesize MoB2 powder similar to the
case of using crystalline B powder.
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3.3.2.3 Tungsten boride nanoparticles

Figure 3.37: XRD pattern of the as-prepared powder obtained by the pulsed discharge of
(a) crystalline and (b) amorphous B micron-sized powder with W rods.

Figure 3.37 shows the XRD patterns of as-synthesized powder obtained by the pulsed
discharge of (a) crystalline and (b) amorphous B micron-sized powder with W rods. In
both Figs. 3.37(a) and (b), two strong peaks at ∼ 34◦ and ∼ 45◦ and a group of several
peaks between 55◦ and 80◦ are very close to the peak positions listed in the ICDD database
for WB4. However, because of the difference in relative intensity of these peaks in the
two XRD patterns compared with the peaks in the ICDD database for WB4, it is hard to
conclude that this phase is WB4. Due to the similarity between the results and the ICDD
data for WB4, it is speculated that this phase is a tungsten boride whose crystal structure
is similar to WB4 but probably different in the number of B atoms per stoichiometric
formula. Additionally, the phase W2B5 (R-3m) referred to in Fig. 3.37 was already
reported by Wu et al.[278]. According to Wu et al.[278], this phase was formed due to the
decomposition of WB4 at temperatures greater than 1200◦C because WB4 is an unstable
phase. Therefore, it is understandable that phase W2B5 (R-3m) was present in the sample.
Furthermore, WB, α-W, β-W, and B were confirmed in both (a) and (b) and considered
as minor phases due to the low relative intensity. Among those, α-W originated from
the phase transition of β-W at temperatures greater than 700◦C[281], which was likely to
occur in the pulsed electrical discharge.
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Figure 3.38: (a), (b), (c) Bright-field TEM images of nanoparticles prepared by the pulsed
discharge of crystalline B micron-sized powder with W rods and (d) EDS spectra of the
overall area and corresponding positions in (a), (b), and (c).

Figures 3.38(a), (b), and (c) show TEM images of nanoparticles synthesized by the
pulsed discharge of crystalline B micron-sized powder with W rods. Figure 3.38(d) shows
the corresponding EDS spectra of the nanoparticles observed in Figs. 3.38. The TEM
images show that these as-synthesized nanoparticles are smaller than 100 nm and have
a nearly spherical shape. The EDS spectra show that B and W were present in high
concentrations in all three positions. Additionally, C from the heat-shrinkable tube and
Fe and Cr from the stainless-steel electrodes were detected. Besides, O originated from
the oxidized surface of nanoparticles. Cu was not from the sample but from the Cu TEM
microgrid. Basing on the TEM images, the relative intensity of B and W in all three EDS
spectra, and the hypothesis that B was excess, the darker regions in the TEM images
are likely tungsten boride and the lighter parts are likely B. In order to make clear this
assumption, some lattice images were analyzed and shown in Fig. 3.39 below.
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Figure 3.39: TEM lattice images of “approximately WB4” nanoparticles. In (b)-
enlargement of (a), an angle of 67◦ between planes with interplanar distances of 0.21
nm and 0.26 nm is observed. These planes correspond to two planes, (112̄2) and (2̄110),
of WB4, respectively. In (d)-enlargement of (c), a distance of 0.48 nm corresponds to
planes with (hkil) indices of {101̄4} of B.

Figure 3.39 shows lattice images of “approximately WB4” nanoparticles (the quote
marks indicate the difference of XRD patterns of as-synthesized powder and the ICDD
card, which was mentioned in the XRD result). In (b), which is a high-magnification image
of the regions shown in (a), an angle of 67◦ is observed between planes with interplanar
distances of 0.21 nm and 0.26 nm. These planes correspond to the (112̄2) and (2̄110)
planes of WB4, respectively. In Fig. 3.39 (c), a particle is comprised of two parts: a
dark part on the right and a light part on the left which are likely grains of WB4 and B,
respectively. By analyzing Fig. 3.39 (d)-the enlarged image of (c), it was understood that
the light part exhibited an interplanar distance of 0.48 nm and corresponds to the plane of
B with (hkil) indices of {101̄4}. Despite the error of 0.02 nm compared with the reference
data (B ICDD 01-080-0323), since no other possible phases had a spacing similar to 0.48
nm, this lattice was identified as B.
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Figure 3.40: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of amorphous B powder with W rods. (b) EDS spectrum of the overall area observed in
(a). (c) TEM lattice image of an “approximately WB4” nanoparticle. (d) Enlarged and
cropped image of (c) showing an angle of 40◦ between planes with interplanar distances
of 0.26 nm and 0.21 nm, corresponding to planes (112̄0) and (112̄2) of WB4, respectively.

Basing on the results obtained with Ti-B and Mo-B experiments as well as the XRD
patterns shown in Fig. 3.37, the composition analyses of nanoparticles synthesized with
W rods and amorphous B powder were expected to be similar to those synthesized with W
rods and crystalline one. Figure 3.40(a) shows a bright-field TEM image of nanoparticles
prepared by the pulsed discharge of amorphous B powder with W rods. Figure 3.40(b)
shows the EDS spectrum of the nanoparticles observed in Fig. 3.40(a). According to
the EDS results, besides W and B are target elements, B, C, O, Mg, Al, K, and Fe are
also present in the sample. Quantitative analysis by EDS shows that the contents of Mg,
Al, K, and Fe are 0.58, 1.00, 0.76, and 0.81 wt.%, respectively. Figure 3.40(c) shows a
TEM lattice image of an “approximately WB4” nanoparticle, and Fig. 3.40(d) shows a
higher-magnification and cropped image of (c). In Fig. 3.40(d), an angle of 40◦ is observed
between planes with interplanar distances of 0.26 nm and 0.21 nm, corresponding to planes
(112̄0) and (112̄2) of WB4, respectively.
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3.3.2.4 Zirconium boride nanoparticles

When nanoparticles of borides were synthesized using the original experimental setup
shown in Fig. 2.1(c), unexpected impurities from the stainless steel electrodes were usually
incorporated into the samples. To suppress the occurrence of these impurities, another
experimental setup was developed. Instead of the rods being held by stainless steel nuts,
holes were drilled through the stainless-steel electrodes, through which the metal rods
were inserted; this arrangement lowered the contact resistance, decreasing the likelihood
of the stainless steel electrodes melting and contaminating the sample. This modified
experimental setup was used with crystalline B micron-sized powder as a raw material.

Figure 3.41: XRD pattern of as-prepared powder obtained by the pulsed discharge of (a)
crystalline and (b) amorphous B micron-sized powder with Zr rods.

Figure 3.41 shows XRD patterns of the as-synthesized powder obtained by pulsed dis-
charge of (a) crystalline and (b) amorphous B micron-sized powders with Zr rods. Ac-
cording to the XRD patterns, the main phase was determined to be ZrB2 basing on the
relative intensity of the XRD peaks. Additionally, ZrC was identified as a minor phase.
The formation of ZrC is considered to occur by the high temperature of Zr rods and the
C-based heat-shrinkable tubes during the pulsed electrical discharge. The relative content
of ZrC compared to that of ZrB2 was calculated by the reference intensity ratio (RIR)
method. In this calculation, ZrB2 was assumed as the standard sample. Weight fraction
of ZrC (XZrC) was calculated by below formula:

XZrC =
(I/Ic)ZrB2

(I/Ic)ZrC

IZrC

IZrB2

XZrB2 , (3.1)

where IZrC and IZrB2 are intensities of the strongest peaks of ZrC and ZrB2, respectively,
obtained from the XRD patterns in Fig. 3.41. The weight fractions of ZrC with respect
to ZrB2 in samples prepared using crystalline and amorphous B powder were calculated
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to be 10.0 wt.% and 12.3 wt.%, respectively. Similar to the previously synthesized boride
nanoparticles, these synthesized zirconium boride nanoparticles likely contained excess B.

Figure 3.42: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of crystalline B micron-sized powder with Zr rods and (b) EDS spectra of the overall area
and the corresponding positions labeled (1) to (5) in (a).

Figures 3.42(a) and (b) show a bright-field TEM image and the EDS spectra of the
overall area and the numbered positions in (a), respectively. As shown in the TEM image,
nanoparticles prepared by the pulsed discharge of crystalline B micron-sized powder with
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Zr rods are smaller than 100 nm and spherical in morphology. The EDS spectrum of the
overall area shows that B, Zr, C, and O were present in the sample. Cu from the Cu TEM
microgrid was also detected. In particular, comparing to the original experimental setup,
the amount of impurities from the stainless steel electrodes was substantially lower. Only
a very low peak of Fe at a dispersive energy of ∼ 6.4 keV was observed in the spectrum of
the overall area. Due to the low intensity of this peak, it might be a signal coming from
the pole piece of the magnetic lens of the TEM. No impurities from the stainless steel
electrodes were visible in the spectra corresponding to positions (1) through (4). Fe, Cr,
and Zn were detected at position (5), whereas Zr and B were hardly detected here. As a
result, it is speculated that, at position (5), a small piece of stainless steel may be mixed
with the sample. In contrast, with the samples prepared using the original experimental
setup, either Fe or other components of stainless steel were detected at almost all of
the positions, which means melting/vaporization occurred at the contacts between the
stainless steel electrodes and the Ti/Mo/W rods during the experiments and were mixed
into the sample. Therefore, based on the EDS spectra, the new experiment setup could
effectively suppress the impurity formation from the stainless steel electrodes.

Figure 3.43: TEM lattice images of ZrB2 nanoparticles. In (b), which is an enlargement
of (a), an angle of 90◦ between interplanar distances of 0.38 nm and 0.30 nm is observed.
These planes correspond to two planes, (0001) and (101̄0) of ZrB2, respectively. Also,
in (d), which is an enlargement of (c), an angle of 88◦ is observed between interplanar
distances of 0.43 nm and 0.36 nm. These planes correspond to planes (011̄5) and (3̄121)
of B, respectively.

Figure 3.43(a) shows the lattice images of ZrB2 nanoparticles. Figure 3.43(b) shows
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an enlarged image of the particles in (a), exhibiting a right angle between planes with
interplanar distances of 0.38 nm and 0.30 nm. These planes correspond to the planes
(0001) and (101̄0) of ZrB2, respectively. Other nanoparticles are shown in Fig. 3.43(c).
In (d), which is the high-magnification of (c), an angle of 88◦ is observed between planes
with interplanar distances of 0.43 nm and 0.36 nm, which correspond to the planes (011̄5)
and (3̄121) of B, respectively. Comparing these results to those described in the synthesis
of borides of Ti, Mo, and W, the obtained nanoparticles of borides also comprised of
two parts: zirconium diboride and excess boron, which might be the common point of
nanoparticles of transition metal boride synthesized by the pulsed discharge of compacted
powder.

Figure 3.44: (a) Bright-field TEM image of nanoparticles prepared by the pulsed discharge
of amorphous B powder with Zr rods. (b) EDS spectrum of the overall area observed in (a).
(c) TEM lattice image of several ZrB2 nanoparticles; (1), (2), (3), and (4) are enlarged and
cropped images of the corresponding regions in (c). In regions (1), (3), and (4), distances
of 0.37 nm, 0.29 nm, and 0.30 nm, correspond to (0001), (011̄0), and (011̄0), respectively,
of ZrB2. In (2), an angle of 38◦ is observed between planes with interplanar distances of
0.23 nm and 0.29 nm, corresponding to (011̄1) and (011̄0) of ZrB2, respectively.

Figure 3.44(a) shows a bright-field TEM image of nanoparticles synthesized by the
pulsed discharge of amorphous B powder with Zr rods. Figure 3.44(b) shows the EDS
analysis results for the nanoparticles observed in (a). The EDS result shows that besides
Zr and B are target elements, C, O, Mg, Al, K, Cr, and Fe are present in the sample.
Quantitative analysis by EDS provided the weight fractions of Mg, Al, K, Cr, and Fe were
0.36, 0.27, 0.23, 0.53, and 1.18 wt.%, respectively. Figure 3.44(c) and the numbered (1)
to (4) of the enlarged and cropped images of the nanoparticles in (c) provide the lattice
fringes of the synthesized nanoparticles. In detail, the lattices at the positions (1), (3),
and (4) show distances of 0.37 nm, 0.29 nm, and 0.30 nm, corresponding to the (0001),
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(011̄0), and (011̄0) planes of ZrB2, respectively, were confirmed. At position (2), an angle
of 38◦ between planes with interplanar distances of 0.23 nm and 0.29 nm, corresponding
to (011̄1) and (011̄0) of ZrB2, respectively, was also observed.

3.3.2.5 Discussion on the synthesis of nanoparticles of transition metal borides.

The phase composition of nanoparticles of transition metal borides synthesized by the
pulsed discharge of powder can be explained by comparing the phases of the synthesized
nanoparticles with the phase diagrams. In the process of nanoparticle synthesis, with
the decrease in temperature during cooling, phases began to form from the liquid state.
However, although the amount of B in all of the experiments was excessive, the ratio of
metal and B was not the same at every position inside the arc discharge. Based on these
conditions, phase diagrams of Ti-B, Mo-B, W-B, and Zr-B systems were referred.

Figure 3.45: Phase diagram of Ti-B system [282](Reproduced with permission from
Springer Nature).

Ti-B phase diagram in Fig. 3.45 shows that phase TiB2 could be formed by a mixture
of greater than 39 at.% B. In the range between 39 and 66.7 at.% B, TiB, and Ti could
be formed via a peritectic reaction[282]. According to the phase diagram, TiB was likely
present in the sample; however, the concentration of TiB was probably too small to be
detected by XRD. Additionally, the body-centered cubic (bcc) β-Ti beta phase might be
formed and then either reacted with residual oxygen to form titanium dioxide at high
temperatures or remained in the sample, as detected in the XRD pattern (Fig. 3.28(a)).
Basing on the phase diagram, it is possible to explain the reason TiB2 was obtained as
the main phase of the synthesized titanium boride nanoparticles.
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Figure 3.46: Phase diagram of Mo-B system [283](Reproduced with permission from
Springer Nature).

In the Mo-B system shown in Fig. 3.46, as described in the last section, the main
phase was identified as MoB2 by XRD patterns (Fig. 3.33). According to the phase
diagram[283], β-MoB was first formed for Mo-30-67 at.% B liquid. However, from the
liquid with 50–77 at.% B, MoB2 formed via a peritectic reaction of the liquid phase and
solid phase of β-MoB during the cooling process. By using this phase diagram, it is possible
to explain the formation of phases of the synthesized nanoparticles of molybdenum boride
as well as the structure of boride-boron nanoparticles. According to the phase diagram,
although the highest B content of molybdenum boride is identified as MoB4, nanoparticles
of molybdenum boride synthesized by pulsed discharge of compacted powder could only
yield the MoB2 phase.
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Figure 3.47: Phase diagram of W-B system [284](Reproduced with permission from
Springer Nature).

Phase diagrams for the W–B system have been reported in several studies. The phase
diagram reported by Portnoi et al.[284] and Rudy et al.[285] did not mention the WB4

phase; instead, WB12 phase was suggested as the highest B content. On the other hand,
Bodrova et al., Itoh et al., and Romans et al.[276, 277, 264] reported tungsten boride
compound with the highest boron content was WB4. The XRD results in the present
study shown in Fig.3.37 are similar to those reported in refs. [276] and [264], in which
WB4 was confirmed with a hexagonal unit cell with lattice parameters a = 0.52004 nm,
c = 0.63348 nm[276] and a = 0.5200 nm, c = 0.6340 nm[264], respectively. Besides
the main phase was determined as “approximately WB4”, XRD patterns showed that
the synthesized phases of nanoparticles of tungsten boride also contained WB, W2B5 (or
WB2[286]). Due to the uneven metal: boron content in different places in the plasma
vapor, the presence of minor phases is understandable. However, generally, because B
powder was used in excess, according to the phase diagram, the predominance of phase
“approximately WB4” in the sample is reasonable.
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Figure 3.48: Phase diagram of Zr-B system [287](Reproduced with permission from Else-
vier).

The phase diagram of Zr-B system shown in Fig. 3.48 looks quite similar to that of
Ti-B system. It is likely that these two elements are in the same group in the periodic
table. According to the Zr-B phase diagram, it can be seen that ZrB2 is the most likely to
form when the mixture of Zr and B vapors cooling from temperatures that are higher than
the melting temperature of ZrB2. As a result, the main phase obtained by discharging B
powders with Zr rods was ZrB2.

According to the XRD results of synthesized nanoparticles in the present study, Zr was
the only transition metal that reacted with the C in the heat-shrinkable tube to form
zirconium carbide. In order to clarify this, Gibbs’s free energy of reactions was calculated.
First, by using the formulas proposed by Shatynski et al.[288], the Gibbs free energy of
the reaction between C and Ti, Zr, Mo, and W at 1200 K was calculated as −171, −173,
−58, and −33 kJ/mol, respectively. By these values, it can be seen that it is easier for the
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reactions between Ti, Zr, and C to occur than those between Mo, W, and C. Furthermore,
at 1200 K, the Gibbs free energy of reactions between Ti, Zr, and B has been reported to
be −262[289] and −275[290] kJ/mol, respectively. At the same temperature, the Gibbs
free energy of the reaction between W and B has been calculated as −309 kJ/mol[291].
Due to the scarce of information, it was not possible to calculate the Gibbs free energy of
the reaction between Mo and B, however, because Mo is in the same periodic group as W,
it was speculated that the reaction between Mo and B would be as thermodynamically
favorable as that between W and B. Therefore, with the presence of B and C, although Ti
and Zr tend to react with B to form boride compounds rather than reacting with C to form
carbides, it is easier for carbides of Ti or Zr to form than Mo and W. However, the fact
that only ZrC was detected by XRD analysis can be explained as the melting temperature
of ZrC is higher than that of ZrB2 (∼3540◦C vs ∼3240◦C, respectively), while the melting
temperature of TiC is lower than that of TiB2 (∼3160◦C vs ∼3230◦C, respectively). As a
result, during the quenching process from the liquid phase, Zr first reacted with C to form
ZrC; however, when the temperature was as low as the melting temperature of ZrB2, Zr
was more likely to react with B to form ZrB2. On the other hand, TiC had less chance to
form than TiB2 since the melting temperature of TiC is less than that of TiB2. The low
content of ZrC in the product also supports this explanation.

Basing on the EDS analyses, it was seen that the unexpected impurities such as Fe, Cr, or
Ni could be limited to less than 2 wt.% without using the improved experimental setup by
keeping the contact between the SUS nuts and metal rods sufficiently tight. On the other
hand, the presence of Fe, Cr, and Ni may have a good effect on the solidification of boride
ceramics. This can be explained by the difficulty to solidify due to the refractory property
of transition metal borides. One of the most used solutions is to employ a metallic additive
that forms a liquid phase at the sintering temperature. Several studies have been reported
using Fe, Cr, or Ni as a low-concentration additive[292, 293, 294, 295, 296]. Therefore,
although these metal traces are treated as unexpected impurities in the present study,
they may be useful for facilitating the solidification of the transition-metal borides. On
the other hand, these metallic impurities also can be suppressed by using the improved
experimental setup described in the case of crystalline B micron-sized powder and Zr
rods. Finally, the content of O could be decreased by improving the vacuum degree of the
synthesis chamber.

Figure 3.49: Raman spectrum of nanopowder synthesized from amorphous B powder and
W rods.
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In order to further clarify the presence of C detected by EDS, Raman spectroscopy was
employed. The Raman spectroscopy result is shown in Fig. 3.49. It can be seen that the
D-band (between 1300 and 1440 cm−1) and the G-band (between 1500 and 1640 cm−1) in
the Raman spectra of tungsten borides synthesized from amorphous B powder confirmed
the presence of an amorphous C phase[297]. Additionally, bonding between the W and C
was also observed. As a result, WC may be present in the sample, however, because the
content was probably lower than the detection limit of the X-ray diffractometer, no peak
of WC was detected in the XRD patterns. By avoiding using the heat-shrinkable tube and
using lightly sintered B powder, it is expected to eliminate the C content in the products.
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3.4 Preparation of NPs of light elements (Al and Mg) by
PWD

3.4.1 Aluminum nanoparticles

Although Al nanoparticles have been extensively prepared by PWD in previous studies
[67, 298], for the purpose of synthesizing various light elements by PWD, Al nanoparticles
were prepared again by PWD in this study with the same experimental setup to com-
pare the particle size distributions of other metal NPs. The experimental setup for Al
nanoparticle preparation by PWD is shown in Fig. 2.1(a).

The conditions of preparation of Al nanoparticles by PWD are shown in Table 3.6,

Table 3.6: Experimental conditions for preparation of Al nanoparticles by PWD

Wire
Material Al
Diameter, d [mm] 0.1
Length, l [mm] 25

Vaporization energy, Ev [J] 7.5
Charging voltage, V c [kV] 2 4 6
Capacitance, C [µF] 30
Charging energy, Ec [J] 60 240 540
Relative energy, K 8 31.9 71.7
Gas species Ar
Pressure, P [kPa] 50, 100

Al wires with a small diameter (0.1 mm) yielded a very small amount of Al nanopowder
every discharge, especially at low-pressure conditions due to the small dielectric breakdown
voltage of Ar gas. As a result, for the purpose of comparison, 6 experimental conditions
at pressure 50 and 100 kPa, along with relative energy (K) 8, 31.9, 71.7 were carried out.
Figure 3.50shows V-I waveforms of the experiment.
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Figure 3.50: Waveforms of V (t), I(t), and E(t) of PWD of Al wires at 100 kPa (left)
and 50 kPa (right) and various K. K is #1:8, #2:31.9, #3:71.7. Voltage and current
waveforms are offset 2 kV and 2 kA, respectively, for readability.

Figure 3.51: The relationship between Kp and K of PWD of Al wires at 100 kPa and 50
kPa at various K.
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From Fig. 3.50, it can be seen that the current waveforms are much like the case in Fig.
1.2(A), which means that there was no dwell time happening and arc discharge appeared
soon after the wire evaporation. It might happen due to the low dielectric breakdown
voltage of Ar gas, high charging voltage, and relatively short wire. However, energy
deposited into the wire up to the end of the wire heating stage (Ep) was nearly equal to
vaporization energy of the Al wire (Ev=7.5 J) in the case of 100 kPa. At 50 kPa, Ep

is approximately 0.7-0.8 times of Ev. Also, Ep increased with increasing K in both 100
kPa and 50 kPa, however, this difference of Ep is as significant as the difference in the
deposition energy during the arc discharge stage. As a result, it can be concluded that
the increase in K is effective on the increment of deposition energy after the wire was
vaporized.

Figure 3.52: XRD patterns of as-prepared Al nanoparticles by PWD at various P and K.

Figure 3.52 shows that XRD patterns of all samples prepared with conditions in Table
3.6, the as-prepared nanopowders are single-phase Al and a few amount of Al2O3. The
presence of Al2O3 might originate from the reaction of Al nanoparticles and residual oxy-
gen amount inside the chamber. The very small intensity of peaks of phase Al2O3 indicates
that Al2O3 is probably present on the surface of Al nanoparticles. This layer of Al2O3 is
considered to act as a passivation layer to prevent further oxidation of nanoparticles.
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Figure 3.53: Bright-field TEM images of Al nanoparticles prepared by PWD (upper half)
and corresponding particles size distribution (lower half) at various P and K.

Bright-field TEM images are shown in Fig.3.53. The morphology of Al nanoparticles
prepared by PWD in all experimental conditions is nearly spherical. In addition, by the
results of geometric mean diameter, it is apparent that the size of nanoparticles decreases
with increasing K and decreasing P . This result agrees with most of the results of previous
studies of various materials[112, 113, 114, 172]. Particle size distribution results show that
sizes of particles follow a log-normal distribution with geometric standard deviations is in
the range of 1.35-1.5. These values of geometric standard deviations are also in agreement
with the theoretical value mentioned in Refs. [114, 299] and in Chapter 1 for coagulation
without chemical reactions. Additionally, at both 100 kPa and 50 kPa, with increasing K,
geometric standard deviations decrease, which can be explained by the reduction of the
amount of liquid droplets during PWD process[109] and the increment of Ep as mentioned
in Fig 3.50.

For the summary of this section, single-phase Al nanoparticles with thin Al2O3 passi-
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vation layer were successfully prepared by PWD in Ar gas. The reduction in geometric
mean particle size with decreasing P and increasing K was confirmed and was in good
agreement with previous studies.

3.4.2 Magnesium submicron particles

Preparation of Mg submicron particles in Ar gas ambient has been reported by Suematsu
et al.[182]. Since Mg is highly reactive with oxygen, oxidation prevention of Mg particles
prepared by PWD was investigated by pulsed discharging Mg wire in mineral oil[300] or
1,2-epoxydodecane[176]. Although preparation of Mg particles by PWD in Ar could lead
to the oxidation on the surface of particles, for the purpose of comparison with other
materials, Ar gas was used as the ambient medium of the experiment.

The experimental setup can be referred to in Fig. 2.1(a). Experimental conditions are
shown in Table 3.7 below. Despite the low dielectric breakdown voltage of Ar gas, due to
the possibility that nitride of magnesium (Mg3N2) could be formed when discharging Mg
wire in N2 ambient gas, Ar gas was chosen to do PWD experiments of Mg wires.

Table 3.7: Experimental conditions for preparation of Mg nanoparticles by PWD

Wire
Material Mg
Diameter, d [mm] 0.1
Length, l [mm] 23

Vaporization energy, Ev [J] 2.2
Charging voltage, V c [kV] 1.9 2.7 3.8 4.7
Capacitance, C [µF] 10
Charging energy, Ec [J] 18.1 36.5 72.2 110.5
Relative energy, K 8 16 32 50
Gas species Ar
Pressure, P [kPa] 10, 50, 100
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Figure 3.54: Waveforms of V (t), I(t), and E(t) of PWD of Mg wires at 10, 50, and 100
kPa at various K. K is #1:8, #2:16, #3:32, and #4:50.
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Figure 3.55: The relationship between Kp and K of PWD of Mg wires at various P and
K values.

Figure 3.54 shows waveforms of V (t), I(t), and E(t) obtained by PWD experiments of
Mg wires at various values of P and K. It can be seen that the current waveforms are
similar to those obtained by discharging with Al wires in the previous experiment. There
was no dwell time and the arc discharge stage happened immediately after the first peak
of current waveforms. Arc discharge even happened earlier with large K, which is quite
understandable. By voltage waveforms, at the same Ar gas pressure, the time for arc
discharge to occur became shorter with increasing K. This can be considered that with
higher K, the current rising rate also increased and accelerated the heating rate of wire.
Deposition energy waveforms (E(t)) show that energy can be well deposited into the wire.
The relationship of Kp and K at various P and K is shown in Fig. 3.55. It can be seen
that at 50 and 100 kPa, Kp is equal or larger than 1, which implies that at 50 and 100
kPa, the electrical current could heat Mg wires effectively. At 10 kPa, due to the uneven
heating at low ambient pressure, Kp is smaller than 1. Additionally, at 10 kPa and high
K (32, 50), Kp, contrary to the tendency at 50 and 100 kPa, decreased. This is probably
attributed to the early breakdown which terminated the wire heating stage. Particularly,
at 100 kPa and K = 32 and K = 50, there was an unusual decrease of the period in the
waveforms. The decrease of the period in an RLC circuit may attribute to the change
in R, L, or C values, however, there was no possibility that C could change, in addition,
apart from the wire, all other components were unchanged during the experiment, hence,
it is anticipated that during the discharge, the inductance and/or resistance of the wire
were probably varied peculiarly, which is quite different from other conditions.

Figure 3.56 shows XRD patterns of as-prepared Mg powders by PWD of Mg wires at
various P and K. It is visible that the as-prepared Mg powders include single-phase
Mg and a small amount of MgO. The highest peak of MgO as referred to in XRD card
ICDD 00-045-0946 was detected in most of the samples at diffraction angle 2θ = 43◦. The
presence of the oxide phase is predictable for the high reactivity of Mg to oxygen. The
distribution of Mg and MgO in the sample is further characterized by other analytical
instruments.
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Figure 3.56: XRD patterns of as-prepared Mg submicron particles by PWD of Mg wires
at various P and K values.
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Figure 3.57: (a) Bright-field TEM image, (b) SAD profile and (c)-(e) dark-field TEM
images of the same area of a powder sample prepared by PWD of Mg wire.

Figure 3.57 shows a bright-field TEM image, selected-area diffraction (SAD) profile,
and dark-field TEM images of a selected area of an Mg submicron powder sample. In Fig.
3.57(b), the SAD profile shows that the Mg particles are large and scattered, which are
shown by many bright and scattered spots. On the other hand, the MgO particles are small
and more numerous than Mg particles, which could be found as a continuous concentric
ring. To visualize the positions of Mg and MgO particles, dark-field TEM images were
taken. First, large Mg particles were identified by choosing the spots in the SAD profile
that corresponding to Mg. By this, particles that were identified as Mg became brighter.
Therefore, Figs 3.57(c) and (d) show Mg particles. Next, by choosing an optional position
in the SAD profile that corresponding to MgO, it was possible to visualize the positions
of MgO particles. Fig. 3.57(e) shows how the MgO particles were present in Fig. 3.57(a).
By this result, it is possible to say that MgO particles are very small particles (smaller
than 10 nm in diameter) compared to Mg particles (few tens of nm) and MgO particles are
considered to adhere to the surfaces of Mg particles. Therefore, it is possible to distinguish
Mg and MgO particles by their sizes.
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Figure 3.58: Bright-field TEM images of as-prepared Mg submicron particles by PWD of
Mg wires at various P and K values.

Figure 3.59: Particle size distribution of as-prepared Mg submicron particles by PWD of
Mg wires at various P and K values.
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Figure 3.58 shows bright-field TEM images of as-prepared Mg submicron particles by
PWD of Mg wires at various P and K. From TEM images, it is apparent that these
Mg submicron particles are in nearly spherical shape at pressure 50 kPa and 100 kPa.
At 10 kPa the morphology of particles becomes more irregular with increasing K. It is
noted that in PWD, the condition of high K and low P induce the low plasma density,
however, small particles with irregular shapes were formed. In PWD, particles are formed
by nucleation in the vapor phase, this is different from the nucleation in the liquid phase,
in which highly supersaturated concentration leads to the generation of small particles
with irregular shapes. Also, it is visible that the particles were in agglomeration form.

Figure 3.59 shows the particle size distribution of as-prepared Mg submicron particles
by PWD at various P and K values. The values of geometric mean diameter, D1 and
standard deviation, σg were calculated by using equations (2.13) and (2.12). Similar to
the particle size distribution of Al nanoparticles mentioned in section3.4.1, the particle
size distribution of Mg submicron the particles are in agreement with the log-normal
distribution induced by Brownian coagulation[204]. The smooth lines show the log-normal
distribution curves fitted to the particle size distribution of the particles prepared by
PWD. The log-normal distribution curves are defined by equation (2.11). Additionally,
the geometric mean diameter, D1 decreases with decreasing Ar gas pressure and increasing
K, which agrees with the tendency of other materials’ nanoparticles prepared by PWD[112,
67, 172]. Values of geometric standard deviation are in the range between 1.4 and 1.6,
which is also consistent with the results of particles prepared by other physical vapor
methods[299].

For the summary of this section, by increasing relative energy K and decreasing ambient
pressure P , it is possible to reduce the particle size of Mg submicron particles prepared
PWD. On the surfaces of Mg submicron particles, MgO is present and considered to act as
a passivation layer to prevent Mg submicron particles from further being oxidized, which
is similar to the case of Al nanoparticles.
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3.5 Particle size determining equation

Particle size control has been mentioned in section 1.3.2.3. For the purpose of con-
trolling the size of nanoparticles prepared by PWD, Tokoi et al. proposed a particle size
determining equation[112]. This equation was modified by Sato et al. with considerations
of the effectiveness of the wire heating stage by adding the Kp in Dth (equation (1.5)). By
the studies of Tokoi et al. and Sato et al., the size determining equation of nanoparticles
by PWD was defined as followings,

D1 = 3.8

[
106

(
mPKp

Ec

)0.6
]0.4

. (3.2)

In the present study, experimental results of Al and Mg submicron/nanoparticles are
applied in Eq. (3.2) to investigate the validity of this equation on light metals like Al and
Mg.

3.5.1 The inconsistency of Mg and Al nanoparticles by PWD in Tokoi’s
equation

By applying the Eq. (1.5) on the data obtained in the present study, a graph de-
scribing the relationship between the geometric mean diameter, D1 and the experimental
plasma/density, Dexp were plotted below.

Figure 3.60: The relationship between the geometric mean diameter, D1 and the experi-
mental plasma/density, Dexp of various metallic nanoparticles prepared by PWD.

From Fig. 3.60, it is visible that data of the size of Al and Mg nanoparticles prepared in
this study are not fitting well with those of other materials such as Cu[112, 113], Ag[197],
Ni[197], and Pd[172] reported in previous studies. However, while data of Al nanoparticles
are quite close to those of the remaining materials, data of Mg nanoparticles are quite far
from them. In particular, with the same experimental plasma/vapor density, sizes of Al
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nanoparticles are approximately 10 nm larger than those of other materials apart from
Mg, sizes of Mg nanoparticles are at least 2 times larger than those of those materials.

There are two conceivable hypotheses on the inconsistency of Al and Mg nanoparticle
size.

• First, both Al and Mg are considerably light compared to other considering metals.
As a result, by using Eq. (1.5) to define the density of plasma/vapor with dimension
g/m3, obviously, the density of plasma/vapor of light metals like Al and Mg are
relatively smaller than those of the remaining considering metals, which may cause
the inconsistency shown if Fig. 3.60.

• Second, when proposing the particle size determining equation, Tokoi et al. only
considered the Brownian coagulation in the particle formation process[112]. How-
ever, the particle formation process is known to start by nucleation, followed by
particle growth by Brownian coagulation and further agglomeration. In particular,
the critical size depends on the temperature and the supersaturation of the metal
vapor, which may affect the number density of nuclei and the growth speed of NPs.
Therefore, it is understandable that nucleation should contribute to the formation
of particles and may be responsible for considering inconsistency.
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3.5.2 Homogeneous nucleation theory and critical size calculation

The nucleation process for metallic nanoparticle formation in an inert gas by PWD
is considered to be homogeneous nucleation from the vapor phase. By considering a
droplet model for vapor condensation of classical nucleation theory, one can think about
the interaction between a cluster and a single molecule. Assuming that A1 is the single-
molecule and Ai-1 the cluster consisting of (i− 1) molecules, we have the rise to a cluster
consisting of i molecules Ai as followings,

A1 +Ai-1 → Ai. (3.3)

Also, the cluster Ai may be created by the loss of a molecule from a cluster consisting
of (i+ 1) molecules Ai+1 as follows,

Ai+1 → Ai +A1. (3.4)

At the same time, a cluster with i molecules Ai may decompose into a cluster with (i−1)
Ai-1 and a molecule or grow into Ai+1 by addition of a molecule. In this way, if a molecule
interacts with all other molecules in the cluster, a potential energy U can be derived.

By considering thermodynamics of the vapor-droplet system, droplet is treated as a new
phase called phase α formed inside the vapor phase. The phase α can be thermodynam-
ically characterized by its entropy Sα, volume V α, and composition. The composition is
described by the quantities nα,i of various chemical species that constitute the phase. The
potential energy Uα can be defined as followings,

dUα = TdSα − PdV α +
∑
i

(
∂Uα
∂nα,i

)
dnα,i (3.5)

= TdSα − PdV α +
∑
i

µα,idnα,i, (3.6)

where T and P are the temperature and pressure, respectively and

µα,i =

(
∂Uα
∂nα,i

)
SαVαnj,α (j 6= i) (3.7)

is the chemical potential of species i in the phase α. However, in practical, Gibbs free
energy Gα is used. Gibbs free energy is defined by:

dGα = −SαdT + V αdP +
∑
i

µα,idnα,i (3.8)

The condition that a new homogeneous phase can transform into another homogeneous
phase is

∆G = Gnew −Gold < 0. (3.9)
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By calling the unit building block of the new phase a monomer and assuming the trans-
formation involves M monomers, the relation between Gibbs free energies and chemical
potentials of the old and new phases is

∆G

M
=
Gnew −Gold

M
= µnew − µold = ∆µ < 0. (3.10)

Here, ∆µ is defined as supersaturation. Supersaturation drives the phase transforma-
tion, the larger the supersaturation (the more negative ) is, the more favorable the phase
transformation will be. For the transformation from the old phase to the new phase, the
system actually has to proceed through a succession of intermediate states. These states
are less stable than the old phase, thus, µintermediate > µold (i.e. Gintermediate > Gold). The
relationship of Gibbs free energies of states is described below,

Figure 3.61: Illustration of the transition from an old phase into a new phase based on
homogeneous nucleation theory[301].

From Fig. 3.61, it is understandable that for an old phase to transform into a new phase,
it is essential for the system to overcome an energetic barrier. This energetic barrier is
M∆µ as described in Fig. 3.61. To overcome this energetic barrier, it is impossible
to involve M monomers at once. For an alternative way, by considering a number of
n monomers where n is very small compared to M , it is much easier for the system to
overcome this energetic barrier. As a result, there is a minimum value of n that the
transformation can occur, and a cluster containing such n monomers has a specific size
called critical size or critical radius. Clusters with sizes equal to or larger than this critical
size continue to grow into larger components of the new phase called nuclei, otherwise
decompose into the old phase.

The critical size of nucleus formed by nucleation in vapor phase is defined by[302],

rcr =
2σν

RT lnS
, (3.11)

where, rcr is the critical size, σ is the surface tension, ν is the molar volume, R is the gas
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constant in [J.mol−1.K−1], T is temperature in [K], and S is the supersaturation. Here,
supersaturation is defined by S = P v/P ve, in which P v is the actual vapor pressure and
P ve is the equilibrium vapor pressure[302]. Looking at equation (3.11), by considering T
is the variable, one can see that it is essential to identify σ, ν, and S to calculate critical
size rcr. These parameters are identified as following,

• Surface tension (σ) and molar volume (ν) are identified as follows,

σ = σ0 + (T − T 0)(dσ/dT ), (3.12)

ν =
M

D0 + (T − T 0)(dD/dT )
, (3.13)

where T 0 is the melting temperature, M is the molar mass, σ0 and ν0 are the surface
tension and density of liquid metal at its melting temperature, respectively[303].

• In PWD, after the wire is heated by the pulsed current, obviously since the whole
wire is not completely vaporized, a mixture of plasma/vapor and liquid droplets
may concurrently exist. During the expansion of these plasma/vapor state, it is
very difficult to identify the actual vapor pressure. However, when the expansion
of plasma/vapor attains its maximum volume (i.e. the energy deposited in the
plasma/vapor is not sufficient anymore for the plasma/vapor to expand), the pressure
of actual vapor is considered to balance with the ambient gas pressure which is
controlled by the experimental conditions. In present study, let us consider the
condition of plasma/vapor at this time. Equilibrium vapor pressure P ve is calculated
as

logP ve = −A

T
+ B + ClogT + 10−3DT, (3.14)

where A, B, C, and D of Mg, Cu, Ag, Ni, Pd, and Al are referred from Ref. [303]
and shown in Table 3.8.

Table 3.8: Values of A, B, C, and D of various metals for calculation of equilibrium vapor
pressure[303]

Element A B C D Temp. range [K]

Mg
7780 11.41 −0.855 0 298 − m.p.
7550 12.79 −1.41 0 m.p. − b.p.

Al 16450 12.36 −1.023 0 1200 − 2800

Cu
17870 10.63 −0.236 −0.16 298 − 1356
17650 13.39 −1.273 0 1356 − 2870

Ag
14710 11.66 −0.755 0 298 − 1234
14260 12.23 −1.055 0 1234 − 2400

Ni
22500 13.6 −0.96 0 298 − m.p.
22400 16.95 −2.01 0 m.p. − b.p.

Pd
19800 11.82 −0.755 0 298 − m.p.
17500 4.81 1 0 m.p. − b.p.

By using Eq. (3.14)the values shown in Table 3.8, the equilibrium vapor pressure of
various metals can be calculated. Figure 3.62 shows the relationship between equilibrium
vapor pressure and temperature of various metals.
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Figure 3.62: Relationship between equilibrium vapor pressure and temperature of various
metals.

Figure 3.63: Relationship between supersaturation and temperature of various metals at
100 kPa.

By Fig. 3.62, it can be understood that equilibrium vapor pressure of all metals increases
with increasing temperature, however, increase significantly after the melting temperature
of each metal. At equilibrium vapor pressure is equal to 100 kPa, metals attain their
normal boiling temperature (T b). In the PWD process, plasma/vapor is cooled very
quickly from the extremely high temperature of plasma through boiling temperature to
room temperature. At every value of temperature, equilibrium vapor pressure defines
the value of vapor pressure at which vapor is saturated. During the cooling process of
plasma/vapor, the vapor pressure of metal is considered to be larger than this equilibrium
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vapor pressure, as a result, supersaturation occurs. Supersaturation is different in various
metals. By adopting the relation S = P/P ve, assuming the actual vapor pressure P is
100 kPa, supersaturation can be calculated. Figure 3.63 shows the relationship between
supersaturation and temperature of various metals.

Since S is inversely proportional to P ve, it is clear that the tendency of Fig. 3.63 is
inverse of Fig. 3.62. The more it is cooled down, the more temperature decreases and
the larger the supersaturation becomes. By adopting Eqs. (3.11-3.14), it is possible to
calculate critical size. Figure 3.64 shows the relationship between the critical size and the
temperature of various metals at 100 kPa.

Figure 3.64: Relationship between critical size and temperature of various metals at 100
kPa.

From Fig.3.64, it is easy to realize that at 100kPa, at the same temperature, the critical
size of Mg is considerably larger than those of other metals. However, it would be inappro-
priate to compare like that since there is a large difference in the boiling temperature of
Mg and other metals of interest. This result supports the hypothesis that a larger critical
size may lead to a larger geometric mean diameter.

On the other hand, the values of critical size are also dependent on the actual vapor
pressure, in this case, is the pressure of ambient gas inside the chamber. The relationship
between the critical size and the temperature at 100, 50, and 10 kPa of Mg was calculated
and shown in Fig.3.65.

From Fig. 3.65, one can see that at the same temperature, at lower ambient gas pressure,
the critical size is larger. This factor may also contribute to the final size of particles
prepared by PWD.
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Figure 3.65: Relationship between critical size and temperature at 100, 50, and 10 kPa of
Mg.
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3.5.3 Proposal of a new equation for particle size prediction by PWD

3.5.3.1 Theory

In the present study, it is considered that with various metals, the difference in critical
size may lead to the difference in the final size of the particles after the growth process.
In vapor with the same number of molecules, with a larger critical size (i.e. larger nu-
cleus) the number of nuclei is smaller, thus, the number density is smaller. According
to Brownian coagulation, particles are grown by colliding with each other. Assuming a
similar gas medium, with a smaller initial number density, the coagulation time identified
by the Smoluchowski diffusion model[199] increases. Coagulation time or also known as
the characteristic aggregation time can be considered as the average time for the particle
concentration to reduce to half of the initial value. Coagulation time is given by:

τ =
1

kan0
, (3.15)

where τ is coagulation time, ka is aggregation rate constant and dependent on the condi-
tion, n0 is initial particle concentration. Assuming that the number of coagulation time
(period) is similar for various metals in PWD, it is possible to consider that metal with
a larger critical size after Brownian coagulation has a larger geometric mean diameter.
Therefore, the critical size must be a crucial factor regarding the nucleation process.

Basing on the hypotheses mentioned in section 3.5.1, a modification was considered.
First, instead of using the parameter of the density of mass (g/m3), the parameter of the
density of number (m−3) should be more suitable to apply for light elements like Al and
Mg. In addition, since the critical size has an effect on the geometric mean diameter, in
detail, proportional to geometric mean diameter, the volume of a nucleus with the critical
size should be added. Therefore, the parameter named as relative nucleus number (N r)
was proposed as follows,

N r =
Dth

A
V cr =

mPV pV cr

EcA
, (3.16)

where, A is the atomic mass, V cr = rcr
3 is the volume of nucleus with critical size rcr.

BecauseN r is the substitution forDth, there must be a parameter that can substituteDexp.
Basing on the work of Tokoi et al.[112], an experimental parameter is considered. Since
the process does not change, the relationship between the experimental and theoretical
parameters, in this case, should be similar as in the work of Tokoi et al., therefore, the
experimental relative nucleus number should be determined as follows,

N r exp = 106N r
0.6. (3.17)

From the results of the previous section, it is seen clearly that critical size is depen-
dent on ambient gas pressure, temperature, and materials. In addition, the density of
plasma/vapor in the PWD experiment does not distribute uniformly, hence, the temper-
ature may vary spatially. However, in order to identify the relative nucleus number N r,
it is essential to identify a single value of critical size rcr of each metal. An attempt to
approach experimentally and semi-empirically was carried out.

For the experimental approach, a PWD experiment on Mg and Cu wires to observe
time evolution of plasma/vapor size and deposition energy was conducted. Discharge
conditions of Mg wires were set similar to those in section 3.4.2. Discharge conditions of
Cu wires were determined so that results can be comparable to those of Mg wires. Then,
a numerical calculation was carried out to estimate the temperature in the plasma/vapor.
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Finally, from these results, the temperature and the supersaturation were estimated to
calculate V cr and N r.

3.5.3.2 PWD experiments to observe expanding plasma/vapor

Experimental conditions are shown in Table 3.9.

Table 3.9: Experimental conditions for comparison of Mg and Cu wires.

Mg Cu

Wire l = 25 mm, φ = 0.1 mm
Evaporation energy, Ev [J] 2.4 10.5
Charging voltage, V c [kV] 4.7 6
Capacitance, C [µF] 10 30
Charging energy, Ec = 0.5CV c

2[J] 110.5 540
Relative energy, K = Ec/Ev 50 51
Ambient gas Ar
Ambient gas pressure [kPa] 10, 50, and 100

Figure 3.66: Voltage-current waveforms and deposition energies of Mg (a)−(c) and Cu
(d)−(f), respectively at various Ar gas pressures (#1:100 kPa, #2: 50 kPa, and #3: 10
kPa). Insets are enlargements of corresponding graphs in the range of 0−4 µs. Current
and voltage waveforms have been offset by 2 kV and 2 kA per waveform for readability.

The experiments were conducted to observe the time evolution of the expansion of
plasma/vapor by a high-speed camera. The experimental setup was shown in Fig. 2.1.
Details about the experimental procedure can be found in section 2.5. In this experiment,

104



the high-speed camera was set with a frame rate of 150000 fps and the interval between
two continuous frames is approximately 6.7 µs. The experiments were repeated 5 times
at each condition for reproducibility. During the experiment, voltage-current waveforms
were obtained to calculate deposition energy. Deposition energy can be calculated using
Eqs. (2.8),(2.9),(2.10).

Voltage and current waveforms shown in Figs. 3.66(a), (b), (d), (e) indicate that there
was no dwell time during the discharge. Dwell time is more easily observed when dis-
charge voltage is low, pressure is high, and increases with increasing wire length[304, 305].
Moreover, gas species also have an effect on the appearance of dwell time[306]. Here, due
to employing Ar gas, high-voltages, and relatively short wires, it is understandable that it
is difficult for dwell time to happen. Figure 3.66(c) shows that energies deposited into Mg
wires at the end of the wire heating stage are sufficient to vaporize the wire completely
with all Ar gas pressures. However, in Fig. 3.66(f), only at 100 kPa, the deposition energy
was sufficient for vaporizing Cu wires. At 50 kPa, the deposition energy was nearly suf-
ficient while at 10 kPa, only about half of vaporization energy was supplied. The reason
might be attributed to the usage of Ar gas with a low dielectric breakdown voltage[172].
The high-speed images were recorded at the same time as the PWD experiments. These
results are shown in Fig. 3.67.
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Figure 3.67: High-speed photographs at various ambient Ar gas pressures ((a) and (c)),
and enlargement images at times of interest((b) and (d)) of Mg and Cu, respectively.

By Fig. 3.67, it is apparent that with both cases Mg and Cu, the volume of expand-
ing plasma/vapor increased with decreasing ambient gas pressure. This phenomenon was
reported by several pieces of literature regarding PWD [307, 112]. In order to explain
this, one should consider shock waves generated at the beginning of the wire explosion.
At the moment the wire is vaporized and the metallic vapor starts to expand outward,
due to extremely high temperature and pressure, the vaporized wire expands at a velocity
higher than the speed of sound in ambient gas. This facilitates cylindrical shock waves
propagating radially outward. The propagation of shock waves following with metallic va-
por from vaporized wire has been comprehensively investigated and visualized by means
of Kerr cell schlieren photography[308], rotating-mirror streak camera[309, 310], and mi-
crowave Doppler measurements[311]. In particular, based on Taylor’s analysis of the in-
tense spherical explosion[312], Lin et al. extended to the cylindrical case and numerically
derived an expression of the radius of shock waves in terms of time in the air as follows:
R = 1.009(E/ρ0)1/4t1/2, where E is the energy released per unit length, ρ0 is the density
of the atmosphere, t is time[313]. The factor of 1.009 is due to the numerical calculation
result with the ambiance is air and varies with different gas species [313]. According to
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this relationship, the radius of the propagating shock waves is inversely proportional to
the power of 0.25 of the density of the ambiance, as a result, with decreasing ambient gas
pressure,i.e. decreasing the density of ambient gas, the radius of shock waves in terms of
time should increase. As the presence of shock waves makes it possible to the metallic
vapor to expand outward, with decreasing ambient gas pressure it is explainable that the
volume of plasma/vapor increases. Furthermore, according to Muller et al., the radius
of expansion of plasma/vapor keeps unchanged after increasing to a certain value[308].
Therefore, the result of high-speed images of the expansion of plasma/vapor shown in Fig.
3.67 is in good agreement with observations of the phenomenon by a different method.

The enlargements of high-speed images shown at Figs. 3.67(b) and (d) show images of
plasma/vapor at the time it attains the maximum volume of Mg and Cu, respectively. By
the hypotheses stated in section 3.5.2, it was considered that at this time, the pressure of
plasma/vapor is equivalent to that of ambient gas pressure, the value of supersaturation
is greater than 1, and the nucleation starts to happen. Next section provides the result
numerical calculation and radius of expanding plasma/vapor by solving hydrodynamic
conventional equations for further investigation.

3.5.3.3 Numerical calculation of temperature and radius of expanding plasma/vapor

By using the calculated deposition energy as the input to the hydrodynamic behavior
calculation, the temperature during the process of PWD of Cu and Mg wires under various
conditions was simulated. These calculations employed Eqs. (2.17-2.19) in section 2.7.
After that, by using the obtained temperature profiles, corresponding temporal equilibrium
vapor pressures of Cu and Mg vapor/plasma in terms of radial direction were determined
by Eq. (3.14). These temperature and equilibrium vapor pressure profiles are shown below
Figs. 3.68 and 3.69.

Figures 3.68 and 3.69 show the time-evolution of temperature distributing radially at the
midpoint of Mg and Cu wire during the pulsed discharge calculated using energy inputs
from Figs. 3.66(c) and (f) and corresponding equilibrium vapor pressures.

For the temperature profiles, when the volume of plasma/vapor expanded too large,
the conditions deviated from the fluid approximation and the calculation was automati-
cally terminated. As a result, with decreasing Ar gas pressure, simulation time decreased.
Moreover, by comparing Mg and Cu wires at similar discharge conditions, Cu wires at-
tained higher temperatures but reached the limit of calculation more quickly than Mg
wires did. Therefore, it was possible that Cu wires were quenched faster than Mg wire
was, which might induce the formation of smaller nanoparticles.

In addition, in temperature profiles of Figs. 3.68 and 3.69, darker areas are present
among lighter areas, which indicates the decrease, then increase of temperature. When
the plasma/vapor expanded adiabatically, work was done on the ambient Ar gas by the
plasma/vapor, however, there were some intervals when energy was not deposited on as
seen in Fig. 3.66 due to the oscillation of voltage and current. Consequently, the decrease
of temperature of plasma/vapor in these intervals is understandable.

In each condition of Ar ambient gas pressure, from the equilibrium vapor pressure
profiles, it is possible to roughly identify the time that the radially distributed values of
equilibrium vapor pressure were equivalent to the Ar ambient gas pressure. These times
are intentionally shown by the distinguishable red rectangles where the color changes
from yellow-orange-red in Figs. 3.68 and 3.69. As mentioned in section 3.5.2, it is very
difficult to know the actual vapor pressure of the plasma/vapor of Mg and Cu, therefore,
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an assumption that the pressure of metallic plasma/vapor is equivalent to that of the Ar
ambient gas when the plasma/vapor state has attained its maximum volume has been
made. This assumption was verified by the high-speed images shown in Figs. 3.67(b) and
(d) of Mg and Cu wires, respectively. According to these high-speed images, it is seen
that in these ranges of time, almost no further expansion of plasma/vapor state is visible.
As a result, it can be considered that during this range of time, the actual vapor pressure
of metallic plasma/vapor is equivalent to Ar gas ambient gas pressure. In addition, the
times identified before by using profiles of equilibrium vapor pressure in Figs. 3.68 and
3.69 are all in this time of ranges. Therefore, it can be considered that nucleation started
to happen after these times. Let us call these times nucleation times and summarize in
Table 3.10.

Figure 3.68: Temperature, equilibrium vapor pressure, and enlargement of equilibrium
vapor pressure profiles of Mg wires in PWD experiment at various Ar gas pressures.
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Figure 3.69: Temperature, equilibrium vapor pressure, and enlargement of equilibrium
vapor pressure profiles of Cu wires in PWD experiment at various Ar gas pressures.

Table 3.10: Nucleation time of Mg and Cu wires in PWD experiment.

Pressure 100 kPa 50 kPa 10 kPa

Mg 73 µs 51.8 and 58 µs 53.9 and 57.2 µs
Cu 58.5 µs 38.6 µs 36.7 µs

3.5.3.4 Estimation of temperature of nucleation

From the temperature profiles of Mg and Cu wires by PWD obtained in Figs. 3.68
and 3.69, by calculating the average values of temperature along the radial direction, it is
possible to plot graphs of the average temperature of Mg and Cu wires by PWD in terms
of time. These graphs are shown in Figs. 3.70 (a) and (b). From the high-speed images
of the phenomenon shown in Fig. 3.67, it can be seen that although the delay of the
trigger signal for the high-speed camera was supposed to be maximum 50 ns, due to the
fact that at the first frame, the expansion of exploding wire has been already observed,
it is estimated that this frame might be recorded at around 1 µs after the starting of the
phenomenon. By using Figs. 3.70(a) and (b) and the values of nucleation times shown in
Table 3.10, it is possible to identify the values of average temperature at the nucleation
time under each condition. These values are shown in Table 3.11.
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Figure 3.70: Time evolution of average temperature calculated from simulated data in
Figs. 3.68 and 3.69 of (a) Mg and (b) Cu, respectively.

Table 3.11: Estimated nucleation temperature of Mg and Cu wires in PWD experiment.

Pressure 100 kPa 50 kPa 10 kPa

Mg ∼1300 K ∼1200 K ∼1100 K
Cu ∼2200 K ∼2000 K ∼1800 K

It can be seen that these values are also different from each other under different condi-
tions of ambient Ar gas pressure. However, for the convenience of calculation, the average
temperature for each material was taken. As a result, the average temperature for nucle-
ation to happen with Mg and Cu are 1200 K and 2000 K, respectively. On the other hand,
it has been known that the empirical values of measured temperature are 80% to 90% of
calculated values (T. Sasaki, private communication, June 2, 2021). In the present study,
let us consider that the actual values of temperature comprise 80% of calculated values.
Therefore, we can determine the average temperatures under which nucleation happened
with Mg and Cu are ∼ 960 K and ∼ 1600 K, respectively.

It is worth noticing that Tokoi et al. suggested the parameter of experimental plasma/vapor
density by estimating the volume of plasma/vapor expansion[112]. As a result, investigat-
ing the critical size of nuclei in this way is consistent with the idea suggested by Tokoi et
al.

It is also found that 960 K and 1600 K are equivalent to 0.7 and 0.56 times of the normal
boiling temperature of Mg and Cu, respectively. This means that the nucleation temper-
ature is lower than the normal boiling point of each material, which can be explained.

By ref. [314], when dealing with the nucleation from the liquid phase, at the melting
temperatures, the probability for the stable nuclei to form is extremely small and the so-
lidification does not begin until the temperature decreases below the melting temperature.
The difference between the actual temperature of the liquid and the normal melting tem-
perature is called undercooling. Also, according to similar references, typical undercooling
for homogeneous nucleation is larger for metals with larger heat of fusion. By applying
for the present issue, the finding that the nucleation temperature of Mg and Cu vapor

110



is lower than the normal boiling temperatures is reasonable. In addition, the latent heat
of vaporization of Mg is lower than that of Cu (127.7 kJ/mol vs. 304.8 kJ/mol)[303].
Therefore, it is reasonable that the nucleation temperature of Mg and Cu vapor are 0.7
and 0.56 times the normal boiling temperatures of Mg and Cu, respectively.

3.5.3.5 Particle size determining equation in PWD

By the above consideration, it can be speculated that the nucleation temperature of
Ag, Ni, and Pd in PWD is equal to 0.56 times the normal boiling temperature of each
metal, respectively. Additionally, J.Bai et al. has reported that Al nucleated from the
vapor phase by PWD in the temperature range between 1773 K and 1540 K by means
of numerical investigation[117]. Basing on this numerical result, let us assume the repre-
sentative temperature at which Al vapors nucleate to be the average temperature in this
range, which is 1656.5 K or 0.59 times the normal boiling temperature of Al. Basing on
these considerations, the critical size of Mg, Cu, Al, Ag, Ni, and Pd have been calculated
and shown in Table 3.12.

Table 3.12: Critical sizes of various metals at T

Metals T b [K] T [K] rcr at 10 kPa [nm] rcr at 50 kPa [nm] rcr at 100 kPa [nm]

Mg 1363 954.1 0.77 0.49 0.42
Al 2792 1647.3 0.22 0.18 0.17
Cu 2833 1313.5 0.18 0.15 0.14
Ag 2435 1363.6 0.23 0.19 0.18
Ni 3186 1784.2 0.19 0.16 0.15
Pd 3236 1812.2 0.26 0.21 0.2

By substituting the results calculated in Table 3.12 in Eqs. (3.16) and (3.17), a graph
expressing the dependence of geometric mean diameterD1 on experimental relative nucleus
number N r is plotted below. After applying for the new parameter, all data of various
metallic nanoparticles fall in a curve as shown in Fig. 3.71. Therefore, the validity of the
newly proposed relative nucleus number was confirmed.
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Figure 3.71: The relationship between geometric mean diameter, D1 and experimental
relative nucleus number, N r exp of nanoparticles prepared by PWD.

The equation of the fitting curve of all the experimental data represents the equation
to predict the particle size of nanoparticles of various metals prepared by PWD. This
equation is shown in Fig. 3.71 as follows,

D1 = 41.5N r exp
0.4. (3.18)

It should be noted that the form of Eq.(3.18) is similar to Eq.(1.18) because of the
same power of 0.4. This means that the obtained experimental results are in good agree-
ment with the average size expected by a log-normal distribution of particles undergoing
Brownian coagulation in the free molecule regime[204, 112].

From this result, it is apparent that identifying the temperature at which nucleation
happens in PWD is important. However, it is difficult to identify the temperature of
every metal without investigating the experiments and simulations so that the equation
to determine the particle size of nanoparticles by PWD can be used. Nevertheless, this
result also suggested a feasible way to predict the appropriate nucleation temperatures
basing on the latent heat of vaporization. The values of latent heat of vaporization of Mg,
Al, Cu, Ag, Ni, and Pd are shown in the below table[303].

Table 3.13: Latent heat of vaporization of various metals at normal boiling temperature

Metals Latent heat of vaporization [kJ/mol]

Mg 127.7
Al 290.9
Cu 304.8
Ag 257.8
Ni 374.3
Pd 361.7
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From Table 3.13, it can be seen that the latent heat of vaporization of Mg is significantly
smaller than those of the remaining metals of interest. As a result, it can be considered
that the value of latent heat of vaporization may correlate with the nucleation temperature.
Basing on this consideration, accompanying with Mg, Zn is speculated to have nucleation
temperature as high as 0.7 times of normal boiling point. Obviously, it is necessary to
investigate by doing experiments, however, the value of latent heat of vaporization is one
of the factors which are useful for predicting the particle size of nanoparticles prepared by
PWD without doing experiments.

In summary, a new particle size prediction equation of various light and heavy metallic
nanoparticles was proposed as follows,

D1 = 41.5

[
106

(
mPKpV cr

EcA

)0.6
]0.4

(3.19)

with newly proposed factors: atomic mass and critical size, the size prediction equation
is able to be applied for various metals. To determine critical sizes of nuclei, basing
on the homogeneous nucleation theory, homogeneous nucleation in the vapor phase was
considered. Critical sizes of nuclei of Mg at T = 0.7T b, Al at T = 0.59T b, and Cu, Ag, Ni,
Pd at T = 0.56T b were selected for particle size determining equation. PWD experiments
of Mg and Cu wires were conducted to investigate the appropriateness of the temperature
at which nucleation happened. Although it is difficult to give a clear conclusion about
the temperature of the non-equilibrium plasma/vapor generated in PWD experiments
and further studies are necessary to be done, the simulation of temperature by solving
hydrodynamic conventional equations with empirically obtained V-I waveforms from the
discharge, along with the high-speed photographs gave reasonable evidence to estimate the
hypothesis of proposing new size prediction equation of nanoparticles prepared by PWD.

3.5.3.6 Discussion on the proposal of new particle size determining equation

As mentioned in section 1.3.2.4, Eq.(1.18) indicates that by assuming size distribu-
tion by Brownian coagulation following log-normal distribution, average particle size is
proportional to the power of 0.4 of initial number concentration of particle multiplying
with geometric mean of initial particle volume. In PWD, it was considered that the ini-
tial number concentration of particles is equivalent to experimental plasma/vapor density
Dexp. Furthermore, the geometric mean of initial particle volume can be considered to
be equivalent to the volume of the nucleus with critical size. As a result, the term vg0N0

in Eq.(1.18) must be comparable to experimental relative nucleus number in Eq.(3.18).
Therefore, it is plausible that the newly proposed equation is in good agreement with par-
ticle size expected using a log-normal distribution by considering Brownian coagulation in
the free-molecule regime.

In the present study, submicron/nano-sized particles of Mg and Al have been prepared
by PWD and particle size distributions of them have been characterized. The failure
of the previously proposed size determining equation of metallic nanoparticles prepared
by PWD to apply for Mg and Al particles gave a chance to complement the equation.
By using approaches of experiment and numerical calculation, nucleation temperatures
have been roughly estimated based on the hypothesis that nucleation starts to happen
at the time pressure of plasma/vapor is equivalent to ambient gas pressure. It may be
criticized that whether it is rational to consider only a very short range of time in the
process. It is known that equilibrium vapor pressure is dependent on temperature. During
the quenching process, with decreasing temperature, the equilibrium vapor pressure also
decreases. However, the criterion for the nucleation to happen is the supersaturation must
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be equal or greater than 1, in other words, the equilibrium vapor pressure must be equal
or smaller than actual vapor pressure. As a result, only from a certain time that the
nuclei form then grow into particles by Brownian coagulation should be considered. The
temperature at this time is the most important factor to determine the critical size. The
validity of estimated nucleation temperature was mentioned and discussed in the previous
section.

Besides the validity of estimated nucleation temperature with respect to time, due to
the distribution of plasma/vapor with respect to radial position, distribution of density
and temperature should also be discussed. First, with experimental conditions employed
in the present study, the skin depth of Mg and Cu wires was calculated as ∼ 0.206 mm and
∼ 0.165 mm, respectively. These values are all greater than the diameter of any wires, as a
result, the skin effect could be negligible in the present study. Based on this fact, the input
energy was assumed to deposit uniformly throughout the whole wire in the numerical cal-
culation by solving conventional hydrodynamic equations. Temperature profiles shown in
Figs. 3.68 and 3.69 indicate that at the beginning of the discharge (0∼30µs) the radial tem-
perature gradient is easily seen, however, at the end of the discharge (plasma/vapor was
cooled and condensed) the distribution of temperature became much more uniform. This
is also evidence for the validity of average temperature calculated and shown in Fig. 3.70.
Additionally, during the expansion, it was shown in a recent numerical investigation that
the density of the metallic vapor behind the shock front is almost uniform, which is consis-
tent with current assumption on the uniformity of the temperature of plasma/vapor[315].
In particular, an experimental study of the density distribution of W wire in the air using
a two-wavelength interferometry method was reported[316]. According to the result of
this study, the electrical exploding W wire in the air has a two-layer structure: a dense
core occupied with neutral atoms (W atoms), and a surrounding layer containing plasma
and compressed air. It was described that the dense core has a consistent density dis-
tribution with the tube-like structure. As a result, although in practice the temperature
obviously distributes to some extent due to the irregularity of wire’s resistance, the as-
sumption that temperature distribution is roughly uniform inside the expanding metallic
vapor is not irrational. Consequently, in the present study, for the purpose of establishing
an approximation curve for the prediction of the size of various materials’ nanoparticles,
an assumption to simplify the calculation was necessary. Further demand for the accuracy
of the approximation curve should be investigated in the future.

Considering the parameters in the bracket of Eq.(3.19), the value of Ec is dependent
on the value of the capacitor and charging voltage. However, it is known that the value
of the capacitor affects the wire heating rate. With the experimental apparatus employed
in the present study, it is possible to generate a pulsed current with a period of several
tens of microseconds. As a result, the effect of a pulsed current with a longer or shorter
period should be considered. With the same amount of energy, the power decreases with
increasing the energy release time. For example, let us consider a pulsed current with a
period of millisecond-order with a similar dimension of wire. If a millisecond-order pulsed
current was used, the wire heating rate would decrease remarkably. Concurrently, due to
heat dissipation, it would be harder to vaporize the wire. By this consideration, by keeping
charging energy constant, the power of pulsed current would decrease approximately 1000
times compared to using a microsecond-order pulsed current. With this considerable
decrease, it can be predicted that the wire could only be melted and broken or partially
vaporized, as a result, no powder or only a small amount of large particles by droplet
formation would probably be obtained. Reversely, if a pulsed current with a shorter
period was used, for example, a nanosecond-order pulsed current, the value of the capacitor
should be decreased greatly. The considerable decrease of capacity reduces the charging
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energy, as a result, with keeping the wire’s diameter and length constant, the charging
energy is not sufficient to vaporize the wire. There are two feasible ways to vaporize the
wire, which are to increase charging voltage and to decrease the wire’s diameter and/or
length. The former way faces the risk of dielectric breakdown, by which, the energy is
not deposited into the wire because the current passes through the surrounding ambiance
between electrodes. Hence, this is considered to be not a reasonable way. The latter
way is feasible, however, the wire would be too small for the purpose of nanopowders
production. Without considering the obtained amount of nanoparticles, by decreasing
diameter and/or length, the mass of the wire also decreases. Considering the parameter

of relative nucleus number
mPKpV cr

EcA
, with simultaneously decreasing Ec and m, there

would be no change compared to the case of using microsecond-order pulsed current which
were used in the present study. In summary, although the equation was established by
employing experimental apparatus which can only generate microsecond pulsed current,
an extension for applying in pulsed current with different periods is expected to be feasible,
however, the criterion that the wire must be vaporized properly should be fulfilled, i.e.
the heating rate should be considered.
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Chapter 4

Conclusions

In general, the present study dealt with the synthesis of nanoparticles by a pulsed dis-
charge. The energy of the pulsed discharge was transferred to metallic wire or compacted
powder via Joule heating.

• In the case of using the pulsed current to heat a metallic wire, we have pulsed wire
discharge method which is comprehensively investigated in several decades. It has
been widely known that the particle size of nanoparticles prepared by PWD decreases
with increasing charging voltage and decreasing ambient gas pressure. However, a
method to determine the particle size by previously known parameters has not been
built until such a proposal was reported by Tokoi et al.[112]. The proposed particle
size determining equation by Tokoi et al. has successfully determined the particle
size of Cu, Ag, and Ni nanoparticles prepared by PWD with known parameters.
Nevertheless, this equation has failed to predict the size of Mg and Al particles.
The key issue was investigated to be the difference in the critical size of nuclei
which was determined by nucleation temperature. Furthermore, it was found that
nucleation temperature could be estimated based on the normal boiling temperature
and the latent heat of vaporization which are known properties. The originality of the
present study is the solution to this issue by considering the nucleation process, which
contributes to the whole process of particle formation by PWD. By this, the particle
size determining equation for metallic nanoparticles prepared by PWD becomes
applicable for various materials without doing experiments, which is considered to
be practically meaningful for mass production of metallic nanoparticles by PWD.

• In the case of using the pulsed current to heat compacted powder, Si nanoparticles
have been the first example of nanoparticles prepared by this means of discharge[165].
Basing on this study, in the present work, crystalline nanoparticles of B have been
prepared. Furthermore, the novelty of this work lies in the synthesis of nanopar-
ticles of transition metal borides by a pulsed discharge, which has never been re-
ported before. This result may provide knowledge about a one-step, low-cost, high
production-rate, and energy-efficient method to synthesize raw nano-sized material
for sintering ceramics with high hardness.

The pulsed discharge method with its advantages compared to other methods for the
synthesis of nanoparticles made it meaningful to carry out the present study. With the
results of the present study, the author expects that it will contribute to the development
of the method in the aspect of both theory and practice.
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There were four main purposes of this study. The conclusions for those purposes are as
follows,

Purpose 1: Discussing the effects of different sizes of starting powder on the monolithic
transition metal boride and reactive transition metal boride sintering.

Conclusion 1: Size of starting powder significantly influences the consolidation of
monolithic TiB2 pellets and nano−sized W and B powder are expected to decrease sin-
tering temperature in order to obtain dense and high-concentration WB4 pellets.

For monolithic TiB2 sintering experiment, it was found that:

1. By using the spark plasma sintering method, with starting powder with a grain size of
∼1.87µm, dense pellets of monolithic TiB2 were able to be sintered under conditions
of 1600◦C, 60 MPa, 5 minute keeping time. The relative density of pellets fabricated
at these conditions was 96.7%. The highest relative density was 98.2% obtained
at conditions 1900◦C, 60 MPa, 5 minute keeping time. Vickers hardness of these
samples was approximately 46 GPa at 500 g load.

2. By using starting powder with a grain size of ∼10µm, it was not able to obtain dense
pellet with the highest relative density of 74.6% at 1900◦C.

3. By mixing ∼1.87µm powder with ∼10µm powder with ratios of 30 wt.% and 70
wt.%, it was possible to obtain dense TiB2 pellets with the relative density of 97.1%
and 96.7%, respectively. However, the measurement of Vickers hardness yielded only
roughly 32 GPa, which was lower than that of pellet using 100% small powder.

4. The reason for the degradation of Vickers hardness was discussed to be the formation
of Ti2O3 due to the mixing of ZrO2 from zirconia ball of ball milling.

For the tungsten boride sintering experiments, by varying the compositions, sintering
temperatures, and pressures, it was able to find the conditions to obtain relatively dense
WB4 pellets by SPS. It was found that:

1. The excess of B amount in the compound has an effect of maintaining the presence
of WB4 phase when increasing sintering temperature and pressure.

2. With increasing temperature from 1300◦C to 1600◦C, with compositions of W:B=1:8
and 1:12, WB4 phase was maintained in the range of 1300-1500◦C, while at 1600◦C,
WB4 was decomposed to hex-WB2.

3. With increasing temperature from 1300◦C to 1600◦C, with the composition of W:
B=1:4.5, almost WB2 phase was formed with a very small amount of WB4, however,
this WB4 also decomposed with increasing temperature.

4. Keeping pressure constant at 50 MPa with increasing temperature from 1300◦C to
1600◦C only yielded relatively dense pellet at 1600◦C.

5. Pressure played a crucial role to obtain a dense pellet of tungsten boride. At 1500◦C,
the density of pellets increased with increasing pressure in all compositions.

6. Pressure also promoted the decomposition of WB4 into WB2 at a composition of
W:B=1:8.
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7. A Pellet with single-phase WB4 (and excess B) and highest density 3.82 g/cm3

was obtained at conditions of W: B=1:12, 1500◦C, 90 MPa and 5 min keeping time.
Therefore, using nano-sized starting material is expected to obtain dense single-phase
WB4 pellets by SPS.

Purpose 2: Synthesis of NPs of transition metal boride by a one-step, cost-effective
method.

Conclusion 2: It was possible to synthesize NPs of transition metal boride and B by
using pulsed discharge of compacted powder. Pulsed discharge of compacted powder was
basically similar to PWD, but instead of using wire as the raw material, here, the powder
was compacted inside a heat-shrinkable tube and between two metallic rods. It was found
that:

1. By discharging B wire with diameter 0.1 mm with charging voltage 6 kV and ca-
pacitance 30 µF in Ar and N2 gases, it was not possible to prepare NPs of B. It was
very difficult to heating wire and B wires were always broken into fragments and fell
on the bottom of the experiment chamber.

2. By discharging through 10 mg of micron-sized crystalline B powder (∼40 µm) com-
pacted by Cu rods with φ=2 mm at a voltage of 6.2 kV and capacitance of 30µF,
it was possible to prepare NPs of B. These NPs have spherical shape and size less
than 100 nm. The product also contained micron-sized particles (few µm), a small
amount of Cu from Cu rods (occupying 4.8 wt.%), and C from the heat-shrinkable
tube. Impurity of carbon can be avoided by using a slightly sintering B pellet instead
of using the heat-shrinkable tube.

3. By discharging through 5 mg of micron-sized crystalline B powder and 1.5 mg of
micron-sized amorphous B powder using Ti, Mo, Zr, and W rods at a voltage of 6 kV
and capacitance of 30µF, it was possible to synthesize NPs of TiB2, MoB2, ZrB2, and
WB4, respectively by using a combination of XRD, bright-field TEM images, EDS
spectra, and lattice images. These NPs were spherical in shape and smaller than
100 nm. In addition, minor phases MoB, WB, and W2B5, small amount metals, and
excess B were formed due to the unevenness of ratio metal: boron. A small amount
of impurities of Fe/Cr (less than 2wt.%) and C was detected by EDS, however, these
impurities can be suppressed by improving the experiment setup and using a slightly
sintering B pellet instead of a heat-shrinkable tube, respectively.

4. The main phases of NPs of transition metal borides can be explained using phase
diagrams with consideration of the simultaneous cooling of metals and boron from
temperatures above the melting temperature of each transition metal boride.

5. These NPs are expected to be used for raw material of sintering transition metal
borides ceramics for the purpose of reducing sintering temperature.

Purpose 3: Clarifying the particle formation of light elements (Mg and Al) by PWD

Conclusion 3: NPs/submicron-sized particles of light elements (Al and Mg) were
prepared using PWD of Al and Mg wires, respectively, in Ar gas. By characterizing
NPs/submicron-sized particles of Al and Mg, analyzing discharge waveforms, and calcu-
lating of deposition energy, it was found that:

1. By XRD, NPs/submicron-sized particles of Al and Mg were almost single-phase
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metallic phase. A small amount of MgO was detected by a broad peak at a diffraction
angle of 43◦. These MgO crystallites are observed to be very small (<10 nm) and
decorating on the surface of Mg particles.

2. By observing TEM images, it was found that Al NPs and Mg submicron-sized parti-
cles were in a spherical shape. However, Mg submicron-sized particles became more
irregular with low P and high K due to the small plasma/vapor density.

3. Particle size distribution of Al NPs and Mg submicron-sized particles followed log-
normal distribution. Geometric mean particle size decreased with increasing K and
decreasing P. Values of geometric standard deviation were in the range of 1.3 and
1.6, which is in the agreement of numerical simulation of gas-phase NPs synthesis in
a free molecular regime with the conditions of only coagulation or coagulation with
moderate reaction.

4. Since the pulsed discharge was carried out in Ar gas, in the voltage and current
waveforms, dwell time was not seen in all conditions of Al and Mg wires, which
meant the arc-discharge stage occurred when the wire heating stage had not been
completed yet due to the low dielectric breakdown voltage of Ar gas.

5. Due to the incomplete heating of wires, E p was sometimes lower than E v, especially
at low P.

6. In general, in the aspect of morphology, Al NPs, and Mg submicron-sized particles
are similar to other metals belonging to class 1 and class 2 by PWD classification. In
addition, the tendency of decreasing particle size with increasing K and decreasing
P is also consistent with NPs of other metals by PWD.

Purpose 4: By applying the case of Mg and Al in the particle size determining equation
by Tokoi et al. and considering a nucleation process in the particle size determining
equation, confirming the validity of the equation and proposing a modification if necessary.

Conclusion 4: By applying the case of Mg and Al in particle size determining equa-
tion by Tokoi et al. and considering the relationship between geometric mean diameter
and experimental plasma/vapor density, it was found that with the same experimental
plasma/vapor density, while Al was quite close to other metals, Mg submicron-sized par-
ticles were at least two times larger than other metals. This lead to the conclusion that
the particle size determining equation by Tokoi el al. was not applicable for the case of
Mg.

Two hypotheses were stated so that the particle size determining equation could be
modified and applicable for Mg and Al cases:

1. The current particle size determining equation described the theoretical plasma/vapor
density as the parameter regarding to controllable values Dth = mPEc

−1Kp with
the dimension [g/m3]. However, in the case of various metals, it was considered that
instead of mass density, number density should be more reasonable.

2. When proposing the particle size determining equation, only Brownian coagula-
tion was considered, however, in the particle formation process, nucleation was also
thought to contribute to the final particle size of NPs by PWD. By considering sim-
ilar plasma/vapor density, nuclei with larger critical size have less number density,
which leads to a slower growth rate, as a result, grow to larger particles.
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Basing on the above hypotheses, a new parameter named as relative nucleus number
was proposed as

N r =
Dth

A
V cr =

mPKpV cr

EcA
, (4.1)

where N r is relative nucleus number, V cr is the volume of nucleus with critical size rcr.

By considering the time when pressure plasma/vapor was balance with ambient gas pres-
sure, the critical sizes of various metals such as Mg, Al, Cu, Ag, Ni, Pd were calculated.
Since the critical size is dependent on the temperature and pressure of the plasma/vapor,
it was necessary to find the appropriate value to substitute into the newly proposed pa-
rameter. By a combination of PWD experiments and simulation of temperature profiles
during PWD using hydrodynamic behavior calculations, it was found that critical sizes
calculated at the temperature between T = 0.7T b and T = 0.56T b for Mg, Al, Cu, Ag, Ni,
and Pd would be the appropriate values. The appropriate values of nucleation tempera-
ture for the calculation of the critical size of each metal may be predicted based on the
value of latent heat of vaporization. According to that consideration, metals such as Cu,
Ag, Ni, Pd, and Al with the high latent heat of vaporization may have nucleation temper-
ature around 0.56T b to 0.59T b, while metals such as Mg, Zn with the low latent heat of
vaporization may have nucleation temperature around 0.7T b. After substituting values of
critical sizes into the relative nucleus number, the geometric median diameter of various
light and heavy metals fell in a curve, which confirmed the validity of the newly proposed
relative nucleus number. Consequently, the new particle size determining equation became

D1 = 41.5

[
106

(
mPKpV cr

EcA

)0.6
]0.4

. (4.2)

The above equation is expected to be applicable for prediction of size of various metallic
nanoparticles prepared by PWD. However, the parameter of charging energy Ec could
be further discussed in terms of time, in other words, considering parameter of power is
speculated to shed a new light for the particle size determining equation. The reason is, as
mentioned before, there are two stages in the process of pulsed wire discharge: wire heating
and arc discharge. Although the effect of power on the wire heating stage was mentioned
in section 3.5.3.6, that on the arc discharge stage has not been clearly understood. After
vaporizing and expanding outward, the metallic vapor/plasma is continuously heated by
the current from the capacitors. This heating process is considered to be varied with
different values of power (i.e. heating rate). The formation of nanoparticles by PWD is
significantly dependent on the heating and cooling process of this stage. As a result, the
investigation about this topic is considered to be interesting and necessary to carry out in
the future.
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[13] Fumitaka Mafuné, Jun-ya Kohno, Yoshihiro Takeda, Tamotsu Kondow, and Hisahiro
Sawabe. Formation and size control of silver nanoparticles by laser ablation in
aqueous solution. The Journal of Physical Chemistry B, 104(39):9111–9117, 2000.
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