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Abstract

Nano molybdenum powder has been applied in many industrial fields in forms of
lubricant additives, metallurgical additives, powder sintering additives, and one of
raw materials of electrical components, cleaner and smoke suppressor. The pro-
cesses, mechanisms and prospects of its synthesis methods are comprehensively ana-
lysized, including plasma physical vapor deposition technology (PPVD), reduction of
MoCl, vapor, activated reduction technology, electro-explosion of molybdenum wire
(Elex process), pulsed wire discharge technology, electron beam irradiating method,
hybrid plasma process, vapor phase reduction of MoO,, and microwave plasma che-
mical vapor deposition (MPCVD)), etc.

Keywords

Nano Molybdenum Powder, Properties, Synthesis, Application

1. General Instructions

The important microstructural features of metals include a) grain size, distribution, and
morphology, b) the nature and morphology of grain boundaries and interphase inter-
faces, c) the perfection and nature of intragrain defects, d) composition profiles across
grains and interfaces, and e) identification of residual trapped species from processing.
The structure of the grain boundaries is the same in both nanocrystalline and coarse
grained materials. Because of the extremely small dimensions, a large volume fraction
of atoms is located at the grain boundaries, which confers that the properties of nano-
crystalline materials are very often superior to those of conventional polycrystalline
coarse grained materials [1]. Nanocrystalline materials exhibit increased strength/hard-
ness, enhanced diffusivity, improved ductility/toughness, reduced density, reduced elas-

tic modulus, higher electrical resistivity, increased specific heat, higher thermal expan-
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sion coefficient, lower thermal conductivity, and superior soft magnetic properties in
comparison with conventional coarse grained materials [1].

Molybdenum and molybdenum-based materials are widely used in chemical engi-
neering, military, energy, electronics, bio-medicine and agriculture, for the properties
of high yielding strength and hardness at high temperature, excellent thermal and elec-
trical conductivities, good erosion-resistance, etc. [2]-[4]. Molybdenum-based nano-
structured materials have sparked a worldwide interest because of their unique optical,
electronic and mechanical properties and potential applications in nano devices and
functional materials [4].

Nano molybdenum powder is not only a novel family of nano molybdenum mate-
rials, but also the raw material or precursor of molybdenum nanostructured materials.
Like other nanosized powders, nanosized molybdenum powder has been recognized to
possess more attractive properties than its conventional-sized counterpart. For exam-
ple, nanoparticles comprising molybdenum containing mutlti-metals offer some sur-
prising and unusual benefits as pigments because they ensure homogeneous lattice level
mixing of lements, and they are smaller than the visible wavelengths of light (400 - 700
nm), which leads to visible wavelengths interacting in unusual ways with nanoparticles
compared to particles with micron scale [5].

In the paper, the extensive investigations in recent years on properties, synthesis me-

thods and greatly potential applications of nano molybdenum powder are summarized.

2. Intrinsic Properties and Applications

Like other nanosized powders, nano molybdenum powder possesses intrinsic proper-
ties including the quantum size effect (Kubo effect), small size effect, surface effect, and
macroscopic quantum tunnelling effect [6]. Therefore, both nano pure molybdenum
particles and molybdenum-containing compounds have been broadly used in the fields
of magnetic materials, electronic materials, optical materials, high relative density sin-
tering, chemical catalysis, and sensing.

1) Lubricant additives. Nanoscale molybdenum comprising substances, including
molybdenum nanoparticles, molybdenum oxides and sulfides, are used for lubricant
applications in several industries including automotive and defense. Concentrations of
around 0.25 wt% molybdenum nanopowder may reduce static or dynamic coefficient
of friction (COF) between two surfaces by 5% or more [7] [8]. In certain embodiments
such as high precision, tight gap moving surfaces, such lubricating nanoparticles pos-
sess the ability to distribute forces more uniformly or lubricate surfaces even at high
operating temperatures, and thus may be added to the lubricating fluid, oils, plastic,
rubber, coatings, ceramics or powder metal matrices [5].

2) Metallurgical additives. Nanoparticle of molybdenum, including some of its
oxides, has enabled development of new alloys that provide improved corrosion and
wear resistance. Incorporation of nanoparticles enhances the thermal properties and
homogeneity during processing, resulting in superior material properties. The research

shows that the addition of 1 wt% - 4 wt% nano molybdenum powder can enhance the
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corrosion resistance of stainless steel in corrosion environment [9]. Nano high-purity
molybdenum powder prepared by Argonide Corporation is widely used to the products
in the aerospace and military fields [10].

3) Electrical applications: Addition of nano molybdenum powder has been shown to
improve the properties of electric interconnects. Incorporation of the particles has been
shown to enhance the microstructure, mechanical properties, melting characteristics
and creep. Nano molybdenum powders are raw materials of heat sink, electronic con-
tact and nano electronic components. For example, the mixture of nano molybdenum
powder and 40% manganese is used in the most common contact of ceramic metal [9].
In Li-ion batteries, the incorporation of molybdenum oxide nanoparticles into porous
films has led to profound advancements in state-of-the-art negative electrodes (anodes).
Nano-molybdenum is also used in substrates for various photovoltaic cell technologies,
including CdTe and organic solar cells.

4) Powder sintering additives. The addition of 3 wt% - 5 wt% ultrafine and nano mo-
lybdenum powder can help the sintering temperature of the micron-grade molybdenum
and ceramic powders greatly decreased, and get the higher density of P/M products [11].

5) Environment. Molybdenum ions have been shown to clean up major pollutant at
the surface (aerobic conditions), bottom water (semi aerobic conditions) and the sedi-
ments (anaerobic conditions) [11].

6) Smoke suppression. Molybdenum nanoparticle based smoke suppression and fire

retardant compositions display longer shelf lives and superior activity [5].

3. Main Synthesis Procedures

In the conventional route, micron-scale high-purity molybdenum powder can be pro-
duced commercially from either ammonium dimolybdate, (NH,),-M0,0, (ADM) or
sublimed MoO, precursor. The most widely-used conventional processing strategy is
comprised of a first-stage and a second-stage flowsheet component, with hydrogen gas
employed as the reductant [12]. ADM is processed by an exhaustive chain of pyrome-
tallurgy and hydrometallurgy procedures from molybdenum ore (mainly molybdenite).

Since in 1990, molybdenum nanocrystals (4 nm < particle size < 12 nm) were synthe-
sized by Chow et al [13] in the vapor by sputtering in a thermal gradient at argon
pressure between 0.2 and 0.6 Torr, the preparation methods and mechanisms of the ul-
trafine and the nanometer molybdenum powders have been attracting much attention.
In summary, there are two kinds of synthesis routes, Ze. the physical methods (micron
grade molybdenum powder as precursor) and the chemical methods (micron or nano-

meter molybdenum compounds as precursor).

3.1. Physical Synthesis Procedures

1) Mechanical ball milling
Whether carbon steel, stainless steel, or carbide alloy are produced to milling balls
and container, Sanno Ju et al. [14] [15] have fabricated nano molybdenum powder with

particle diameter of about 6 nm by mechanical ball milling process. However, the solu-
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tion of Fe, Cr, Ni, W and Fe in molybdenum, which solution level is several percent, is
the most serious problem [16].

2) Plasma physical vapor deposition technology (PPVD)

A precursor comprising of molybdenum powder and gas solvent is fed and sprayed
into a high temperature reactor operating at temperature greater than 3000 K (ie. DC
thermal plasma reactor), wherein the precursor is suspended and inverts into vapor
comprising the metal in a process stream with a velocity above 0.25 mach in an in a re-
ductive atmosphere; then the vapor is cooled to nanoscale powders. The powders are
then quenched at high gas velocities to prevent agglomeration and growth. The quenched
powders are filtered from the gases. The obtained powder has a crystallite size of less
than 100 nm and a specific surface area greater than 10 m?/g [5]. Intrinsiq Materials
Ltd. has the production capabilities of 1 ton per annual.

3) Electro-explosion of molybdenum wire (Elex process)

In the process, a high power pulse of only a few microseconds duration is applied to
a molybdenum wire, which is fed into an argon-filled container. The pulse converts the
wire into plasma, which is confined by the extraordinary field created by the high pow-
er pulse. The columnar plasma is heated to temperature in excess of 15,000 K and at
these temperatures the resistance soars, causing collapse of the field. The high pressure
of the metal vapor causes explosive release, producing a shock wave and rapid adiabatic
cooling of the metal aerosols that are produced. The powders formed are unique in
their structure compared with evaporation and condensation methods, which produce
almost defect free and generally spherical crystals of about 100 nm in size [17]. Argo-
nide Corporation has been undertaking great efforts to increase the production rate and
complement the facility, but still can not meet the requirements of mass production.

4) Pulsed wire discharge technology

The basic principle of the process is illustrated in Figure 1 [18]. A pulsed current is

Gas
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Figure 1. The schematic diagram of pulsed wire discharge technology.
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driven through a molybdenum wire that is located in an ambient gas. The current de-
posits electrical energy in the wire due to its finite resistance. This deposited energy
melts, evaporates, and ionizes the molybdenum wire resulting in a plasma that expands
into the ambient gas. This high temperature plasma gradually cools due to its interac-
tion with the gas, giving rise to a high temperature vapor of molybdenum that con-
denses uniformly in the ambient gas to nano molybdenum powder with the average
powder sizes in the range of 20 - 70 nm. When the discharge is carried out with the
peak current of ~10 kA, the pulse length of ~20 ps, and the pulse energy of ~80 J in ar-
gon, the powder production rate of 180 g/h is obtained.

Though the basic principle of this process is the same as that of Elex process, the pre-
pared nano molybdenum powder is smaller due to the improvement of the main equip-

ment. This technology is still in the laboratory stage, and the efficiency is very low.

3.2. Chemical Synthesis Procedures

1) Activated reduction technology

In the atmosphere of ammonium chloride, Ammonium heptamolybdate
((NH,)Mo,0,,-4H,0, APM) is reduced to ultrafine molybdenum powder. The reduc-
tion mechanism of the process is as follows:

Ammonium chloride is thermally decomposed: NH,Cl = HCI + NH,

APM is decomposed into molybdenum oxide: (NH,);Mo,0,,-4H,0 = 6NH, + 7MoO,
+ 7H,0

The reaction of MoO, and HCL: 7MoO, + 14HCI = 7Mo0O,Cl, + 7H,0

7Mo0,Cl, is reduced to ultrafine molybdenum powder by hydrogen: MoO,Cl, +
21H, = 7Mo + 14H,0 + 14HCI

The above reaction procedures infer that NH,CI plays a role of catalyst; and that
during the reduction process, NH,CI is completely volatized. The total reaction formula
is: NH,Cl + (NH,)sMo,0,,-4H,0 = HCI + 7NH, + 28H,0 + 7Mo.

The reduction temperature of the method is lower about 200 - 300 K [19] compared
with the conventional reduction processing, and the processing is only comprised of
one reduction stage. The average particle size of the molybdenum powder prepared by
this method is 100 nm. The scientists of Five Ridges University in South Korea pro-
poses a similar method with the high-purity MoO, as raw material.

2) Hybrid plasma process

The high voltage DC arc is sprayed on the high frequency plasma jet by the plasma
reaction device, thus forming a mixed plasma gas flow of H, and N,. Wherein the micron
molybdenum oxide particles are reduced to the initial ultrafine molybdenum powders,
which are cooled immediately by cooling water into nano molybdenum particles with the
average size of about 30 - 50 nm and spherical morphologies. The process is applied by
NanoProducts Corporation [20]. Due to the high cost of the plasma equipment and low
output rate, much attempt will be undertaken for the cheaper production cost.

3) Reduction of MoCl, vapor

In the process, nano molybdenum powder is prepared by gas phase reaction of MoCl,-
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H, mixture [21]. Under 1200°C, the diameter of molybdenum particle is only 6 - 10
nm. When the temperature is greater than 1200°C, particles diameter will be in-
creased with increased temperature. Nano molybdenum powder prepared by the
method is generally used to produce solder, Monel alloy, solder flux and molybde-
num alloy etc.

4) Vapor phase reduction of MoO,

The apparatus used for the powder synthesis is shown in Figure 2 [22]. The reaction
tube is made of a-alumina. High-purity MoO, powder contained in a molybdenum
boat is placed and vapored between the pre-heating furnace and the main furnace
1300°C - 1500°C. MoOQ; vapor is then carried into the reaction zone and deoxidized in-
to nano molybdenum powder using a stream of nitrogen, which is mixed with a stream
of an H, - N, gas mixture. As-synthesized nano molybdenum powder is trapped in
flasks or by a Microtex-F filter. Molybdenum powder consisting of uniform, spherical
particles 40 - 70 nm in diameter is obtained by the process. In the process, the parame-
ters are difficultly controlled, in particular the mixing temperature of the MoO,-N, and
H,-N, streams have a significant effect on the particle size.

5) Microwave plasma chemical vapor deposition (MPCVD)

The microwave plasma chemical vapor deposition (MPCVD) method is a novel chem-
ical synthesis technology of nano molybdenum powder [3]. The MPCVD system for the
synthesis of Mo powder is illustrated in Figure 3 [23]. During the synthesis of Mo
powder, N, gas with purity of 99.999% is used as both carrier gas and plasma forming
gas. The raw material, Mo(CO), powder, is first input in a specially designed feeding
equipment (2), and then injected uniformly into the reactor chamber (5) through a
reactant injector (4) by the carrier gas at a certain flow rate. In the plasma torch formed
in the reactor (5), Mo(CO); is thermally decomposed. The products were condensed in
the heat exchanger cooled by circular cooling water, separated from the gas by the filter
(7), and then collected in the powder collector (8). The mean particle size of the ob-

tained powder was estimated smaller than 50 nm.

— B
A E
D\ [ C 1 /
|
H,+N, &
N,—
1
] — >
/ / | |
F 6 T, 7T H

M R

A, pre-heating furnace; B, main furnace; C, reaction tube; D, chromel-alumei thermocouple; E, Pt-Rh ther-
mocouple; F, molybdenum boat; G, molybdenum plate and nozzle; H, fiask

Figure 2. Apparatus for powder synthesis.
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Figure 3. Schematic drawing of the MPCVD system for synthesizing Mo powder.

6) Electron beam irradiating method

Heated in HRTEM on a room temperature table by electron beam irradiating of
more than 10*! e/cm”s, micron-sized MoO, particles are turned into MoQ,_,. With ir-
radiating time prolonged, Mo nanoparticles are formed from MoO,_,.. Wei et al. [24]
propose that oxygen atoms in MoO, micron particles are separated by means of elec-
tron beam energy activation, then the micron molybdenum particles are broken into
nanoparticles by electron beam “hammer”. The diameter of molybdenum nanoparticles

were measured 2 - 20 nm.

4. Conclusions

1) Nano molybdenum powder has been broadly applied as lubricant additives, me-
tallurgical additives, powder sintering additives, and one of raw materials of electrical
components, cleaner and smoke suppressor.

2) Of the synthesis methods, the plasma physical vapor deposition technology
(PPVD), reduction of MoCl, vapor, activated reduction technology, have applied in the
industrial production; electro-explosion of molybdenum wire (Elex process), pulsed
wire discharge technology, electron beam irradiating method, are still in the laboratory
stage; hybrid plasma process, vapor phase reduction of MoO,, microwave plasma

chemical vapor deposition (MPCVD), is of exciting promise of application.
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