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Abstract — A microwave plasma processing technique was used to synthesize iron
nanopowders. The average particle size of these powders was ~10 nm and the surface area was
measured to be 42 m(g. Powder production rates as high as 50 gm/hour were achieved. Magnetic
property measurements on iron nanopowders yielded coercivities as highas 60 kA/m at 4 K, which
decreased to ~0 A/m (a superparamagnetic transition) at room temperature. In this paper, the
microwave plasma processing technique has been compared with other nanopowder synthesis
techniques. Since the successful application of nanomaterials depends highly on the processing
technology, results from consolidation studies on iron nanopowders are also presented. Iron
nanopowders were consolidated to study performance parameters such as density, grain growth
and other morphological changes. The nanopowder was consolidated using Plasma Pressure
Consolidation (P2C) technique to 95% density, at a temperature and pressure of 850°C and 63
MPa respectively. Microwave plasma synthesis is capable of producing metallic and ceramic
nanopowders, which will sustain interest in research areas including magnetic storage,
nano-fabrication of electronic materials and nanoglass, besides the field of catalysis. ©1999 Acta
Metallurgica Inc.

INTRODUCTION

Nanocrystalline and nanophase materials (generally referred to as nanostructured materials)
have many potential magnetic, electronic and structural applications (1). Two-dimensional
ultrafine microstructures have been used to obtain quantum well structures and superlattices in the
area of semiconductors. New atomic and/or electronic structures obtained from three-dimensional
ultrafine particles resulted in solids which are otherwise known as nanophase materials (2).
Nanopowders are attractive for the production of sintered parts because highly dense structures can
be obtained at low temperature, pressure and lower sintering times (2). These materials are also
much less prone to erosion and wear and are harder at room temperature due to the Hall-Petch
effect. The economic production of these nanopowders is still a challenge, and is being pursued
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by a variety of techniques in order to meet the increasing demand for these powders. Ball milling/
mechanical attrition, laser ablation, vapor condensation, sputtering, chemical precipitation,
aerosol method and induction plasma are some of the techniques being used to produce both
metallic and ceramic nanopowders (3-7). Microwave plasma dissociation has received consider-
able attention in recent years (8). Furthermore, this work also features results from preliminary
magnetic property evaluation of iron nanopowders and consolidation of the same using the Plasma
Pressure Consolidation (P2C) technique.

BACKGROUND

In recent years, technical presentations on nanopowder synthesis and characterization
describing viable methods to produce these nanopowders, have increased in number. Table 1
describes some of the methods used to synthesize nanopowders, including iron and other ceramic
nanopowders.

It can be easily concluded from Table 1 that the first six techniques produce nanocrystalline
metallic and ceramic powders at very low production rates. In addition, some of these methods are
unable to produce powders of uniform particle size and distribution. Microwave plasma synthesis
is currently being investigated as a cheap alternative to laser light processing, in the field of
catalytic materials (catalysts for hydrodesulfurization of crude oils) (8). Rapid evaporation,
decomposition, gas-solid and solid-solid reactions, and pyrolysis of precursors results in
nanopowders of high purity. The focus of the present work was to synthesize iron nanopowders
in the size range of 10-15 nm by thermal decomposition of iron pentacarbonyl in an argon plasma
supported by microwaves.

EXPERIMENTAL
Materials and Methods

Iron pentacarbonyl, (99.5% pure, m.p. -20°C, b.p. 103°C) was used as a precursor for the
synthesis of iron nanopowders along with high purity argon used as the plasma gas and carrier gas,
and liquid nitrogen for rapid quenching of the nanopowders. The nanopowders were characterized
using a Cu-Ko, ‘Rigaku X-Ray Diffractometer’ and particle size analysis was performed using a
‘HoribaLLA-910 Laser Scattering Particle Size Analyzer.” Surface area analysis was performed on
a ‘Coulter™ SA3100 Surface Area Instrument,” with BET surface area reproducibility <2% CV,
using nitrogen gas sorption. The temperature of the plasma was measured using an infrared
camera. Iron nanopowders were collected in filter bags that can resist temperatures up to 700°C.
A transmission electron microscope was used to examine the crystal size of the iron nanopowders.
Coercivity and magnetic saturation measurements were performed on a Squid magnetometer in
fields up to 55,000 Qe. Graphite tooling was used for consolidation of iron nanopowders. The
density of the consolidated specimen was measured using ‘ Archimedes Principle.” The consoli-
dated specimen was etched for 30 seconds in ‘Nital,’[100 ml Ethanol (95%), Sml Nitric Acid
(1.40)] before microstructure and grain size evaluation under a ‘Electroscan’ scanning electron
microscope.
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Microwave Plasma Chemical Processing

Iron pentacarbonyl, Fe(CO)s, FW 195.9, is a flammable liquid with a melting point of 20°C,
flash point -15°C and boiling point of 103°C. Iron pentacarbonyl was transferred into a conical
flask in a glove box, filled with argon. The flask was then heated to ~100°C, and the ensuing vapors
were carried by argon gas (referred as carrier) into the plasma zone, at a feed rate corresponding
to 0.20-35 m>/hr. Under the influence of highly focused microwave energy, gases undergo
dissociation, ionization and recombination resulting in a plasma. The heat released during the
recombination process is used for decomposition of chemical precursors. The feed material is
subjected to rapid heating followed by evaporation, thermal dissociation, and recondensation,
which takes place in hundredths or thousandths of a second, resulting in fine particle sizes. Vapors
of iron pentacarbonyl decomposed into iron powders by the following reaction:

Fe(CO)s — Fe(s)+5CO T (g)

The powders pass through a water-cooled stainless steel reaction column, which houses a
glass tube. Powders are prevented from sticking to the glass tube by rotating a water-cooled
stainless steel tube (which corresponds to the length of the glass tube) along the periphery of the
tube through a gear and tooth assembly. Initially, atmospheric air was allowed into the reaction
column in an attempt to passify the nanopowders by formation of a thin oxide layer on the surface.
This resulted in the formation of iron and iron oxide powders. The reaction column has an
additional port for passage of liquid nitrogen through the column, heat exchanger and the stainless
steel container. This results in rapid cooling of powders and also facilitates powder collection.
Addition of liquid nitrogen prevents oxygen contamination and inhibits pyrophoricity, a phenom-
enon common in ultrafine or nanosized powders. Reaction products are collected in specially made
filter bags. These filter bags can withstand temperatures of up to 700°C. The filter bag is housed
inside a stainless steel cylinder. The nanopowders are then transferred into a special container for
storage and shipping.

A schematic of the overall experimental set up is shown in Figure 1, and the specifications
of the magnetron, waveguide and plasmatron are summarized in Table 2.

TABLE 2
Microwave Machine Process Parameters
Magnetron Power 0-6KW
Magnetron Frequency 2450 MHz, CW
Waveguide Rectangular
Plasmatron ‘50 mm’ dia. quartz wall, water cooled
brass chamber
Plasma Gas Argon, Feed rate 2-4 m>3/hour
Carrier Gas Argon, Feed rate 0.2-0.35 m3/hour
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Figure 1. Schematic of the set-up used for synthesis of iron nanopowders.

Plasma Pressure Consolidation (P2C)

Iron nanopowders were consolidated by the plasma pressure consolidation technique. The
nanopowders were poured into a graphite die (0.025 m i.d. x 0.008m o.d.). Owing to the large
surface area of the iron nanopowders (42 m2/g), only 3-4 g of the powder could be accommodated
inthe die. The powders were pressed using graphite plungers and subsequently more powders were
added in order to obtain a green body with final dimensions (d= 0.025 m, h=0.045 m). Uniaxial
pressure was applied to the powder compact through graphite plungers. When a pressure of 20 MPa
was reached, a pulsed DC voltage (5V maximum and 500 amp average current) was applied to the
powder compact.

When pulsed electrical power is applied, current does not flow freely through the powder
compact since an effective current path has not been established. Thus, there is a charge build up
at interparticle gaps which causes one particle to be charged negatively with respect to particles
in contact with it. As the charges accumulate, the voltage difference becomes sufficiently large to
generate sparks that trigger an ionization process. Consequently, ions move toward the negatively
charged particles while electrons move toward the positively charged particles. These ionic and
electron bombardments can lead to the breakdown of oxides and contaminants on particle
surfaces. A schematic drawing of the plasma pressure consolidation equipment is shown in Figure
2.

In this study pulsed voltage was applied for a duration of 4-5 minutes. Uniaxial pressure
applied to the compact was then increased to 45 MPa. A high current continuous DC voltage of
~ 10 V was then applied to the powder compact. Initially, as the continuous DC current flows
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Figure 2. Schematic drawing of the P2C machine available at MMI.

through the green compact, it raises the temperature at the particle contact zone since it offers the
apath of least resistance. Resistance heating will result in concentrating the heat at the interparticle
points of contact, thereby raising the temperature and facilitating diffusion. Since the consolida-
tion proceeds with a very high current density (2000 A/cm?), the IRt product, also called “Joule
Heat” is also very large, resulting in high temperatures, with heating rates reaching as high as
500°C/min. The continuous direct current applied to the powder compact was limited to 800 amp,
in order to achieve temperatures close to 850°C. Pressure was increased to 63 MPa. The sample
was held at this pressure and temperature for 120 seconds.

RESULTS AND DISCUSSION
Characterization of Iron Nanopowders

Iron powders become increasingly difficult to handle when they are reduced to nanometer
sizes. The powders are extremely pyrophoric and ignite spontaneously when exposed to air to form
its corresponding oxide, Fe3O4. In an earlier study by Sethi et al. (9) it was concluded that iron
powders had a high affinity towards oxygen, and could be passivated by slow inlet of atmospheric
air into the reaction chamber. In the same study it was shown that the particle structure consisted
of a core (Fe) and a thin shell (Fe304) resulting from oxidation of the surface.

The first batch of iron powders, which were synthesized using the microwave plasma
processing technique, ignited spontaneously when the stainless steel container holding the
nanopowders was being detached from the reaction column. X-ray scans revealed that the oxide
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Figure 3a. X-ray scans of nanopowders shown superimposed in the order: (i) iron oxide,
(ii) iron nanopowders with reduced oxide.

Intensity —
#9(Fe)

65.03 (Fe)
823 (Fe)

; t
§ 3 :
i

M, i
WWW WW..;_ PR Ve |
I"l"'l'l'l"'['l SRR N RS UMD S AR M m'\ﬂ'lu'vrvwvvl-m'm'u'|'(-s-m-|'('|urm |

30. 35. 40. 45, 50. 55. 60. 6
20>

70. 75. 80. 85. 90.

[84]

Figure 3b. X-ray scan of iron nanopowder cooled using liquid nitrogen.
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TABLE 3
Surface Area Analysis of Iron Nanopowders
Sample Measured BET Mean BET
1.D. surface area (m?/g) for sample
(m%g)
Fe-1 41.29 41.29
Fe-2 42.99 and 42.97 42.98

phase was Fe304. Inlet of atmospheric air into the reaction column resulted in powders containing
bothiron and iron oxide (Fe304). Figure 3a shows X-ray scans of the powders, collected after slow
inlet of atmospheric air into the column (black powders) superimposed on X-ray scan obtained
from powders, which ignited spontaneously upon exposure to air (brown powders). Presence of
iron oxide (Fe304) and iron indicate that slow inlet of atmospheric air into the reaction column
results in partial oxidation of the particles, acting as a passive surface layer facilitating powder
collection as compared to spontaneous ignition of particles from oxidation upon immediate
exposure to air.
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Figure 4. Particle size distribution of iron nanopowders
indicating a mean size of 500 nm.






