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Abstract: Reduced iron, aluminum, copper, and magnesium nanoparticles were produced from iron oxide (Fe3O4),
aluminum oxide (Al2O3), copper oxide (CuO), and magnesium oxide (MgO) powders by using laser ablation in liquids, and
nanopastes were synthesized with the reduced iron, aluminum, copper, and magnesium nanoparticles. The nanopastes were
sintered by using a continuous-wave fiber laser in air atmosphere. The laser-sintered nanopastes consist of polycrystalline
metal. The structures of the laser-sintered metal nanopastes were analyzed by SEM and EDX, and their resistivities were
evaluated by four-terminal method. The metal nanopastes sintered by hot plate have 2.5- to 11-times-higher resistivities than
those of common metals fabricated in blast furnaces. Moreover, the laser-sintered metal nanopastes have 9.5- to
45-times-higher resistivities than those of common metals fabricated in blast furnaces.
Keywords: Polycrystalline Metal, Laser Sintering, Metal Nanopaste, Laser Ablation in Liquids

1. Introduction
Additive manufacturing is promising because it can
fabricate free-form structures easily. This instrument uses a
technology called “selective laser sintering” (SLS) [1]. SLS
uses a high-power laser, such as a CO2 laser, a fiber laser, or
laser diodes, to sinter some kinds of powders. Plastic,
ceramic, glass, and metals are typically used as powders
(with diameters of a few tens of micrometers) for SLS. While,
a technology for producing small electrical circuits at low
cost,
called
“printed
electronics,”
by
using
“metal-nanoparticle ink” or “nanopastes” has been developed
[2,3]. The nanopastes or nanoparticle inks which are
composed of highly doped metal nanoparticles can be
sintered at low temperatures by exploiting the degradation of
the melting points of metal powders. Here, we can obtain
special metals, which are metal plates with nano-sized
polycrystals. On the basis of this surface-energy reduction,
metal plates with nano-sized polycrystals can be formed. The
polycrystalline metals are often organized. The melting point
of the metal nanoparticles is 14% to 30% of that of the metal
bulks. The melting temperatureis usually between 373 and
473 K. Gold or silver nanoparticle ink or nanopastes are used

in electrical circuits because gold and silver are difficult to
oxidize. These pastes, however, are expensive, so copper
nanopaste or copper-nanoparticle inks (which are lower cost)
have been researched [4-6]. Moreover, copper nanoparticle
ink or copper nanopastes oxidize easily under sintering, and
the sintered metals have high resistivities [5]. Copper
nanoparticle ink or copper nanopastes sintered by laser with
low resistivity can be produced under a narrow laser-intensity
regime [5] or a reducing atmosphere by using nitrogen gas
[4]. Moreover, a pulse laser or a flash lamp was used for
sintering to prevent oxidization of copper. Preparing copper
nanopastes with high quality is very hard, and they have high
material cost. Thus, a method for sintering metals that are
easy to oxidize needs complicated procedures. Normally,
metal nanopastes mainly consist of metal nanoparticles with
a coating to protect against oxidation and condensation. Pure
nanoparticles with average diameter from ten to one-hundred
nanometers have a very high reactivity to oxidize in
atmosphere easily. Accordingly, they are hard to deal with.
In addition, low-cost nanopastes are needed for SLS or
printed electronics. It is costly to prepare pure-metal particles
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as metal nanopastes for SLS or printed electronics. The high
material cost of pure metals is mainly owing to the fact that
the process of preparing pure metals from metal oxides
consumes a large amount of energy. Metal oxides thus have
lower material costs than that of pure metal. If pure-metal
nanoparticles were made by reducing metal oxide powders,
and the reduced metal nanoparticless were used for metal
nanopastes or nanoparticle inks, the material cost could be
gradually reduced. However, metal oxide powders are
reduced to pure-metal powders by electrolysis and
microwave or plasma irradiation at high temperature (over
10,000 K), and it is normal to use a large amount of
electricity and some chemicals. Especially in the case of
electrolysis, hazardous gas is generated by the reduction
process. Reduced metal particles produced by the
conventional method thus have high cost.
Reduction of metal oxides using pulsed laser with a
high-peak-power in liquids by low cost has been already
performed. Metal oxides have already been reduced at low
cost by using a pulsed laser with a high peak power in liquids
[7-15]. This method uses a special mechanism for the
reduction. Usually, thermal reduction occurs during
irradiation by microwaves or plasma at high temperature.
However, it has been suggested that this process not only
involves thermal reduction but also coulomb explosion due to
electrons being ejected from metal oxides. Until now,
because this method used low repetition-rate lasers with
high-energy pulses, the efficiency of reduction by laser
irradiation is around 60%, and the amount of reduced metal
nanoparticles that are produced is small. We modified this
method by using a highly repetitive nanosecond-pulse laser.
If the repetition rate is over 1 kHz, the reduction efficiency is
reported to be close to 100% [12,13,15]. The amount of
reduced metal nanoparticles produced by using this modified
method is very large. Moreover, the energy required to
reduce metal oxides is considerably lower than that
consumed by other methods because of the special
mechanism outlined above.
We previously proposed an energy cycle using
solar-pumped pulse lasers and metals [12-15]. Metal air cells
generate electricity from the reaction of a metal with oxygen
[12,13]. Metal oxides are produced after the metals are used
for generating electricity. They are reduced by using a pulse
laser generated from solar power. As recyclable metals in this
energy cycle, iron, aluminum, and magnesium have been
already used. Sintered iron [12], aluminum [12], and
magnesium [13] nanopastes have been already used for the
air fuel cells. We have already developed and successfully
demonstrated a small instrument for producing metal
nanoparticles by using a solar-pumped high-repetition-rate
pulse laser. The instrument can be used to produce a large
amount of metal nanoparticles from metal oxides at a very
low cost.
Nanocrystalline metals have already been fabricated by
using a fast-cooling method and a “strong-distortion
processing method” and their mechanical and electrical
properties
have
been
measured
[16,17].
These

nanocrystalline metals have been applied in small electrical
circuits, connection wires, and magnetic substances. The
electrical and magnetic properties of nanocrystalline metals
are remarkably different from those of the bulk metal
prepared in a conventional melting furnace because phonon
transfer is prevented. It is thus expected that the abilities of
electrical or magnetic devices will be improved by using
nanocrystalline metals in the future.
At this time, large amounts of iron, aluminum, copper, and
magnesium nanoparticles were prepared (with high reduction
efficiency) from Fe3O4, Al2O3, CuO, and MgO powders by
using laser ablation in liquids, and nanopastes were formed
with the produced metal nanoparticles. Normally, it was very
hard to produce iron, aluminum, copper, and magnesium
nanopastes owing to oxidization, and to the authors’
knowledge, nanopastes other than those developed by us
have not been reported. In the present study, a
high-repetitive-rate nanosecond pulse laser was used for laser
ablation in liquids. The produced nanopastes were sintered
using a CW fiber laser in air atmosphere, and iron, aluminum,
copper, and magnesium metal plates (with centimeter-order
size and low electrical resistance) were obtained. Moreover,
the structures of the sintered metal nanopastes were observed
by SEM and EDX, and their volume resistivities were
evaluated, and the volume resistivities were also compared
with those of the normal bulk metals. Except those developed
in the present study, laser-sintered nanopastes composed of
such metal-oxide powders reduced by laser ablation in
liquids have not been reported. Furthermore, we can produce
large-scale sintered metal plates or bulk metals at high speed
and low cost if high-power lasers are used.

2. Preparation of Metal Nanopastes
A high-repetition-rate microchip Nd:YAG pulsed laser was
used for preparing the metal nanopastes. Maximum output
average laser power was 250 mW, laser wavelength was
1064nm, repetition rate of the laser pulses was 18 kHz, and
pulse duration was 8 ns. The laser beam, with a diameter of 6
mm (1/e2), was focused by using a lens with a focal length of
50 mm. The diameter of the focused beam was thus 20 m at
the front of glass bottle. Glass bottles (with a diameter of 20
mm and length of 38 mm) were used in this experiment.
Metal oxide particles were confined in the glass bottles (with
volume of 5 mL) and reduced by using pulsed laser ablation
in pure water. Iron oxide (Fe3O4), aluminum oxide (α-Al2O3),
copper oxide (CuO), and magnesium oxide (MgO)
(Kounjyundo Chemical Co., Ltd., Japan) were respectively
reduced to iron, aluminum, copper, and magnesium (all with
purity of 99.9%). The weight of all the metal oxides used in
this preparation procedure was 1.0 g. For an example,
reduced aluminum nanoparticles by using this method are
shown in Fig. 1. The left side in Fig.1 shows the aluminum
metal oxides after laser irradiation. The color of the powder
was changed to gray. According to experimental results on
hydrogen generation [12,13,15], it has been cleared that
aluminum powder after laser irradiation was almost reduced

Advances in Materials 2014; 3(6): 75-83

completely. A similar result was reported in the case of iron
powder reduced by laser irradiation [15]. As a consequence,
the metal nanoparticles have oxide shells. However, the
oxide shells do not affect the laser sintering because they are
very thin. This reduction method produces metal
nanoparticles. Moreover, the bandwith of the X-ray spectrum
obtained by XRD analysis of the metal nanoparticles
indicates that their mean sizes are a few tens of nanometers.
According to XRD analysis, the mean size of the reduced
magnesium nanoparticles is 6 nm [13]. Morevover, it has
been found from the results that metal hydroxide is generated
on the surface of the reduced magnesium nanoparticles only
in the case of the laser irradiation of the magnesium-oxide
power. The generated Mg(OH)2 does not adversely affect the
preparation of the mangesium nanopastes.
The reduced metal powders were mixed in a silver paste
(NAG10 Ag 82 wt.%; Daiken Chemical Co. Ltd., Japan) with
a weight of 25 mg. The mixed powder was changed to clay.
The oxides on the surface of the metal nanoparticles were
removed, and the metal nanoparticles were incorporated in
coordinate bond. The incorporated metal nanoparticles thus
became stable and dispersed. The prepared metal pastes were
pasted on slide glasses. The width of the metal pastes on the
glasses were all 7 mm, the thickness was 50 µm, and the
length was around 20 mm. The size of the slide glass was
2.3×3.6 cm with thickness of 1.5 mm. In the case of the iron
nanopaste, reduced iron with a weight of around 90 mg was
mixed in the silver paste. Some commercially available
nanopastes available were sintered to compare these iron and
aluminum pastes.

Fig. 1. Reduced Al nanoparticles; left: after irradiating pulse laser, right:
Al2O3 powder.

3. Experimental Setup for Laser
Sintering
A continuous-wave (CW) Yb:fiber laser (Furukawa
Electric, Japan) was used for laser sintering. The fiber laser
has a high electricity-optical conversion efficiency and uses
air cooling. As for the wavelength and output power of the
laser used for laser sintering, a laser with a wavelength in the
violet-to-far-infrared regime and output power of a few watts
was commonly used. In the case of that regime, metal
nanopaste can absorb almost all the laser light when the laser
light was irradiated on it. The maximum output laser power
was 6 W. The diameter of the output laser beam was 6 mm
(1/e2 ). A Yb:fiber laser with a wavelength of 1064.1 nm was
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used because that wavelength is the same as that of a
Nd/Cr:YAG ceramic laser. The Nd/Cr:YAG ceramic is
employed in solar-pumped laser [14]. The experimental setup
for laser sintering is shown schematically in Fig. 2.

Fig. 2. Experimental setup for laser sintering.

When the metal nanopastes were sintered, the laser beam
was fixed, and the stage was moved in the X and Y directions.
The metal nanopastes were applied directly to the glass plates
on the stage and then sintered in air atmosphere.
The laser parameters were chosen as described below. The
laser beam was scanned over the metal nanopastes once in
the X direction by moving one of the mechanical stages
shown in Fig. 2. After the scan, the laser beam was moved
scanned in the Y direction by moving the other mechanical
stage. The scans in the X and Y directions were then repeated.
The interval between the laser scans in the Y direction in was
chosen to 1.0 mm. The metal nanopastes were sintered by
direct laser sintering and thermal conduction under this
condition. When the interval between laser scans was set to
over 2 mm, the metal nanopastes ware not sintered uniformly.
Here, the scan rate of the laser beam was set to 0.25 mm/s.
The laser intensity was estimated to be 9 W/cm2, and all the
sintered metal nanopastes showed low resistance when
output laser power was over 2.0 W. The laser power at which
low resistance can be obtained by laser sintering varies
slightly in accordance with each metal nanopaste. The metal
nanopastes were heated to over 473 K, at which, the metal
powders cannot be melted. After the laser sintering, the thin
surfaces of the sintered metal nanopastes were removed, and
metallic lusters appear on the sintered metal pastes.
To compare the electrical properties, the laser sintered iron,
aluminum, copper, and magnesium pastes, silver and copper
nanopastes (Daiken Chemical Co. Ltd., Japan), which are
commercial products, were also used for laser sintering. The
structure of the laser-sintered metal nanopastes were
observed by an S-4700 scanning electron microscope (SEM)
(Hitachi High Technologies, Japan). An EMAX7000
energy-dispersive X-ray spectrometry (EDX) (Horiba, Japan)
was used for analyzing the distributions of silver, mixed
metal, oxides, and impurities. The resistances of the sintered
metal nanopastes were evaluated by the four-terminal method,
and their volume resistivities were estimated. To compare the
volume resistivities, we showed the results of the sintered
metal pastes sintered by hot plate. The hot plate used keeps a
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constant temperature by means of an electrical controller, and
the maximum temperature of the hot plate can be set to 773
K. The resistivities were also compared with those of the
normal bulk metals.

4. Results and Discussion
The results of the experimental evaluations of the sintered
metal pastes are shown as follows. After laser irradiation, the
metal nanopastes were heated to over 473 K, the additional
heating reaction of metal nanopastes when sintering occurs
actively. When the sintering reaction occurs, metal paste
looks like a melted metal in the dark. The color of the
sintering metal paste changed to orange. It has been thought
from the color that the temperature of the metal paste reaches
over 1500 K. The results of the experiment show that iron,
aluminum, copper, and magnesium nanopastes were sintered
successfully.

the surface of the sintered metal paste.
Commonly, the sintered iron paste is ferromagnetic. It has
been also found that the sintered aluminum, copper, and
magnesium pastes became ferromagnetic. These pastes were
therefore attracted to a magnet easily. It has also been was
also found that a sintered magnesium paste cannot burn
easily contrary to normal magnesium powder or a
magnesium plate [13].

(a)

(b)

(c)

4.1. Photo Images of Sintered Metal Paste
The hot-plate sintered metal pastes and the laser-sintered
metal pastes are shown in Fig. 3. A sintered commercial silver
nanopaste sintered by hot plate is shown in Fig. 3(a). The
silver paste was sintered at 523 K for five minutes. A copper
nanopaste sintered by hot plate is shown in Fig. 3(b). The
nanopaste was made by mixing large amount of pure copper
metal powders (with mean diameter of 5 m) with silver paste.
The prepared copper paste was sintered at 473 K for one
minute and 523 K for five minutes. As a result, a pale red
copper metal plate with very less oxidization was obtained by
the sintering. Only the prepared magnesium paste was sintered
at 473 K for one minute 573 K for five minutes. The
laser-sintered metal pastes are shown in Figs. 3(c), (d), (e), and
(f). Copper nanopastes (Daiken Chemical Co. Ltd., Japan)
were sintered by the CW fiber laser (with output power of
2.5W). The laser-sintered paste is shown in Fig. 3(c). Laser
scan rate was 0.6 mm/s. The copper nanopastes have a high
resistance, namely, around 80 Ω/cm. It has been prospected
that the copper nanoparticles were hardly oxidized. The
laser-sintered iron, aluminum, and copper nanopastes are
shown in Figs. 3(d), (e), and (f), respectively. The output laser
power of the CW fiber laser was 2.5 W. The scan speed of the
laser beam was 0.25 mm/s. As shown in these figures, metallic
lusters appear on the sintered iron, aluminum, and copper
nanopastes. It has been confirmed that the color of sintered
copper paste in Fig. 3(b) and that of the sintered copper paste
in Fig. 3(f) are remarkably different. It has been thought that
the mean size of the copper particles in the sintered paste
shown in Fig. 3(b) is order of few microns. In contrast,
because the mean size of the copper polycrystals in the
sintered paste shown in Fig. 3(f) is small (in the order of 10
nm), it has been prospected that the spectrum of the reflected
white light broadens owing to the activation of the plasmon on

(d)

(e)

(f)

Fig. 3. Each sintered metal pastes: (a) sintered Ag nanopaste; (b) sintered
Cu nanopaste; (c) laser-sintered Cu nanopaste; (d) laser-sintered Fe plate;
(e) laser-sintered Al plate; (f) laser-sintered Cu plate.

4.2. SEM Images and Characteristic X-Ray Spectrum
SEM images and the characteristic X-ray spectrum of the
laser-sintered metal nanopastes with containing laser-reduced
metal nanoparticles highly are shown in Figs. 4, 5, and 6. The
results of analyzing components are shown in the next
section. According to the results of EDX [shown in section
4.3], a characteristic X-ray spectrum [shown in Fig. 4(b)],
and the results of XRD analysis [12], the large particles,
which appear ball-like, consist of iron nanoparticles [12,15].
The large iron particles are secondary particles. As shown in
Fig. 4(a), the reduced iron nanoparticles (with mean size of
12 nm) were gathered and slicked together. The mean size of
the grown iron particles was around 2 m. It is clear that the
large iron particles and silver sintered paste were separated.
The characteristic X-ray spectrum of laser-sintered metal
nanopastes was mainly observed for the secondary metal
particles in the sintered metal pastes. Because the intensity of
the characteristic X-ray spectrum differs according to
material, such as metal, oxygen, or carbon, the quantities of
such materials cannot be obtained.
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(a)

(b)
Fig. 4. Results of SEM analysis of laser-sintered Fe nanopaste: (a) image and (b) characteristic X-ray spectrum

(a)
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(b)
Fig. 5. Results of SEM analysis of laser-sintered Al nanopaste: (a) image and (b) characteristic X-ray spectrum

(a)

(b)
Fig. 6. Results of SEM analysis for laser-sintered Cu: (a) image and (b) characteristic X-ray spectrum
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The aluminum nanoparticles in the paste are gathered and
stickled together. However, the mean size of the generated
secondary aluminum particles was 0.5 m as shown in Fig.
5(a), which is smaller than that of the laser-sintered copper
and iron nanopastes. The large aluminum particles and silver
sintered paste were separated. It had been found from the
SEM image that nano-order small structures exist on the
surface of the secondary aluminum particles. According to
the characteristic X-ray spectrum shown in Fig. 5(b),
chromium, iron, and nickel were detected in the secondary
aluminum particles. However, the ratio of all the impurity
was in the order of 0.001% in the metal oxides before laser
irradiation. This impurity content is not a problem in regard
to fabricating pure metals plates. The metal impurities exist
mainly in the secondary aluminum particles.
The copper nanoparticles in the paste are gathered and
stickled together. The mean size of the generated secondary
copper particles was 1.5-2.0 m as shown in Fig. 6(a),
namely, smaller than that of the secondary iron particles. The
secondary copper particles and silver sintered paste were
almost separated. The interval between the secondary copper
particles was very small. According to the characteristic
X-ray spectrum shown in Fig. 6(b), only carbon was detected
in the secondary copper particles.
4.3. EDX Mapping
The results of EDX mapping analysis of the laser-sintered
iron nanopaste are shown in Fig. 7. The map shown was
obtained before the surface of the laser sintered iron
nanopaste was scraped. According to this result of EDX
mapping, as shown in Fig. 7(b), the particles, which are
sphere-like, are secondary iron particles. It has been found
that the secondary iron particles and silver sintered paste are
separated, as shown in Figs. 7(b) and (c).

Silver particles move to the outer surface of the iron
nanopaste when the nanopaste is sintered. The secondary iron
particles remain at the center of the sintered iron nanopaste in
the direction of the thickness. After sintering, the sintered
silver paste was removed from the sintered nanopaste.
Carbon is a component of the silver nanopaste, and the
EDX analysis showed that carbon are scattered near the
sintered silver nanopaste, and the oxygen was attached to the
outer surface of the secondary iron particles. The
laser-sintered aluminum and copper nanopaste were also
analyzed by EDX mapping. The results of EDX mapping
analysis for aluminum and copper nanopaste were the same
as those for Fe paste.
4.4. Evaluation of Volume Resistivity
The resistance and volume resistivity of all the sintered
metal nanopastes were evaluated by the four-terminal method.
The results are listed in Table 1. The volume resistivity of the
laser-sintered metal nanopastes are compared to that of
common metal bulks. The resistivity was calculated by
measuring the voltage and current per centimeter. The
resistance was evaluated at 298 K. In fact, after laser
irradiation, although the sintered metal nanopastes had slight
distortions on the surface, the distortion was neglected when
volume resistivity was estimated. The thickness of the metal
pastes was taken as 50 µm in the calculation.
The volume resistivity of the laser-sintered metal nanopastes
were also compared to that of the hot-plate sintered metal
nanopastes. Spatial metal nanopastes were also synthesized.
The nanopastes with reduced-metal nanoparticles were
prepared by adding silver nanopaste to glycerin to reduce the
quantity of the silver nanopaste used.
Table 1. Evaluated resistance and volume resistivity [18]

Ag nanopaste ( Fig.3(a) )

Resistance
(Ω)
0.020

Volume resistivity
(Ωm / 10-8 )
70

Cu nanopaste ( Fig.3(c) )

80

2x 10 5

Bulk Fe (293K)

―

10

Fe nanopaste (Ag paste)
Fe nanopaste
(Ag paste and glycerin)
Laser sintering ( Fig.3(d) )

0.028

98

0.32

1120

0.027

94.5

Bulk Al (293K)

―

2.65

Al nanopaste (Ag paste)
Al nanopaste
(Ag paste and glycerin)
Laser sintering ( Fig.3(e) )

0.002

7

0.01

40

0.032

77

Bulk Cu (293K)

―

1.68

Cu nanopaste (Ag paste)
Cu nanopaste
(Ag paste and glycerin)
Laser sintering ( Fig.3(f) )

0.002

7

0.016

56

0.022

77

Bulk Mg (293K)

―

4.42

Mg nanopaste (Ag paste)

0.017

51

Laser sintering

0.048

144

Materials

(a)

(b)

(c)

Fig. 7. Results of EDX mapping: (a) scattering image, (b) Fe, (c) Ag.
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All measured resistances per centimeter of metal
nanopaste before sintering were very high (i.e., over 10 MΩ).
All measured resistances of the sintered metal nanopastes are
reduced to 0.3 Ω. This result shows that all the sintered metal
pastes are metalized. The resistance of the aluminum and
copper nanopastes sintered by hot plate were single order and
lower than that of commercial silver nanopaste. It is thus
concluded that the resistance is not determined by the
sintered silver nanopastes but by the sintered iron, aluminum,
copper, or magnesium nanopastes.
In this experiment, the metal nanopaste was thick, and its
outer surface contacts air; consequently, the temperature of
the metal nanopastes should degrade slightly during sintering,
thereby increasing of the resistance of the nanopaste.
The resistance of the sintered metal nanopastes is higher
than that of common bulk metals owing to the boundary
between the secondary metal particles. The high resistance is
thought not to be due to the impurities. The metal nanopastes
sintered by hot plate have 2.5- to 11-times-higher resistivity
than those of common metals fabricated in blast furnaces.
However, the laser-sintered metal nanopastes have 9.5- to
45-times-higher resistivity than those of such common metals.
In the case of the laser-sintered iron nanopaste, its resistance
is almost the same as that of the iron nanopaste sintered by
hot plate. It is clear from the result that the iron nanopaste
was sintered uniformly because its thermal conductivity is
one order lower than that of aluminum, copper, and silver
and because the iron nanopaste was heated at a higher
temperature. However, the sintered aluminum, magnesium,
and copper nanopastes made by adding silver nanopaste to
glycerin have single-order higher resistances than that of
the nanopastes made by adding silver nanopaste to reduced
metal nanoparticles. It is thought that carbon affects the
resistance or the sintered metal nanopastes are slightly
oxidized.
In the case of the laser-sintered aluminum, copper, and
magnesium nanopastes, their resistances are one order higher
than those of the aluminum, magnesium, and copper
nanopastes sintered by hot plate. In the case of sintering
aluminum, magnesium, and copper nanopastes, it has been
recognized that the nanopastes ware sintered non-uniformly
because their thermal conductivities are around five times
higher than that of iron, and the aluminum, copper, and
magnesium nanopastes were heated at a lower temperature
owing to heat loss by thermal conduction.
The resistance seems to be low in the direction of the laser
scan owing to the uniformity of the high temperature generated
by laser heating. The obtained volume resistivities are spatially
averaged values. The local volume resistivities of the laser
sintered aluminum, copper, and magnesium nanopastes, the
parts at which the center of the laser beam was irradiated,
should be adequately as low as that of the aluminum, copper,
and magnesium nanopastes sintered by hot plate.
Because these resistance are between 0.002 and 0.32 Ω,
these sintered metal nanopastes will be applicable to
small-scale electrical circuits or electrical wire bonding.
However, they will not be applicable to large-scale electrical

circuits due to their high resistance.
The way to improve the sintering method is summarized as
follows.
1) Uniform sintering and lower resistance
In the instrument used for laser sintering, a laser beam
with a long and narrow square profile should be used to
sinter a metal nanopaste with a large area.
2) Preparing more pure metals
Silver nanoparticles in the prepared metal nanopastes can
be melted and deposited by using some heating instruments,
and iron, aluminum, copper, and magnesium metal plates
containing less silver can be obtained. Moreover, heating the
metal plates for annealing will lower their resistances close to
those of the respective common metal bulks.

5. Conclusions
Nanopastes with reduced iron, aluminum, copper, and
magnesium nanoparticles were prepared. Commonly, these
metals are easy to oxidize, and it has been hard to sinter
metal nanopastes with their nanoparticles by using
conventional methods. The nanopastes were sintered by
using a CW fiber laser in air. The structures of the
nano-polycrystalline pastes were analyzed by EDX and
SEM. A large amountof secondary metal particles (with
diameter of 0.5-2 µm) was observed in the laser-sintered
metal pastes. Normally, the conventional color of copper is
pale red, but that of the laser-sintered copper nanopaste was
close to that of normal metals. The metal nanopastes
sintered by hot plate have 2.5 to 11 times higher resistivities
than those of common metals fabricated in blast furnaces.
Moreover, the laser-sintered metal nanopastes have 9.5 to
45 times higher resistivities than those of common metals
fabricated in blast furnaces. The resistivities of the
laser-sintered metal pastes are adequately low for utilization
of the nanopastes in electrical circuits. The sintering method
as shown in this paper using a laser irradiation system
should be modified in the future to obtain lower resistivity
and fabricate large-scale metal plate or bulk.
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