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Laser Production of Ultrafine Particles of Ceramics and
Ceramic-Metal Mixtures’

Akira MATSUNAWA * and Seiji KATAYAMA **

Abstract

This paper describes the production and characteristics of ultrafine particles of ceramics and metal-ceramic mixtures
by pulsed YAG laser evaporation technique using plates and powders of various ceramics, metal + C mixtures, metals
and alloys as target materials. Most particles produced were ultrafine in the size range of less than 150 nm. The size was
smaller with a reduction in chamber (ambient) pressure. It was observed that ultrafine particles were built-up to be larger
due to the collision and condensation of atoms, clusters and super ultrafine particles. Ultrafine particles of B -SiC and 7 -
ALOs were produced from a-SiC and «-ALQO; ceramic target plates in Ar atmosphere, and then the weight loss
evaporated by one laser shot (evaporation rate for the formation of ultrafine particles) for ceramic targets of SiC and
Al,O3 was by far greater than that for metal targets. Ultrafine particles of SiC and TiC could also be produced from SiC
powders or Si and C mixed powders and TiC powders or Ti and C mixed powders in Ar.

Ultrafine oxide particles could be prepared from various pure metals by laser irradiation in O,. These types were
dependent upon some groups of neighboring elements: MO type of CoO, NiO, CuO and ZnO; M,O; type of CryOs,
Mn,0;, Fe,03 and AlL,O3; MO, type of TiO,, ZrO,, SnO, and PbO,; M,0s type of Nb,Os and Ta,Os; MOjs type of
MoO; and WOj3. The formation of TiO, and NiO particles (of less than 10 nm in size) at 50 Pa (0.4 Torr) indicated that
oxide powders could be easily formed even at a reduced pressure of up to 50 Pa. In N, atmosphere, ultrafine nitride
particles of TiN, ZrN, VN, Cr;N, Ta,N, Nb,N; and Mn,N (or ¢ -MnN) were formed, and ultrafine particle mixtures of
Al metals and AIN nitrides were made from Al plate, but metallic particles were produced from the plates of Fe, Ni, Cu,
W, Mo, Si, etc. Accordingly, for Fe-Ti and Ni-Ti alloys in N, atmosphere, metal-nitride mixture particles such as Fe and
TiN and Ni and TiN were formed, and the mixture ratio depended upon alloy composition of Fe and Ni to Ti.
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1. Introduction

Recently, ceramics such as Al,O3, ZrO,, Fe,03, SnO,,
SisNy, AIN, TiC, WC and SiC are called “new” or “fine”
ceramics and have been drawn attention to as high
performance materials because of their superior properties
of high-temperature strength, high resistance to oxidation,
corrosion, erosion and wear, magnetic, specific electrical
and optical properties, high hardness, low density, semi-
conductivity, and so on®. Especially, ultrafine ceramic
particles of less than 1 xm in size are highlighted as high-
performance materials for the achievement of excellent
function parts with high reliability>®.

There are many physical and chemical processes for
the production of ultrafine powders>?¥. Such ultrafine
powders can be produced during heating and evaporation
process or absorption and reaction process by laser
irradiation*'¥. Uyeda, et al?. and Kato® attempted to
produce various ultrafine oxide particles from their target
oxides by cw CO, laser irradiation. Haggerty, et al®”.
tried to form ultrafine Si particles from SiH,, and SiC or

SizN, powders from SiH, and C,H, or SiH, and NHj,
respectively, by CO, laser-assisted chemical reaction.

The authors have performed a series of fundamental
studies on the formation and characterization of many
kinds of ultrafine particles by laser heating and
evaporation dry process®'?. In the previous paper'? were
clarified the formation behavior of ultrafine metal and
alloy particles, laser irradiation conditions for metal
particle produciton, the characteristics of shape, size
distribution and crystal structure of metals, the effect of
environmental pressure on the particle size.

As above-mentioned, ceramics of oxides, nitrides and
carbides attract attention. Therefore, this study was
undertaken to confirm a formation feasibility of ultrafine
particles of various ceramics and metal-ceramic mixtures
by laser evaporation technique by employing various
kinds of plates and powders of ceramics, metals and
alloys. The characteristics of morphology, size distribution
and lattice structures of ultrafine particles were
investigated with transmission electron microscope (TEM)
and X-ray diffractometer.
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Target material

Fig. 1 Schematic illustration of laser evaporation technique.

2. Materials and Experimental Procedure

2.1 Materials used

Target materials used are «-SiC and «-Al,O; (3mm")
ceramic plates, SiC and TiC ceramic powders, Ti or Si
and C metallic powders, various pure metal plates of Al,
Fe, Ti, Ni, Cr, Zr, Si, Nb, Mo, Ta, W, etc., and Ni-Ti
and Fe-Ti binary alloy plates (about 20, 40, 55, 65 and 80
wt%Ti for Ni-Ti alloys; 20, 33, 54, 70 and 85 wt%Ti for
Fe-Ti alloys). Target plate surfaces were polished with
No.400 emery paper and cleaned by acetone prior to laser
irradiation.

2.2 Laser apparatus and experimental procedure

Ultrafine particles were produced by a pulse laser
evaporation technique, as shown schematically in Fig. 1.
The details of the apparatus and experimental procedure
were described in the previous paper'®. The laser used as
a heat source is a pulsed Nd:YAG laser by Control Laser
Model 428 (maximum average power of 200 W), which
was fired at the laser pulse energy of 9 to 33 J/p, a pulse
width of 3.1 ms and a repetition rate of 10 to 4 pulses/s
(PpS)-

Moreover, in order to obtain a fundamental knowledge
of the formation process of ultrafine particles (collision,
condensation and coalescence of vapors), collection
meshes were used, as the arrangement in the chamber is
shown in Fig. 2.

3. Experimental Results and Discussion

3.1 Yield of ultrafine powders

Ultrafine powders were sometimes deposited and
attached to the window of the chamber and its protection
glass, leading to the absorption of incident laser energy
and the damage of the window by the interaction of a
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Fig. 2

Schematic arrangement of meshes for particle collection
to laser-induced plume.

(d)

Fig. 3 Laser-induced plume from SiC target with inclinations of
10, 30, 50 and 70°.

laser beam, when the target was horizontally put parallel
to the glass window in producing ultrafine particles,
especially under the conditions of high laser power/energy
and reduced pressure. Therefore, with the objective of
improving these defects, the effect of target angle to the
incident beam was first investigated.

Figures 3 (a) to (d) are still pictures showing plumes
generated from the SiC target plate with inclinations of 10
to 70° by laser under the conditions of E, = 9.2 J/P and
fd = 20 mm. With each shot, a plume of intense white
light emission could be observed normal to the target
surface. As the angle of inclination increases, the plume
was shorter, leading to lower yield of ultrafine powders
with an increase in the angle of inclination. As a result, a
slope of 20 to 30° was judged to be suitable for this laser
production of powders.

Yields of powders were investigated by comparing
weight losses evaporated by a single laser shot. Figure 4
shows weight losses of SiC and Al,O3 evaporated by laser
shot with E, = 14.9 J/p in 0.1 MPa (1 atm) Ar atmos-
phere. Yields of particles from ceramic targets were a few
times larger than for those from metal plates'®,
irrespective of a small incident laser energy. It was
therefore understood that it was easier to produce
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powders from ceramic targets presumably because of
higher laser absorption.

3.2 Production of ultrafine ceramic particles from ceramic
plates and powders

3.2.1 Production from ceramic plate

Characterisitics of ultrafine particles were investigated
by laser shots on Al,O; and SiC plates in air, O, or Ar
atmosphere.

Figure 5 exhibits TEM photo of particles produced
from ALOs; plate in Ar. Particles obtained are ultrafine in
the globular shape of less than 80 nm size. Figure 6
indicates X-ray diffractometer results of AlL,O; target
plate (a) and ultrafine powders produced (b). 7-ALO;
particles were formed although the target was «-ALOs;.
Such Al,Oj; particles were also produced in air and O,.

On the other hand, SiC particles could not be prepared
from SiC plate in air or O,, because of oxidation. This
suggests that inert gas atmosphere is needed to prevent
oxidation. Figure 7 shows TEM photo (a) and size
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Fig. 4 Evaporation weight losses of SiC and Al,O; plate targets
by laser shot in Ar.

Fig. 5 TEM photo of particles produced from AlL,O; plate
target by laser in Ar.
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Fig. 6 X-ray diffractometer results of Al,O; plate target (a) and
ultrafine powders produced (b).
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Fig. 7 TEM photo (a) and particle size distribution (b) of
powders made from SiC target by laser in Ar.
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Fig. 8 X-ray diffractometer results of SiC plate target (a) and ultrafine powders produced (b).

distribution (b) of particles made from SiC plate in Ar.
Figure 8 indicates X-ray diffractometer results of SiC
target plate (a) and ultrafine powders prepared from it
(b). Granular, polygonal B -SiC particles in a wider size
range of less than 150 #m were formed from the target
of «-SiC.
3.2.2 Production from ceramic powders

Ultrafine particles were tried to produce from powders
in Ar. X-ray diffraction result of ultrafine particles
prepared from SiC powders is shown in Fig. 9. It is noted
that a small number of Si particles were formed in
addition to £ -SiC ones. This suggests that most or part of
SiC target powders are decomposed into Si and C atoms
during evaporation, and that Si and C elements are not
completely united or combined again. The extra amount
of C is required to avoid the formation of Si particles and
to form more ultrafine SiC particles. In fact, the
formation of Si particles was prevented by using powders
mixed at the weight ratio of SiC: C = 20: 1. This result
suggests a feasibility of SiC particle formation from the
mixture of Si and C powders. Additionally, the reason

—+-.—Relative . Intensity

Fig. 9 X-ray diffractometer result of ultrafine particles produced
from SiC powder target by laser in Ar.

why Si particles were not formed from SiC plate may be
interpreted in terms of the fact that extra free C is added
as a synthesis-assisting material.

Ultrafine TiC particles were produced by
irradiation on TiC powders. Polygonal particles of the
same crystal structure as the target powders were formed,
as shown in Fig. 10. For TiC target powders, decomposed

laser

E"’E¥—KE=“ =.=

7@%@

Fig. 10 TEM photo (a) and X-ray diffractometer resuit (b) of ultrafine TiC particles produced from

TiC powder target by laser in Ar.
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and isolated Ti was not detected, whereas decomposed Si
was present for the use of SiC powders. This may suggest
that the potentiality of TiC particle formation is greater
than that of SiC. ‘

3.2.3 Production of carbide particles from metal-carbon
mixture powders

An attempt was made to produce ultrafine particles of
SiC and TiC ceramics from mixtures of Si/C and Ti/C
powders, respectively, by laser evaporation method in Ar
atmosphere. Figures 11 (a) and (b) show TEM photo and
X-ray diffractometer result of particles prepared from the
mixtures of Si/C powders at 1:1 ratio. Ultrafine particles
in (a) closely resemble the particles produced from SiC
plate (See Fig.7) and powders, and the formation of SiC
ceramic particles is confirmed in (b). (Besides, extremely
ultrafine particles observed may be of C although it can
not be detected by X-ray diffractometer, and thus other
analytical methods should also be utilized to sufficiently
identify particles.)

It was also confirmed that ultrafine TiC particles could
be produced by irradiating a laser onto mixtures of Ti/C
powders in Ar. Moreover, intense exothermic reaction
took place (like seifburning) in the target powders of Ti
and C, leading to the spontaneous formation of TiC

Targ
40KV~20mA

i

~sic(g) (11

SIC(B) (220)

Relative intensity

e

Fig. 11 TEM photo (a) and X-ray diffractometer result (b) of
particles produced from mixture target of Si and C
powders by laser in Ar.
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ceramic powders of the order of mm, although such
burning was not observed in Si and C powders. It is noted
that such phenomenon is used for exothermic spontaneous
synthesis of ceramics, and that a laser may be useful as an
ignition source.

From the above results it was found that SiC and TiC
ceramic particles could be formed by using Si + C and Ti
+ C powder mixtures.

3.3 Production of ultrafine oxide particles from metal by
laser shot in oxygen

An investigation was performed to produce ultrafine
oxide particles by the laser evaporation method of metal
target plates in O, atmosphere at 0.1 - 0.2 MPa (1 -2
atm).

Figure 12 shows TEM photo (a), electron diffraction
rings (b), size distribution (¢) and X-ray diffractometer
result (d) of particles prepared from Al plate by the laser
process in O,. Particles were identified to consist of 7 -
ALO; oxides mainly and 0 -Al,O3 oxides partly without
metallic phase of Al. Almost all particles were spherical
in shape, and their sizes were predominantly in the range
of less than 100 nm. Observation and analytical results of
particles produced from Fe target plate in O, are given in
Fig. 13. Particles of 7 -Fe,O3 and ¢ -Fe,O; oxides were
formed. Most particles were spherical in the size range of
10-80 nm, and part of larger particles were polygonal in
the range of 80-130 nm.

The production of various oxide particles
conducted by utilizing other metals in a similar way. The
result of kinds and crystal structures of particles produced
are summarized in the periodic table of elements of Table
1. Five types of oxide particles were produced. It is
interesting to know that neighboring elements -are
grouped to form the same type: MO type of CoO, NiO,
CuO and ZnO; M,0;3 type of Cr,O;, Mn,Os, Fe,O3 and
Al O3; MO, type of TiO,, ZrO,, SnO, and PbO,; M,0O5
type of Nb,Os and Ta,0s; MOj; type of MoO; and WO,
where M is representative of metallic element. As well
known, ALO;, Fe,03, TiO,, ZrO,, etc. have various
kinds and crystal structures named {a, B8, 7, ¢, €,
etc.}, {rutile, anatase, brookite} and {monoclinic,
tetragonal, cubici. It is understood that, in laser
evaporation process, phases stable at high temperature
might be formed and retained as metastable at room
temperature. '

Oxide particles were slightly larger in size and had
broader size distribution than metal ones. It is interesting
to know whether oxide particles are formed from metal
target in O, at a low pressure or not. Figure 14 exhibits
TEM photo of ultrafine particles made from Ti in O, at
1.3 kPa (10 Torr). X-ray diffractometer results of particles
produced at 0.1 MPa (760 Torr), 1.3 kPa (10 Torr) and

was
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Fig. 12 TEM photo (a), electron diffraction rings (b), particle size distribution (c) and X-ray
diffractometer resuit (d) of powders produced from Al plate target by laser in O,.

Fig. 13 TEM photo (a), electron diffraction rings (b), particle size distribution (c) and X-ray
diffractometer result (d) of powders produced from Fe plate targer by laser in O,.
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Table 1 Summary of ultrafine oxide particles produced by laser evaporation method of various metals
in O, tabulated in periodic table of elements

A VA
Al St
3 Al20s °! -
V8 VB vis - VI8 B | : | : | 18 ms (Cubic) | [Amor]-?
2 Ti v “Cr Mo Fe Co Ni .Cu In Ge
Ti02 *? o Crz0s | 7-Mne0s | Fe203 **| Co0 Ni0 Cul 0 -
(Tetra) | [Awor]'2 | ca-Al20s | (Tetra) | (Tetra) | MaCt (C)| (Hexa) | (Hono) |ZnO (H) [Amor]-?
5 Ir Nb Mo Sn
Irde °* Nb20s | % -MoOs Sn02
(Hono) | (Hono) ) (Tetra)
Ta v Element Pb
8 &§-Taz20s | W0 UFP oxides produced Pbl2 ¢
(Ps.H) | (Tricl) Crystal structure (systea'?) (Orthor)

Note o $1 7-A1203(C)+8 -A120a(-) .42 Amorphous 43 Anatase(Tetra)+Rutile(Tetra)
$4 7 -Fe20a(Tetra)t £ -Fe202(tono) 45 CubictTetragomaltMonoctinic 46 a-Pb02 (+PbO(0r thorhoabic))

47 C:Cubic; TetralTetragonal; H & HexalHlexagonal; MonotMonoclinic;
Tricl:Triclinic; Orthor:Orthorhombic; Ps.H:Pseudo Hexagonal

0.1 kPa (1 Torr) are shown in Fig. 15. (Broad peak of 20-
40° is due to the glass for powder collection.) It was
clearly found that TiO, oxide particles (of less than 10 nm
in size) could be produced in O, even at 0.1 kPa. Also,
the production ratio of rutile to anatase TiO, increased
with a decrease in pressure. This may presumably have a
correlation to particle size and quenching rate from high
temperature. Similarly, it was confirmed that TiO, and
NiO could be formed from Ti and Ni targets in O, at a
reduced pressure of up to 50 Pa (0.4 Torr: minimum low
pressure at this experiment).

3.4 Production of ultrafine nitride particles from metal by rargh €
laser shot in nitrogen :

A feasibility of the formation of ultrafine nitride
particles was investigated by laser evaporation of metal
targets in N, atmosphere at 0.1 MPa (1 atm).

Figure 16 shows TEM Photo and X-ray diffractometer
result of ultrafine particles produced from Cr plate in Nj.

Y A HI Q1N DU M T T e 2 s s 81 R
N S D S S o S L s o

111 50 L s 1 10 Y RO B Scm O
{e)

{M=ie]

Fig. 15 X-ray diffractometer results of ultrafine powders
Fig. 14 TEM photo of ultrafine powders produced from Ti plate produced from Ti plate target by laser in O, at 0.1 MPa
target by laser in O, at 1.3 kPa (10 Torr). (a), 1.3 kPa (b) and 0.1 kPa (c).
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Spherical f-Cr,N ceramic particles of less than 100 nm in particles produced from Al plate. Two characteristic types
size were formed. Figure 17 shows TEM photo (a), size of smaller polygonal particles with edges and slightly
distribution (b) and X-ray diffractometer result (d) of larger spherical particles were observed, in accordance

with two ranges of 10-60 nm and 60-120 nm in particle
size distribution. These may correspond to AIN ceramic
particles and Al metallic particles respectively.

Such similar investigation was undertaken using other
metal targets in N, atmosphere. Summary results of kinds
and crystal structures of particles produced by laser
evaporation technique in N, atomosphere are given in
part of periodic table of elements in Table 2. For Ti, Zr,

(b)
Fig. 16 TEM photo (a) and and X-ray diffractometer result (b) Fig. 17 TEM photo (a), particle size distribution (b) and X-ray
of powders produced from Cr plate target by laser in diffractometer result (c) of powders produced from Al
N,. plate target by laser in N,.

Table 2 Ultrafine nitride or metal particles produced by laser evaporation process of various metals in
N, summarized in periodic table of elements

A IVA

Al Si

3 , AN | i
V8 VB vis VIB A ' | w IB 11 (FCCY(H) | (Diamo)

Ti v Cr Mn Fe Co Ni Cu In Ge

4 TiN N B-CraN | MnaN *2] a-Fe Co(Co0) Ni Cu In Ge
NaCi(C) | NaCI(C)| (Hexa) | (Cubic) (BCC) (FCCX(CY | (FCCY (FCC) CHCP) (Diamo)

5 Ir Nb Mo . Sn
ZrN NbalNs *2 Mo B-Sn
NaCI(C) | (Tetra) | (BCC) (Tetra)

Ta v Element ‘ Pb

© TazN ¥,(¥:0) UFP produced in N2 Pb
(llexa) { (BCC) ** Crystal structure (system'®) (FCC)

Note : $1 AI(FCCM+AIN(ZNO struc.(Hexa)) 32 MnaN(Cubic)+ 8 -MnN(Tetra)  $3 NbaNa(Tetra)+Nbens.s2(Cubic)
$#1 W(BCC)+W10( B -W)
35 C:Cubicic; Tetra:Tetragonal; H & Hexa:Hexagonal; Diamo:Diamond.
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V, Nb, Ta, Cr and Mn targets, nitride particles of TiN,
ZiN, VN, NbsN3, TaoN, Cr,N and MnyN (or ¢ -MnN)
were formed, respectively. Ultrafine particle mixtures of
Al metals and AIN nitrides were made from Al
However, for Fe, Co, Ni, Cu, Zn, W, Mo, Si, Ge, Sn and
Pb elements, the powders produced were not nitrided but
metallic, and they were the same particles as in Ar. There
appears to be a tendency that MN(M:metallic element)
type was formed for Ti and its vicinity in the periodic
table, and the ratio of N to M decreased just like M,N
type for elements far from Ti and M type for elements
farther away.

Free energies for formation of several nitrides are
shown as a function of temperature in Fig. 18%Y. This
indicates that TiN and ZrN were likely to form due to
great negative free energy. It is also understood that
Cr,N, which is more stable above 600 K than CrN, was
produced, and that it was difficult to produce Fe-nitrides
such as Fe,N and FeN because of thermodynamical
instability above room temperature. These results suggest
that this laser evaporation technique in N, may produce
mixtures or composites of ultrafine metal + nitride
powders by using an alloy target consisting of a metal-
forming element and a nitride-forming element.

3.5 Production of ultrafine metal + nitride particle
mixtures from alloy by laser shot in nitrogen

A formation feasibility of mixtures or composites of
ultrafine metal-nitride particles was investigated by laser
evaporation of Ni-Ti and Fe-Ti alloys in N,. Figure 19
indicates X-ray diffractometer results of powders obtained
from 80%Fe-20%Ti (FT2), 46%Fe-54%Ti (FT5) and
15%Fe-85%Ti (FTI8) alloys. Fe and TiN phases were
formed from Fe-Ti alloys, and the peak ratio of TiN
nitride to Fe metal varied with alloy composition of Ti to
Fe. Similar results were also obtained from Ni-Ti alloys.
Figure 20 (a) and (b) exhibit TEM photos of particles
produced from 35%Ni-65%Ti alloy (NT6) and 46%Fe-
54Ti alloy (FT5), respectively. Ultrafine particles of less
than 100 nm size are observed in the projection form of
cubic, polygon and globule. It is judged from particle
shapes that cubic particles are regarded as TiN nitrides
and spherical particles were metallic. From these results,
it was found that mixtures of Fe and TiN and Ni and TiN
were formed, and that the mixture ratio was controllable
depending on alloy composition of a target.

3.6 Formation process of ultrafine particles

The formation process of ultrafine particles was
examined by using collection Cu meshes coated with
carbon film as shown in Fig. 2, when laser pulses were
shot at E, = 14.9 J/P and fd = 20 mm at 100 or 0.6 kPa.
Figure 21 exhibits TEM photos of ultrafine SiC particles
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collected directly by carbon films at various locations
(distance from target surface to mesh, h =7 & 45 mm,
distance from plume axis to mesh, r=0 & 5 mm) at

40 -
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Fig. 18 Free energy of formation of several nitrides as function
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Fig. 19 X-ray diffractometer results of powders produced from
targets of 80%Fe-20%Ti, 46%Fe-54%Ti and 15%-

85%Ti alloys by laser in N,.
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Fig. 20 TEM photos of ultrafine powders produced from targets of 35%Ni-65%Ti and 46%Fe-54%Ti
alloys by laser in N,.

r= Oomm 5mm

Fig. 21 TEM photos of ultrafine SiC powders produced from SiC plate target by laser in Ar at 100
kPa, and collected directly by carbon film on mesh at locations of h =7 & 45 mm and r = 0
& 5 mm.

) @ . 3 4

Fig. 22 TEM photos of ultrafine Ni powders produced from Ni plate target by laser in Ar at 0.6 kPa and
collected directly by concave carbon film in mash hole.
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100kPa. Larger particles were observed in the outer part
of a plume. Figure 22 shows TEM photos of Ni particles
produced at 0.6 kPa, collected through concave carbon
film and observed from center to outer in one mesh hole
(h =9 mm, r =0 mm). Particles were larger away from
the center of the mesh hole. This suggests that the
collision and condensation (coalescence) of vapors took
place during flow on (below) the concave film (during
flying upwards from the target).

4. Conclusions

A production feasibility of ultrafine particles of
ceramics and metal-ceramic mixtures was investigaed by
pulsed YAG laser heating-evaporation technique of
various target materials in Ar, O, or N, atmosphere. The
following chief conclusions can be drawn:

(1) TUltrafine particles of §-SiC and 7 -Al,O; ceramics
could be produced from their «-SiC and «-Al,O4
ceramic plates in Ar atomosphere.

(2) The weight losses of SiC and Al,O; ceramic targets
evaporated by one laser shot (corresponding to
evaporation -rate for the formation of ultrafine
particles) were by far greater than those of metal
targets.

(3) Ultrafine particles of SiC and TiC could be
produced from SiC powders or Si and C mixed
powders and TiC powders or Ti and C mixed
powders in Ar.

(4) Ultrafine oxide particles could be formed from
various pure metals by laser irradiation in O,.

(5) Oxides with 5 types of metal-to-oxygen ratios
appeared to form according to neighboring similar
elements: MO type of CoO, NiO, CuO and ZnO;
M,0; type of Cr,Oz;, Mn,Oj;, Fe,O; and AlOs;
MO, type of TiO,, ZrO,, SnO, and PbO,; M,0s
type of Nb,Os and Ta,Os; MO; type of MoO; and
WO;.

(6) TiO, and NiO oxide particles (of less than 10 nm
size) were produced from metal in O, even at
reduced pressure of 50 Pa (0.4 Torr).

(7) Almost all ultrafine particles were in the size range
of less than 150 nm. The size was smaller with a
reduction in chamber (ambient) pressure.

(8) In N; atmosphere, ultrafine nitride particles of TiN,
ZiN, VN, Cr,N, Ta,N, NbyN; and MnyN (or ¢ -
MnN) were produced from their metal targets, and
ultrafine particles mixtures of Al metals and AIN
nitrides were made from Al plate, but metalic
particles were produced from the plates of Fe, Ni,
Cu, W, Mo, Si, etc. This result was interpreted in
terms of thermodynamic stability (free energy for
formation). ‘

(9) For Fe-Ti and Ni-Ti alloys in N, atmosphere, metal-
nitride mixture particles such as Fe and TiN and Ni
and TiN were formed, and the mixture ratio
depended upon alloy composition of Fe and Ni to
Ti.

(10) The formation process of ultrafine powders was
understood in terms of collision, condensation and
coalescence of vapors.

Acknowledgments

The authors wish to acknowledge Mr. A. Susuki, a
former graduate student of Kansai University (now
working for Hitachi Corp. Ltd.), for his earnest
cooperation in conducting some experimental work.

References

1) N. Ichinose, ed: “Zukai Fine Ceramics Dokuhon (Illustrated
Book on Fine Ceramics)”, Ohm Sha (publishing Campany),
(1983) (in Japanese).

2) R. Uyeda, et al.: “Cho-Biryushi(Ultrafine Particles)”, Agune
Technical Center, (1984), 1-150 (in Japanese).

3) T. Hayashi, et al.: “Ultrafine Particles -Science and
Technology-”, Japan Chemistry Society, ed., No.48, Gakkai
Shuppan Center, (1984), 1-211 (in Japanese).

4) R. Uyeda, M. Kumazawa, M. Kato, N. Wada and M.
Matsumoto: Toyota Technical Report, Vol.26 (1973), 66 (in
Japanese).

5) M. Kato: Jpn. J. Applied Physics, Vol.15 (1976), No.5, 757-
760 (in Japanese).

6) S.J. Haggerty and W. R. Cannon: “Laser-Induced Chemical
Processes”, J. 1. Steinfeld, ed., Plenum Press, (1981), 165-
241.

7) W. R. Cannon, S. C. Danforth, J. H. Flint, J. S. Haggerty
and R. A. Marra: J. Am. Ceram. Soc., Vol.65 (1982), 324-
330.

8) A. Matsunawa, H. Yoshida and S. Katayama: Proc. of
ICALEO ’84, J. Mazumder, ed., Vol.44 (1984), 35-42.

9) A. Matsunawa and S. Katayama: “Laser Production of
Ultra-Fine Metallic and Ceramic Particles”, Proc. of
ICALEO 85, C. Albright, ed., (1985), 205-211.

10) A. Matsunawa and S. Katayama: “Laser Production of
Ultra-Fine particles of Alloys and Metal-Ceramic Mixtures”,
Proc. of ICALEO’86, C. M. Banas and G. L. Whitney, ed.,

. (1986), 129-136.

11) A. Matsunawa, S. Katayama, T. Ariyasu and Y. Arata:
Kouon-Gakkaishi (J. of High Temperature Society of
Japan), Vol.13 (1987), No.1, 30-42 (in Japanese).

12) A. Matsunawa, S. Katayama, A. Susuki and T. Ariyasu:
“Laser Production of Metallic Ultra-Fine Particles”, Trans.
JWRI, Vol.15 (1986), No.2, 233-244.

13) V. Kizaki, T. Kandori and V. Fujitani: “Synthesis and
Characterization of Si;N, Powder Produced by Laser-
Induced Chemical Reaction”, Jpn. J. Appl. Phys., Vol.24
(1985), 800-805 (in Japanese).

14) G. W. Rice: “Laser-Driven Pyrolysis; Synthesis of TiO,
from Titanium Isopropoxide”, J. Am. Ceram. Soc., Vol.70
(1987), C117-120.

15) A. K. Knudsen: “Laser-Driven Synthesis and Densification
of Ultrafine Boron Carbide Powders”, Adv. Ceram., Vol.21
(1987), 237-247.

16) S. Yatsuta and R. Uyeda: Jpn. J. Applied Physics, Vol.42



(148)

" (1973), No.11, 1067-1085 (in Japanese).

17) R. Uyeda: Bul. of the Japan Institute of Metal, Vol.17
(1978), No.5, 403-407 (in Japanese).

18) Y. Saito: Jpn. J. Appl. Phys., Vol.50 (1981), No.2, 149-150
(in Japanese).

19) N. Wada: Jpn. J. Appl. Phys., Vol.50 (1981), No.2, 151-152
(in Japanese).

20) S. Iwama and T. Asaka: J. of the Japan Society of Precision
Engineering, Vol.48 (1982), No.2, 248-251 (in Japanese).

Transactions of JWRI

148

Vol. 19 No. 1 1990

21) S. Kashu: Bul. of the Japan Institute of Metal, Vol.21
(1982), No.5, 357-359 (in Japanese).

22) S. Ohno and M. Uda: J. of the Japan Institute of Metal,
Vol .48 (1984), 640-646 (in Japanese).

23) M. Uda and S. Ohno: Surface Science, Vol.5 (1984), No.4,
426 (in Japanese).

24) L. F. Voitovich: “Atras of High Resistant Compounds -
Thermodynamic Properties-”, Doumuka Publ., (1971), 52 (in
Russian).



