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ABSTRACT

Ultrafine powders of Nb-Al and Nb-Si alloys were synthesized by vaporization
of a mixture of those components in an rf induced Ar plasma and the follow-
ing condensation of the vaporized mixture under the tail flame of the plas-
ma. The formation of NbAl3 was confirmed by X-ray analysis of condensed
ultrafine powders. Nbg5i3 was included in the product obtained fram a mixed
vapor of Nb-Si. Ultrafine powders of NbjAl and Nb3Si have not been obtained.

1. INTRODUCTION

Ultrafine powders or particles (UFP) of various metals are generally pro-
duced by vaporization and condensation processes in an atmosphere of inert
gas such as argon of helium. 1In the synthesis of UFP of an alloy consis-
ted of various components, the control of its composition during the va-
porization process is very difficult due to the difference between the
vapor pressure of each component. The synthesis of UFP of Fe-Co-Ni(1),
Fe-Pd{2), Ni-Pd, Au-Ni(3) and Cr-Ni(4) has been reported. However the
vapor pressures of the components of these alloys are very similar as
shown in Fig.l.. The formation of Fe-Al(2.2 wt%) solid solution from the
vapor phase of Fe and Al at a quenching velocity of 10 -103 has been
reported(5). (24, o=/

In our study, the synthesis of UFP of Nb-Al and Nb-Si alloyz was tried by
vaporization and condensation processes using rf induced Ar plasma, though
the vapor pressure of Nb was very different from that of Al or Si.
Moreover, the effect of cooling velocity on the nucleation and growth me-
chanisms of UFP were analysed in connection with the experimental results.

2. EXPERIMENTAL

2-1, Preliminary Experiments

Fig.2. and Fig.3. are shematic diagrams of the rf plasma reactors(A) and
(B) used for preliminary experiments to synthesize UFP of Nb-Al alloy.
The reaction chamber is a stainless steel jacket in each reactor. The rf
torch with a three turns rf coil is consisted of a tripple walled silica
tube. The diameter of outer silica tube of the rf torch is about S50mm .
The f coil is consisted of tin-plated braided copper wires inserted into
a three turns silica tibe. The cooling water is circulated through the
silica tube. This silica tube resembles the rf coil of the reactor (C)
used for main experiments as shown in Fig.7.

In main experiments for synthesis of UFP of Nb-Al and Nb-Si alloys, the
reactors{(C) and (D), as illustrated in Fig.4. and Fig.5., were used .

In these cases, the diameter of outer silica tube is about 50mm¢ .
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The reactor (C) was equipped with a copper quenching sphere for rapid cooling
of vapor, which was placed at 12cm distance from the rf coil. In a few
experiments, a water cooled radiation shield surrounding the quenching

sphere was used as shown in Fig.6., but it was removed in most of experiments
as shown in Fig.3.. 1In the reactor (D), the rf coil was consisted of two
concentric silica tubes instead of three concentric silica tubes in other
reactors and a water cooled copper coll was placed in a water cooled copper
cup for condensation of vapor.

The upperpart of the chamber of the reactor (C) is made of pyrex glass. The
detail of rf coil in the reactor (C) is shown in Fig.7.. The feed of powders
into the rf torch was carried out from its both sides in the reactors (B)

and (C). Starting materials were Nb powders of purity 99.5% with a diameter
under 25 m, A) powders of purity 99.5% with a diameter under 25um or lum
{only in preliminary experiments) and Si powders of purity 99.99% with a
diameter under 25 m, respectively. 1In all experiments, a powder feeder with
a vibrator was used. The rf frequency and the maximum output power of the

rf power generator were 4,0MHz and 30kw in both preliminary and main experi-
ments. Nb and Al powders were mixed with an atomic ratio between 3:1 and

1:3 and introduced into the plasma with a carrier gas. The atomic ratio of
¥b to Si For Nb-Si UFP preparation was 3:1. A product of UFP deposited on
the water cooled substrate such as the quenching sphere of the cooling coil
was examined by TEM and X-ray diffraction and chemical analysis.

RESULTS AND DISCUSSIONS

Typical experimental conditions in preliminary experiments using the reactor
(A) and (B) are shown in Table 1.. It was estimated from changes of cha-
racteristic color of the plasma flame that the mixed powders of Al and Wb
vaporized as soon as they were introduced into the plasma. The plasma was
very stable at a larger feeding rate (0.3g/min.) of powders in the reactor
(B) than that in the reactor (A). 1In main experiments, the reactor (C)

was also operated stably with the supply of powders into the plasma from

both sides of the rf coil. Nb, NbjAl and NbAlj were detected by X-ray
diffraction analysis of the UFP obtained in several preliminary experiments.
The grain size distribution of the UFP became narrow (several nm-50nm),

when tha vapor phase was cooled rapidly with He gas injection from the
quenching nozzle of the reactor (B). In these preliminary experiments, the
existence of NbH phase was also confirmed in some products. This result
means that H atoms permiate into Nb crystal lattice from the plasma including
hydrogen. The UFP with NbH phase was annealed for 2 hrs. at 773K in vacuum
of 1075 Torr. The NbH phase disappeared and the lattice constant of Nb phase
became shorter than that of pure Nb by 0.005A. Such reduction of the lattice
may be due to bhe formation of Nb<Al solid solution by dissolution of Al
atamns into Nb crystal lattice. The phase diagram of Nb-Al system is shown

in Fig.8 (6). Nb has a certain degree of solubility of Al at roam tempera-
ture,

In almost all of the main experimants, the powder feeding rate was maintained
at 0.1g/min.. The experimental conditions are shown in Table 2. The results
of X-ray diffraction analysis of the Nb-Al UFP are summarized in Table 3.
Here the formation of NbAlj phase was confirmed. The X-ray diffraction chart
of the UFP obtained from a mixture of Nb and Si powders with the atomic ratio
of 3:1 is shown in Fig.9 , in comparison with that of arc-melted Nb-Si alloy
with the atomic ratio of NB:Si=3;1. It is expected from the phase diagram

of Nb-Si system(7) that Nb3Si and Nb3Si3 phases can be formed in the melted
alloy. The broadening of X-ray diffraction lines from the Nb-Si UFP was
observed, but the formation of NbsSij (W5Siy type) was confirmed. Fig.l0 is
a photograph of the UFP condensed on the quenching sphere of the reactor (C)



- 840 -

from the vapor of Nb and Si with the atomic ratio of 2;1. The mean diameter
of the UFP is about 10nm. Sometimes spherical patticles of Nb with diameters
fran several nm to hundreds nm were observed. the camposition (Nb and Al
contents) of the Nb-Al UFP and the mixture of Nb-Al (the starting material)
were estimated by fluorescence X-ray analysis. The difference between the
campositions of the two samples was only the order of 2%. The Nb-Al UFP was
heated for 2 hrs at 1073K and 10-5To:r. The X-ray diffraction lines from NbH
phase disappeared and NbO phase was formed. NbO and NbO) were detected in
the UFP of Nb obtained by using the reactor(D). It was considered from these
results that oxygen took part in the formation of the oxides such as NbO and
NbO, .

The following experiments were carried out to confirm the difference among
oxdizing behaviors of three kinds of samples, such as sample A (a mixture

of Nb UFP and Al UFP made independently), Sample B (the UFP obtained from a
mixture of Nb:Al with the atomic ratio of 3:1) and sample C (a finely divided
alloy of arc-melted Nb-Si with the atomic ratio of 3:1). Each sample was
oxidized campletely by heating in a crucible. The formation of NbAlO4 was
confirmed in B and C samples, but not in sample A. Such facts suggest that
Al can be in existence with Nb, even if the form of Al is not apparent.
Theoretical analyses of flow pattern and temperature distribution in the
plasma tail flame adjoining the quenching sphere of the reactor(C) were
tried, by applying the model of Gosman et al.(7), assuming the plasma as

a thermal fluid of argon. The calculation were performed by using spherical
co-ordinates for the shaded part as shown in Fig.ll (a). The experiments

were often carried out without such a water-cooled cover, but in these calcu-
lations,the cover was supposed to be on the quenching sphere to simplify
boundary conditions. The dimensions of the range for the calculations are
shown in Fig.ll (b). Moreover the calculations were practiced under the
following assumptions; 1. The plasma is a continuum of Ar. The effects of
ionization and radiation can be neglected. 2. The pressure is latm in the
whole range. 3. The steady state is established. 4. Local thermal equi-
librium is established. The properties of Ar are given as functions of tem-
perature. 5. The kinetic enerqgy of fluid can be neglected, because it is
smaller than its sensible heat in case of the calculation of temperature
distribution. 6. Swirl velocity is regarded as 0.

The computer programmes are given by Harada(8). Fig.12. is an example of

the results calculated on the following assumptions, that is, the maximum
plasma temperature at the gas inlet of the cover along the center line of

the plasma is 5273K, the gas velocity is Sm.sec™! at the same point and the
wall temperature is 773K. It can be estimated from thig figure that the gas
velocity decreases quickly near the surface of the quenching sphere.
Therefore the cooling velocity of the vapor phase of Nb and Al cannot be
considered to be sufficient for our experiments using the reactor (C).

The cooling curves along two strea,lines based on the results in Fig.1z are
shown in Fig.13.. From this figure, the cooling velocity is considered to be
104-105 @eg-s71.

There has been few experimental data about nucleation from metal's vapor.
Kung et al(9) applied Lothe-Pound theory(l0)to analyse the nucleation data

of Fe. Here the nucleation temperatures of Nb, Si and Al calculated on
Lothe-Pound theory were 3000, 2000 and 1500K respectively in our exp rimental
conditions, and they are shown in Fig.12. The critical diameters for nucleous
formation of Nb, Si and Al were estimated to be 0.5, 0.5 and 0.6nm respective-
1y(8). The growth mechanism of particles was analysed by "Collision-Coa-
lescence theory" based on"Free Molecule theory"(11)l. The relation between the
time from nucleation initiation and the particle diameter was obtained by
assuming the cooling veloclty. The growth time was 10~1-10-2s and the par-
ticle diameter was about 10nm in case of the cooling velocity of 104—105deg.§!
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Supposing the mixture of Nb and Al with the atomic ratio of 3:1 is supplied
at O.Ig-min‘l, or O.Zg-min‘l, the diameters of Nb particles attain 7-18nm

or 9-22nm during the cooling from 3000K to 2000K. Because the nucleation
temperature of Al is lower than 2000K as described above, it may be difficult
that Al dissolves into Nb particles. In fact the lattice constant of the
UFP from the mixture of Nb and Al is not very different from that of Nb.
Accordingly the solubility of Al in Nb is considered to be several % at most.
There is a possibility that Al is coated on the surface of Nb particles.
Nb5513 phase in the Nb-Si UFP is of WgSi3 type-a high temperature phase
which is stable at temperatures over 2273K. Fram such consideration, it is
concluded that the Nb-Si UFP may be formed at temperatures higher than 2273K.
If the cooling velocity reaches IUGdeg.s'l, the diameters of Nb particlec
can be smaller than a few nm at the nucleation temperature of Al. So it

may be possible to obtain Nb-Al alloy with a high content of dissolved Al.

CONCLUS1ONS

Nb was detected in all UFP obtained from the mixture of Nb and Al by X-ray
diffraction analysis. NbAlj was also detected in the UFP obtained from the
mixture of Nb and Al in which Al concentration was higher than a certain
value. NbgSi3) phase of WgSi3 type was confirmed in the Nb-Si UFP obtained
from the mixture of Nb and Si with the atomic ratio of 75:25.

The flow pattern, the temperature distribution and the cooling velocity of
metal vapor in the plasma tail flame near the quenching reqion were esti-
mated. The nucleation and growth mechanisms of the UFP could be analysed,
referring to Lothe-Pound theory and Collision-Coalescence theory.
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Table 1. Experimental conditions (I)

reactor (A) (B)
gas f(low funer work-
rate(1/min) ing gas(Ar)| 6.5 u
(He)| 2 3
outer cool-
ing gas(Ar)| Uo jo
- ,(HZ) 1-2 0

carrier gas
for powder

feed(Ar) u 3
supplied plate power

(KVxA) 7x3.2 7.5xh.2]
powder (Nb-Al) feeding
rate (g/min) 0.16-

0.19 -0.3
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Table 2. Experimental conditions (II)

[ Apparatus [ () (D) | I
Atomlc catiof 3:1 2:1 1:1 L:2 1:3 3:1 2:1 1:1 1:2 1:3 3:1
ot bt | . _ (wo:81)
Flow rate
Ar(oueside) 18.5 13 30 p2) Ja jo Jo Jo Jo Jo 40
Ar(middle) 5.5 4.5 S S 4.5 ~ - = = - S
Ar(lnside) 3 2 3 4 L} 6 6 6 6 6 3
Ar{powder 2 [ ] 2 3 2 3 3 3 3 b 3
carrler)
Hie(lnside) 5 o 0 S 4.5 1 1 1 8 i b
Mafoutstde) f 0 0.5 L 42 _f1 | . 1 4
Power
E‘,(KV) 4.5 8.1 8.4 8.4 6.7 6.5 6.5 8.5
tp(A) 4.1 4.4 4.4 4.2 2] 2.2 2.2 : 4
“supplylmy | 0.2) 0.11 0.09 0.08 0.130¢.08 9.1l 0.04 0.33
rate, powdec
MmO

hﬁ\?n W
TEMPEHATUNE
Fig.1l. vapor pressure vs. temperature
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