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ABSTRACT

The experimental study on thermocapillary convection of low Prandtl pﬂmber fluid was
carried out to understand transition behavior to oscillatory flow. The half-z hqm@ bridge of
molten tin was formed between hot and cold disks in high vacuum chamber (10” Pa). The

three radiation thermometers were used to measure the free surface temperature at a different
azimuthal location at the same time. In addition, the temperature distribution at interface
between liquid bridge and cold disk was measured by using very fine thermocouples to detect
the transition point and to make clear the oscillation mode more precisely.
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The surface tension and its temperature coefficient were measured in the experimental
chamber. A molten tin droplet was formed on an o-AbLO; substrate in the evacuated

experimental chamber. These analog photo hhages were transfer to digital images and the
surface tension was calculated from the outlines of digital image, which was the sessile drop
method. The value of surface tension and its temperature coefficient were 520~550 [mN/m]
and 0.097 [mN/m/K].

The Fe-Ni/SB tracer particle has been developed for the visualization of the inner flow
pattern of the Marangoni convection. Considering the traceability of the particle, high
wettability and low reactivity with surrounding fluid, and high sphericity are required.
Therefore, the multi-layer structure, which comprises Fe and Ni layers, was adopted. The
plating techniques of both Fe and Ni layers were developed and the heat treatment technique
to make the high sphericity particles was also developed. The test particle has already been
manufactured and its reflectance of ultrasonic beam has been evaluated.
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1. INTRODUCTION

1. Introduction

Tt is well known that thermocapillary convection changes its flow motion by increasing
the control parameters such as temperature difference. In the case of liquid bridge of low
Prandtl number fluid, it is numerically predicted that an axisymmetric steady flow transit to
asymmetric 3D steady flow. After that, convection becomes oscillatory under certain
condition. Namely, the thermocapillary convection of low Prandt] number fluid go through
two transition points to become an oscillatory flow. We need to understand the transition
mechanism because the oscillatory flow has an undesirable effect on the crystal growth of

emiconductors by the floating zone methods, which lead to striations of the dopant in the
crystal. The previous studies, in which a half zone liquid bridge have been often used as a
model configuration of the floating zone, have shown that flow and temperature fields were
governed by dimensionless parameter of Marangoni (Ma) or Reynolds (Re) number defined

as follows:

1 Y3 i(j?T;Aij:
Mg = ——— (I-1)
HK
Re=2ta (1-2)
¢ = —— -2),
Pr

o, is a temperature gradient of surface tension, AT is a temperature difference

and cold disks, L is a characteristic length of the fluid, y is dynamic viscosity, « is thermal
diffusivity, and Pr is Prandtl number of the fluid. In this study, a radius (a) of the liquid
bridge is used as a characteristic length.

hetuwe
between hot

In higher Pr number fluids, it was experimentally proved that a transition from
axisymmetric steady to 3D oscillatory flow occurs at 2 critical Marangoni number (Ma ).
On the other hand, it was numerically predicted that thermocapillary flow in a fow Pr number
had two transition points [1], [2]: That is, transition from axisymmetric to 3D steady will
occur at a first bifurcation point (Ma,,), and transition from 3D steady to oscillatory at a
second one (Ma,). The prediction needs to be experimentally proved.

A detail experiment around the bifurcation point, in which even the Ma,, is predicted to
be in the order of 10' for a Pr =0.01 liguid bridge [3], is required to prove the transition
behavior of Marangoni convection. However, many studies have been conducted at a
Marangoni number that is far from the Ma, because those have mainly focused on a

contribution to produce a high quality single crystal from 2 molten metal.

Nakamura et al. [4], [5] measured a surface temperature fluctuation with a thermocouple
in a molten silicon column of 10mm in diameter and 10mm in length, and found that a
frequency of the fluctuation was 0.1Hz at a temperature difference of 100K. However, the
imposed temperature difference was far from the second bifurcation point. Han et al. [6]
experimentally investigated thermocapillary convection in a liguid bridge of mercury. Free
surface fluctuations were measured by a non-contacted diagnostic system, and they found the
Ma,,, detecting it to be 900 with a frequency around 5Hz. Quite recently, Yang and Kou [7]
reported the onset point of temperature fluctuation and its frequency (Ma=194 and 1.1Hz) of
a molten tin column by the contacted diagnostic, i.e. J-type thermocouple. However,
disturbances on the flow and temperature field are caused by a thermocouple which contacts
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with a fluid and a thermocouple often acts as a cold spot which makes it a complicated
temperature gradient along a free surface. It should be noted here that there is no successiul
experiment to verify the transition behavior of thermocapillary flow by a non-contact
diagnostic even nearby the Ma,,.

The goal of present study is to understand the transition phenomena of thermocapillary
flow by means of an experimental approach and comparative study with the numerical works
in this research group.

The experimental efforts began to select a fluid material for a low Pr number liquid
bridge in 1998 [8]. The selected material was molten tin of which Pr number is identical
with that of molten silicon (Pr =0.01). Therefore, we can directly compare our experimental
result with available experimental and numerical results of molten silicon because the
identical Pr number means to show the same fluid dynamic behavior. Moreover, molten tin
as a test fluid has an experimental advantage in a detection of Ma, compared to molten

silicon. Since the melting point of tin is much lower than that of szhcon there is no need to
use an infrared image furnace for melting 2 tin sample, which was used for a molten silicon
expemmen*‘ [4] and [S], and an electric heater is applicable to melt it. Thus, it is expected
that the surface temperature of a molten tin column can be measured by a non-contact
dzag;nosnc with relatively low noise level. The high purity iron was selected as solid
material to sustain a li qu}d bndge because of the reason that moderate wettability and low

reactivity against molten tin is required for the solid material [8].

boooerd

e d
oxygen partial pressure is extremely 1
(SnO and SnO) near the tel iperatures 10

WIEINS QLLARE W RiRS i Gl
2/

he Eo Pr experiment (amui 570-770K), resulting
in suppressing the thermocapillary flow by the formaﬁon of an oxide film over a surface of
the meh However, in 1999, we have successfully overcome the difficult problem of
he tin surface [9]. Consideration concerning the surface science of tin led us
n of a unique experiment apparatus where a clean surface of molten tin can be
obtained by the Ar” ion etching method and sustained under the high vacuum condition (about
10°Pa) during an experiment. The performances of the experim@m apmrams were ai;zeaéy
n{

2
cUnﬁrmefi. In 1999, a non- csnta measu:ems;

-

{9‘}. P{ was eﬁso conﬁrmed tba’i the radiation tnermommer w‘mc“ is eampped with the PbS
photo detector and combined with the attachments to obtain a high signal-to- -noise ratio such
as CaF, optical pass filter and an isotropic graphite panel had the sufficient temperature
resolution to detect the Ma, with high accuracy. It was concluded that those unique
considerations and devices undoubtedly lead us to a success of detecting the transition to

oscillatory flow of the low Pr fluid without any flow disturbances.

Compared with the conventional transparent fluid used for a high Pr number experiment,
a low Pr number fluid has another experimental difficulty: It is impossible to observe an
m%:erna‘; ﬁow field for Qpaauene s of a low Pr fluid. In 01&31* to overcome this proble
3 ™
4y

ler
er with ’;g“ heat res;stanc.
been experime i: ally studled for an internal ﬁow field measurement sin
visualization technique also requires a aevelopment of a unique baﬂoe -like tracer. A

crmcal condition on the Ma_, and a detail structure of oscillatory flow will be clarified by this

The experimental results with molten tin obtained in 2000 are significant for the
thermocapillary convection of a low Pr fluid. As predicted in the last issue [9], we have
succeeded in detection of the transition to oscillatory flow by the surface temperature
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measurement without any flow disturbances. The flow transition was verified by
comparison of the experimentally obtained Ma, and frequency of surface temperature
fluctuation with the numerical results, and by a surface flow visualization experiment directly
[10]. The effect of the liquid bridge geometry on the Ma, and oscillation frequency was
further investigated and discussed [11]. The following results are described in this study:

(1) Experimental verification of surface temperature measurement (in-house activity)

(2) Detection of transition phenomena to oscillatory flow (in-house activity)

(3) Effect of aspect ratio on the critical condition and flow structure (in-house activity)

(4) Numerical simulation for the specific case (collaboration with Kyushu University)

(§) in-situ measurment of surface tension of the molten tin

(6) Development of measuring technique of internal flow field (entrusted to Toshiba Co. )

(7) Development of visualization tracer (collaboration with Kagoshima Prefectural
Institute of Industrial Technology and partly entrusted to NTT Advanced Technology

In pa
Co.)

2, OSCILLATORY THERMOCAPILLARY FLOW OF MOLTEN TIN

2.1 Experimental Setup

The experimental apparatus is shown in Figs 2-1, 2-2, 2-3 [8,9,10]. It consists of a
liquid bridge formation part, a measurement region, a sample supplying system and a sample
cleaner. The liquid bridge was formed by sandwiching between a pair of pure iron disk

E~Fo7 A

(purity: 99.5%). All experiments were done in the ultra high vacuum conditions, which were

-5
under 10 Pa to keep clean sample surface and less heat loss of molten tin liquid bridge. To

impose the temperature difference, the lower disk was cooled by helium gas and the upper
disk was heated by an electric resistant heater. The electric heaters were not controlled by
PID (Proportional, Integral and Semvaﬁve) control to circumvent the temperature hunting
phenomena. The temperature difference was gradually increased from around 0K to above the
0

nset. An imposed AT was measured with the thermocouples embedded at near the end face

Solid tin (purity: 99.999%) is melted in a quartz tube as illustrated in Fig. 2-2. The
melt is supplied onto the lower disk via the capillary portion (Imm in inner diameter) of the
quartz tube where bulk oxide in the crude fluid can be removed.  For further purification, Ar’
ion etching method was applied and the ion gun designed for surface cleaning was installed in
the chamber. Surface temperature of the liquid bridge was measured with a radiation
thermometer, in which PbS photo detector was installed, mounted on outside of the chamber.

T_ne lower disk was optimized to measure the temperature field of liquid bridge as
shown in Fig.2-3. The measurement of temperature field was necessary to understand the
oscillatory thermocapillary convection. Because of the motion of temperature field was
coincided with the one of oscillatory flow. If has been inserted some ¢ 0.3 mm K-type
thermocouples (TC) sheathed a stainless steel in these 0.35 mm-holes. The top of
thermocouples was adjusted the same position as lower disk plane.

162

This document is provided by JAXA.



pment

3
i

ntal equ

Xperime

E

-1

2

ig.

F

ppl

vielt sup

piping

Evacuation

i3

at excha

He,

er

+
L

Radiation thermome

Side View

Top View

163

This document is provided by JAXA.



Ko
[k

i
&b Thermocouple |
RT2 CTCOL)
Radiation Thermometer 1
(RT1)

(a) (b)

Fig. 2-3 Temperature measurement points
(a) Schematic diagram of tin liquid bridge and disks
(b) Lower disk surface and positions of radiation thermometers

2.2 Improvement of Experimental Techniques
(1) Purification of liquid bridge

The purity of formed liquid bridge is very important because an oxide on a free
surface can change the surface tension. Therefore the purification of supplied molten tin
should be done. As mentioned above, the experimental equipment already has a sample
cleaner system, such as Ar” ion gun, high vacuum chamber, and sample supplying capillary
tube. In addition to these, a stainless steel mesh filter was installed in the capillary tube. It
can stain off the crude fluid, which is mainly oxide, from supplying molten tin. The
capillary tube for sample supplying system is shown in Fig.2-4. Molten tin flows from left
fat to right thin parts. In the case of no filter, a white powder-like sludge adhered on the
inwall of slim part of capillary tube. On the other hand, the mesh filter worked very
efficiently, because no sludge can be found below the filter in Fig. 2-4. Consequently, the
liquid bridge could be refined.

(i) without filter (i1) with 0.1 mm mesh filter

Fig. 2-4 Improvement of sample supplying tube
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2.3 Detection of Onset of Temperature fluctuation

As described in previous annual report, we succeed to observe the onset of the oscillatory
thermocapillary convection in low Prandtl number fluid. ~And it was also mentioned that a
number of data, which were measured by radiation thermometers, enable us to classify the
patterns of surface temperature fluctuation (STF) at the transition into 5 types as follows;

1: Start STF with low* frequency -> Stop STF ->Restart STF with high* frequency

2: Occurrence of temperature shift (one-time) -> No STF -> Start STF with High frequency
3: Start STF with low frequency -> Frequency of STF become higher

4: Start STF with low frequency. After that, frequency of STF becomes higher with

increasing AT,
5: Start STF with high frequency
* Definition of frequency speed (order of magnitude); Low: 10°Hz, High: 10'Hz

So, we tried to make clear the transition phenomena in detail. In addition to radiation
thermometers for temperature measurement, the thermocouples inserted in the cold disk were
5.

LEEAN R EARNJREIAN/ LWL Lr2ix SR SRAT SIS A L iR

used. The temperature measurement point is shown in Fig. 2-
thermometers and four thermocouples were employed.

The three radiation

Fig. 2-5 Position of radiation thermometers and thermocouples (top view)

The type-1 transition of temperature fluctuation was frequently observed. Figure 2-6
shows time variation of temperature at the first onset, which Marangoni number was 124 and
aspect ratic 1.2. After the onset, oscillatory temperature variations could be observed as
shown in Fig. 2-7. The phase relations against TC2 are also illustrated in this figure. RT1
and TC4 were in phase with TC2, but TC3 was out of phase with referenced TC2. So, this
oscillation mode could be assumed mode 2 and rotation type (2R mode). The oscillation
with low frequency around 0.02 Hz continued until Ma = 132 and it stopped at higher
Marangoni number. When the temperature difference AT increased furthermore, the
oscillation occurred again but with medium frequency about 0.3 Hz, which is shown in Fig.

2-8.
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Fig. 2-6  Onset of low frequency oscilation
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Fig. 2-7 Time variation of temperature and cross-correlation between TC3, TC4, RT1 and
TC2
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Fig. 2-8 Onset of medium frequency oscillation

A numerical simulation done by Prof. Imaishi ef al. makes us understood the above
transition process. In this simulation, the time history of temperature difference
corresponding to our expeﬁmem was used. Figure 2-9 shows the time variation of surface

velocity and temperature. It is clearly seen that the first transition (Ma,,) at around t =55 s
and the second transition (Ma,_,) with high frequency at around t = 220 s were occurred.  The
most notable point is that the low frequency oscillation with large amplitude at t = 250 s
appeared after starting the oscillation. ~ After that, the oscillation shifted medium f{requency
at around t = 350 5. Those behaviors seem to be similar to the expeﬁmemal results except
for high frequency stage. Experimentally, the low frequency oscillation could be sensed at
first because the amplitude of temperature oscillation became detectable. So, we need to

observe a flow field to detect the first transition (Ma, ,) and the second transition precisely.

=0, T=0.S5As
6= 4, Z=0.54s

-§=2w4, = 0.5As i
8= 3w4, = 0.54As A

s\kz
|

assf-
s
a4l
asaf

Time | sec ]

Fig. 2-9 Transition process by numerical simulation (Imaishi ez al.)

¢
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2.3 Effects of aspect ratio

(1) Experimental conditions

The disk diameters from 3.0mm to 7.0mm were used in order to covering liquid column
with aspect ratio (As: height/radius) from 0.8 up to 2.2. This range almost corresponds to
calculated range of numerical simulation by Imaishi er al. [13]. Heights of the liquid
column were adjusted in from 1.5 mm to 4.5 mm at all the experimental cases, minimizing
the dynamic bond number Bd (Bd<1).

pgBL’ _ Ra

oy Ma
where p, is density, g gravitational acceleration, § volumetric expansion coefficient, o,
temperature gradient of surface tension, L the height of the liquid column and Ra is Ra.ysezgn
number. However the static bond number B is larger than unity, volume ratio or diameter
ratio (D/D,, ), surface shape is almost straight.

Bd=

2
p-L&L
In every case, temperature difference (AT) was imposed at certain changing rate. In
some cases, AT was reduced after transition in order to measure surface temperature behavior
when damping. = Since the control of changing rate of AT (dAT/dt) is very difficult, there
were some widths on them. Influence of ra*n‘o!ng rate of temperamre difference, dAT/dt on
in previous report. The dAT/dt ranging from 0.4 to 2.1 K/min has
| fore we controlled the dAT/dt around

3
i

transition was discussed i
no influence in the critical Marangoni number. There
0.5 K/min.

=
o
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i ~rnont ~L itn
aspec* ratic on Ma -, the onset of oscilla

(2) Ma, as a function of aspect ratio
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o
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v

=

der to make clear the influence ¢
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i
thermocapillary flow using liquid columns with As from about 0.8 to 2.2 are investigated. In
the case of experimental work in this case, Ma,, is determined by the f@”nperature difference at
the onset of low frequency oscillation. It seems reasonable because the Ma,, at the second
transition point was slightly 10 % higher than the first point.

The Ma,, as a function of As, which was experimentally and numerically obtained b

maishi et al. {13} are shown in Fig. 2-10. The estimated oscillation mode is also described
in this figure. The experimental Ma, in the range of As higher than about 1.2 well
corresponds to numerical one. The PYﬂPr-mPﬂwT Ma, increases with decreasing of As
monotonically. In contrast, the numerical Ma, has a peak at As = 1.2 and the o oneslightly
decreases when As in the range of 1.0< As < 1.2 decreases. The experimental results s
that the Ma,, (As < 1.3), which was obtained using the liquid column with relative large radius
and the one lied on relative low Marangoni number, was obtained by the experimental
conditions at small dAT/dt. We will make clear the reason why the experimental critical

Iv%aran oni number in the smaller aspect region differs from the numerical result in near

5
el
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Fig.2-10 Dependence of Marangoni number on aspect ratio
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3. IN-SITU MEASUREMENT OF TEMPERATURE COEFFICIENT OF
SURFACE TENSION OF THE MOLTEN TIN

3.1 Introduction

The surface tension and its temperature coefficient are very important factors to
understand the thermocapillary convection and it is well known that the surface tension was
strongly affected by the oxygen. Yuan er al. [14] presented the temperature coefficient of
surface tension of molten tin at normal pressures of Ar gas, which was controlled the oxygen
partial pressures (Poy). Passerone ef af. [15] presented the surface tension and its temperature
coefficients of molten tin at the helium + 5% hydrogen gas of normal pressures, the helium
gas of normal pressures and the vacuum conditions (5X 10™ to 1X 107 [Pa]}). The temperature
coefficients were different on each condition. The surface tension is affected by the
atmosphere, especially the gas flux and Pgy. However, the vacuum condition was not
discussed well. R.Sangiorgi et ai. [16] presented the relationship between the molten tin
surface tension and the intensities of auger spectrum at 560[K]. In the case of the ratio of
intensities(R), which were the auger spectrum intensity of oxygen and tin, was less than 0.2,
the surface tension was about 600[mN/m]. %owevea R was more than 0.2, the surface
tension was decreased to about 535[mN/m] at 5 X 102 [Pa].

Nevertheless, the thermocapillary convection experiments have bee% done at the

‘1 ra high vacuum \UHV} conditions, which total pressures were under 10 ﬁ'a ], the Pop and

value were not clarified. Because of it is very difficult to measure the Pg, in such UHV
Qﬁﬁé‘iﬁ{}ﬁ& The surface tension and its i@ﬁ?@i‘&tdf@ coefficient should be measured in the

3.2 Surface tension measurement procedure
A molten tin droplet, which was supplied through a quartz capillary tube to remove
oxides in the liquid state, was formed on an 0-ALOs substrate in the evacuated experimental

mi 1 1 1 1 ki PR |

D.A

mber. The substrate had been heated at the experimental temperature. The sh
Iroplet were taken by a camera. Photo-images were taken between 550[K] and 773[K] with
the increasing temperature and the d@creasiﬂg temperature. These analog photo images were
transfer to digital images and the surface tension was calculated from the outlines of digital

image, which was the sessile drop method.

3.3 Results
There was not any effect of the temperature coe
. )

"
5.
D
]
D
i

he m@reasmg and the decreasing ! s
th ¢t al. and Sangiorgi ef al..
~550 TmN/m1 and 0.097
o/ oS NF L

EELL ‘ILLlJ [22 84S SR VIR VAN

n
{lﬁN/fﬂ/K] this work. The value of surface tension was agreed well with the results of
t

Passerone er a/ [ 5] reported that the values of surface tension were scattered from 500 to
600 [mN/m] near the melting point on high P, conditions. In this study, these values were
not scattered in this temperature region compared with their results. ?hererA the Pg; in this

e,
chamber was very low and prevented t’ e oxidation of meit@ tin surface. The value of its
temperature coefficient was similar to the one of Pp,=10""° [MPa] in the results of Mukai et
al..

me. Therefore, these results were measured near the
equilibrium conditions. However the molten tin surface was refined by a quartz tube before
the thermocapillary convection experiment, the molten tin surface was not equilibrium

conditions. R.Sangiorgi [16] reported as-melted surface tension of molten tin was changed
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after holding for 57.6[ks] at 4 X 107 [Pa)]. Therefore, it was a possibility that the surface could
react to the residual oxygen in the chamber and then the surface tension was changed during
the thermocapillary experiment. We should investigate the time dependency of surface

tension.

This work :Y=555-0.097(T-505)
- Pagserone: Vacuum Y=578-0.16(T-505)
-~~~ Passerone:Helium+5% H, :Y=562-0.074(T-505)
» i 7 S R Passerone:Helium Y=581-0.13(T-505)
600 --mooeeeeee- b Oreamneaees boeenees Yuan:P =10""[MPa]  :Y=505-0.094(T-505)
585 ] : : O  Sangiorgi:R<0.2
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Fig.3-1 Surface tension of molten tin against temperature at 107 [Pa]
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4. DEVELOPMENT OF TRACER PARTICLE FOR 3D-UV

4.1 Selection of Shirasu-bailoon

The observation of inner flow pattern of the Marangoni convection by means of
above-mentioned 3D-UV technique is mainly done under extreme conditions, which are high
temperature and low pressure conditions.  The tracer particles, hence, should be
manufactured so as to endure such condition. Furthermore, for obtaining high signal from a
tracer particle, the particles are required to have hzgh reflectance of ultrasonic beam (US
beam). Since the target value of the reflectance is up to 95 % when above-mentioned
3D-UV technique was used, acoustic impedance of a tracer particle should be less than
0.4x 10° kg/m%s. Considering this acoustic impedance, it is only attainable to make a
“balloonlike structured tracer particle” because acoustic velocity is extremely high, which is
approximately 2,570 m/s in molten tin and balloons are not able to suspend in the molten tin
under normal gravity. Now, we propose a very unique feature of the balloon tracer that can
be actually manufactured. Table 4-1 tabulates the qualitative evaluation of balloons and
several porous materials.  Selection of Shirasu-balloon (SB), which is an expanded volcanic
particle, as the base material for the tracer particle is reasonable because the SB shows high

El

thermal stability and is available size with our target diameter.

Table 4-1 Qualitative evaluation of balloons and porous materials

Sphericity Available Capability Heat Total
size to maintain | resistance evaluation
[um] | its void in at 773K
melt
porous Si0, O 1-150 X X O X
porous glass O 100-560 O 7 JaN X
Shirasu-balloon AN 10-1000 O O O O
pearlite X >150 O X O X
glass balloon O 10-100 A O JAN AN
ALO; bubble X 7 ? O X
TiO; balloon O 36-560 X 7 O X
Shirasu: glassy volcanic fragment distributed in southern Kyushu, also named Hakudo

4 Pt : . ey PN a
chafﬁf‘f’ms'dcs as tracer particles: high therma

Oundmg molten tin.  With regard to the

*—“3

i
shape as a tracer particle, high sphericity is a
:r@aptf'vif”y strongly requires a thin metal co
multi-layer structure was adopted. re
structure and selected metals of the SB parti
sphericity. The SB particle is a kind of expanded particles so ph
and the surface was also rough. Coaﬁng the nickel (Ni) layer will improve sp‘heﬁbzty of th
SB particle with smooth surfasp The outer layer works as a reaction layer with surreundmg
fluid. The iron (Fe) layer reacts with molten tin in moderation, and keeps wettability with
surround on surface. The ?h ickness of the layer plays a role of adjusting a density of the SB

particle with molten tin.

1

ating iay@r on the SB particle.

4-5 shows the schematic of the iaypr

lays a role {)ﬂ(s 1o high
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Shirasu—Balloon

100-300m

Fig.4-5 The multi-layer structure and selected metals

4 3 pﬂﬁegéﬁ
Sed UIESIU

o

tracer particle has to be close to that of surrounding fluid, molten tin
m” at 673 K) for a ground-based experiments, thickness of Ie layer

==/

Since @@nsﬁy of
(approx. 6.7x 10° kg/n

P

should be estimated precisely. The thickness of Ni layer is fixed to 40 ym from the view
point of manufacturing technique. The SB particle covered with 40 pm Ni layer (Ni/SB) is
lighter than the molte en tin, so that the heavier metal should be plated on the su fac@ 50 as to
adjust the density of the tracer particles with Suﬂreuﬁémg molten tin. Figure 4-6 shows the
relationship between specific gravity (Ouacer / Psurround) and Fe layer thickness. When the
Ni/SB particle is small (i.e. 100-150 pm in diameter), the thickness of Fe plating layer is
enough to be only 30-40 um. However, the large one requires over 100 ym thickness of Fe

plating layer. It of course occurs technical issues.
In general, thickness of a film that can be grown by sputtering is only a few microns.
Therefore, surface modification of the SB particle should be carried out by not sputtering but

ion and electroless Fe rﬂmma is

nlating of Fe.  Since the SB shows excellent electric insulati ss Fe platin

iating o1 re. CCLICIHL
P (S

impossible, the plating should be conducted as following processes:
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Fig.4-6 Relationship between specific gravity and Fe layer thickness
for various diameters of the SB particles

1% stage: Electroless Ni plating

Ni?" +H,PO; +30H — Ni+HPO? +2H,0 4-1
2 2 3 2

Fe’' +2e~ — Fe (4-2)

t the viewpoint of traceability of the particles, the maximum diameter of tracer particle
must be less than 670 yum in the case that the molten tin was test fluid.  On the other hand,
the 3D-UV system requires that the particle diameter is over 300 um in order to detect the
signal echo from the particle. Finally, by simple estimation, the overall features of the tracer
particle (approx. 300-600 um in diameter) will be as follows: diameter of the SB is 150-300
ym and thickness of plating layer of Ni and Fe are 40 um and 35-110 um, respectively.

diameter) makes it 4 p . d
layer, 1000 um-c i SBa which was produced as an expanded perlite by Fuyolite Co. Ltd.

IeNAar Iy

(€]
[
e

VWaw¥iis Otk

sphenczty of Fuyei; #é was not good; it can b@ easily co s*dsr@d that the uniform thickness
of the plating layer has affected the shape of the tracer particle. The cross-sectional
observations by Optical Microscope (OM) and Scanning Electron Microscope (SEM) have
enabled us to resolve this consideration. The result was that the sphericity of 100 pim-class

SB particle has improved by preliminary experiments.
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4.5 Ni coating

The trial experiment was conducted for development of electroless Ni plating technique
over the 1000 um-class SB particle as shown in Fig. 4-7 (named “Ni/SB #1” hereafter). in
this experiment, a plating solution (NiSO4 aqueous solution) and a reducing agent for Ni**
(NaH,PO,) were simultaneously added to the SB particle which was dispersed mechanically
in water, in which molar ratio of HyPO, : Ni?" was kept constant at 3:1. Eguation 4-1 is an
equzmoiar reaction; hence, the excess deg‘fee of H,PO; in a reaction vesse! will become
larger in the case of the plating, resulting in accumulation of non-reacted HoPOy in the
plating layer by physical absorption. The SEM images clearly showed that the columnar
crystal growth occurred whole period of the reaction. The elemental analysis of the plating
layer by Auger Electron Spectroscopy (AES) revealed that nickel oxide(s) of 5 nm in
thickness existed on the surface and high concentration of Ni in the bulk. Electrolysis Fe
plating was carried out over Ni/SB #1 sample by using FeSOs, H;SO4, and H3BO;
electrolytes and a basket-type galvanic cell.

pH, temp.
;’"* —A Plating solution of Ni
Nagf — o Reducing agent for Ni*"
ag-soln
”””””””” Cohﬂnnar crystal
SR~ Analysis of plating layer
P/Ni/Na = 1/10/17(bulk)
\2

Compot ﬁc’is Na-P, Ni-P

Ni-O { ~ 5 nm depth)
Ni {2 nm in depth)

Fig.4-7 Trial experiment of electroless Ni plating over 1000 um —class SB plating solutions and reducing
agent were simultaneously added.

it is well known that the coiumﬁ r ”'stai g‘*s‘vﬁa often occurs under high concentration
d ;
of P /'S
the Ni/SB is unavoidable because N is a base metal a,nd ;the su,rface of the Ni/SB pamc}e is
quite important for the next process, the Fe plating.  And high conductivity is required for

electrols;sis plating; thus, corrosive material should be increased by addition of hydrochloric
acid (HCI) to the electrolyte of Fe plating.
igure 4-8 shows the improved method for the Ni plating. The 1000 pm-class SB was

dispersed in NiSO4 aqueous solution (0.095mol/l) and only the reducing agent (NaH,POy)
were added to the reaction vessel with keeping constant pH of 6.0 (named “Ni/SB #27,
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hereafter). The overall molar ratio of HyPO; Ni%* was also 3:1, however, it was easﬂy
inferred that the real ratio in the vessel approached to zero in the initial period of the plating
with the dropping method. The SEM images showed that the Ni layer proceeded almost
whole period of the reaction, and the thickness of the plating layer was about 10-20 um.
The columnar crystal growth was observed only on the surface of the Ni/SB #2. This was
attributable to high concentration of H,PO, in the final period of the plating; thus, no
columnar crystal growth will be able to be attained by further improvement of the plating
technique, such as the optimization of the feeding conditions. The AES analysis of the
plating layer revealed that the thickness of Ni-oxide(s) film decreased from 5.0 nm to 1.6 nm
and metallic Ni also existed on the surface.

pH, temp
A T Tedoomn asent or N1
NaGCH % 5 2 ucing agent for Ni° |
aq;so}nm

e e
®
@

> s
=
i
i
pree
@
=]
w

L WD38nm

Tem‘ﬁ 348K
Hz?Oz Ni# = 3:1 4

{overall ratio)

e
s
ol
<

=
/
\
o

Plating solution of Ni | p/n; 55
2
~ &
A
B
Analysis of plating layer Compounds: Na-P {possibly
hhhhh PPN NaHP 3 s

P/Ni/Na=2/8/ ~0 (bulk) NaHPO3)  Ni-O ( ~ 1.6 mn depth)
P/Ni/Na/0=2/10/3/3 (surface) Ni {also on surface)

Fig.4-8 Improved method for electroless Ni plating only reducing agent was added.
g p I g only gag

4.6 Fe coating

The improved method for the Fe plating is shown in Fig.4-9. For increasing corrosive
material, a mixed electrolyte of FeSQ4 and FeCl, (9:1 in molar ratio) was used in mixed
aci G‘. medium of HCI and H;BOs (pH < 2.0). Moreover, a number of the brass balls (Z mm
i nscr’ged to the basket- tyisp ga‘fvamﬁ cell, in which the ratio of ihe brass

A/QR LY wxrith 4] =1 S PN Ag o vagill ~ alaptralygic Fe n o Q11

Ni/SB #2 with the me@;us \s a result, the electr ‘.ysm Fe plating successfully proceeded
T o 21 1% 4 in Y o) AN AN 1 £ o e A ATI/QT H19 Thpwantfian

over '\!‘f SL‘E‘I&Q@ 1 ine ceil rolaling al 1u Ipm 101 Lu-5y nin i\ﬁaﬂ;cu FC-INUDSD 71 umcaiic;}

However a partzcle having some pores on the surface was also obsei’ved The AES analyszs
of the plating layer revealed that the thickness of oxidized surface, which existed as FeQ, was
approximately 0.2 pm and metallic iron shell was obtained with high purity (>99%), which
was 10-20 pm in thickness in the bulk as seen in Figs.4-9 and 4-16. Although the
non-uniformity of thickness and surface morphology of Fe plating layer were observed, the
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uniform plating will be attained by improvement of the feeding conditions for the electroless
plating and further development of the electrolysis conditions in which the electrolysis rate

can be controlled.

. NI/SB

Successtul addition of corrosive

material in si@c{' 03%{5 and
Hﬁidé&fﬁvbi ng eniciency of
electrolysis

Fe: >99% (bulk)

Fe/O=45/53 (surface)

Flat surface

Analysis of Diaﬁné?\@ayer

Conditions
pH:
Electrolysis: 5V, 4A, 20-30min

<2.0

Fe Plating solution
FeS80, : Fe(1,=9:1 (molar ratio)

HCIHH;BO;

S B
Surface columnap crysial of

Fe

pounds: FeOQ (~ 0.2um depth)

ondi

;...A

tions, and results of electrolysis Fe plating over the
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(c) Depth profile of elements in the Fe plating layer
Fig.4-10 The AES analysis of the Fe-Ni/SB #1
The Fe plating rate was also investigated in order to estimate the plating time to get the
hopeful tracer particle with appropriate Fe thickness. The time variation of plati -_Ag thickness
is shown in Fig. 4-11. It was found that the thickness increased with the elapsed time

linearly and the plating rate in case of smaller particle was slower than larger one. It can be
considered that the particle size is a dominant parameter for the Fe plating rate. However,
the important thing is that it also strongly relies on the conditions of plating solution. Figure
4-12 shows the Fe plating duration for various diameters of the Ni/SB particles. In this
figure, the plating rate under the condition of large diameter as shown in Fig.4-11 (slower
one) was adspted as a charamsmstr rate. A very long duration of the Fe plating for
manufacturing the tracer particle, of which dersity equal to that of surrounding molten tin,
are required. However, ﬁ is attainable to realize the manufacture by a periodical feeding
works of the plating solution.
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Fig.4-12 Fe plating durations for various diameters of the Ni/SB particles
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4.7 Sphericity and Surface Roughness

The conventional reforming conditions for manufacturing the first-product Ni/SB
particle, of which sphericity is not good, are as follows: temperature range is 1250-1350 K, a
heat treatment time is approximately 0.025 sec., and an apparatus is a sand-medium fluidized
bed furnace. A trial production of the Ni/SB particle was carried out under the condition of
1520 K, 0.3 sec. treatment time in an electric furnace. The result was that the sphericity of
the SB particle was improved significantly. Therefore, improvement of its sphericity will be
able to attain under such mild foaming conditions. From above results, we finally confirm
that the balloonlike tracer particle that has good sphericity can be actually manufactured by
the electroless Ni plating, subsequently by the electrolysis Fe plating.

The sphericity was improved by the above-mentioned heat treatment technique on Ni
plating process. Figure 4-13 shows the Ni/SB shape before and after the heat treatment.
However the shape of the Ni/SB was not good sphericity before heat treatment, the one
became good sphericity with smooth surface after heat treatment.

On the other hand, the surface roughness could be improved on Fe plating process.
The Fe plating layer was formed by an electrolysis plating method. The electrodes were
pure iron and carbon, and the plating solution was consisted of two additives: one is saccharin
(C7HsNO;S), which absorbs on a cathode and suppresses the growth of projections. The
second one is sodium dodecyl sulfate (CH3(CH;);(CH,OS0O;3Na), which is used for a remover
laver }Figugg 4-14 shows the results of

of hydrogen gas from the surface of Fe plating layer. shows the results of

improvement of surface roughness. The surface roughness of tracer particle was improved
clearly by the additives.

R

No addition in plating solution Additives in plating solution

Fig.4-14 Improved surface roughness of the Ni/SB.
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4.8 Environment

The Fe-Ni/SB will be exposed heat cycle during the actual thermocapillary experiment.
Therefore, the following endurance test was performed. - In the experiment, molten tin with
some Fe-Ni/SBs was heated to 670 K and held for an hour.  After that, it was cooled down
to 520 K. After this sequence, it was heated again to 670 K and held for half an hour.
These processes have been dc}ne in a quartz tube in which atmosphere was maintained at low
vacuum condition (under 107 Pa).

It was confirmed that most of tracers were not coﬁapsed but contained in tin melt after
the experiment. The interface of Fe plating layer and tin were observed and analyzed by
electron probe micro analyzer (EPMA) as shown in Fig. 4-15.  The Fe plating layer became
thinner than the initial thickness (20um). Since the pure iron is oxidized very easily, the
decreasing of Fe layer thickness was regarded as the result by peeling of the FeO layer.
After peeling of the layer, the intermetallic compounds ‘of FeSn, were formed on the

interface.

FeSn,

Fig.4-15 Photo of the layer interacted between Fe layer and molten tin

4.9 Check for Reflect Ech

The above-mentioned tracer particle was found in a tin bulk to check the detectability of
US beam from particle. The pesition of particle was measured C-scan probe. Figure 4-16
shows the result of position measurement of both ¢ 1 mm and ¢ 0.1 mm particle. This
image was drawn from the amplitude of echo obtained by scanning the ultrasonic beam on
the tin bulk. It can be verified that the Fe-Ni/SB even in ¢ 0.1 mm reflected the ultrasonic
beam. The depth of ¢ 1 mm particle was 5 mm from the top and that of ¢ 0.1 mm particle
was 6 mm. We will use the tin bulk with a particle to check the sensitivity of matrix

SENSors.
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o
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(b) ¢ 0.1 mm particle

Fig.4-16 Images of echo signal intensity detected by C-scan probe
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5. CONCLUSION

(1) The experimental study on thermocapillary convection of low Prandtl number fluid was
carried out to understand transition behavior to oscillatory flow. The half-zone liquid bridge
of molten tin was formed between hot and cold disks in high vacuum chamber (10° Pa).
The three radiation thermometers were used to measure the free surface temperature at a
different azimuthal location at the same time. In addition, the temperature disiribution at
interface between liquid bridge and cold disk was measured by using very fine
thermocouples to detect the transition point and to make clear the oscillation mode more

precisely.

(2) It can be detected that the steady thermocapillary convection changes to oscillatory under
certain condition. The observed phenomena of transition processes after the oscillatory
onset were revealed by comparing to numerical result done by Imaishi ez al..  The effect
of aspect ratio (L/r) on critical Marangoni number was investigated. The critical
Marangoni number decreases with increasing the aspect number. This behavior agrees
with numerical simulation done by Imaishi er al. qualitatively except for region of smaller
aspect ration.

(3) The surface tension and its temperature coefficient were measured in the experimental
chamber. A molten tin droplet was formed on an a-ALOs substrate in the evacuated
experimental chamber. These analog photo images were transfer to digital images and
the surface tension was calculated from the outlines of digital image, which was the

sessile {hop method. The value of surface tension and its temperature coefficient were

520~550 [mN/m] and 0.097 [mN/m/K].

(4) The Fe-Ni/SB tracer particle has been developed for the visualization of the inner flow
pattern of the Narangoni capvection Considering the traceability of the particle, high

svrottalasiider H 43 ~A +1 I hioet 1 et 5 ]
WEeLLao ity and low 'i’@&@u‘\/;w with Sdﬁsdﬁuiﬂg ;-;ﬂé ang nigh sphericity are reguired.

Therefore, the multi- aner structure, which comprises Fe and Ni layers, was adopted.
The plating techniques of both Fe and Ni layers were developed and the heat treatment
technique to make the high sphericity particles was also developed. The test particle has
already been manufactured and its reflectance of ultrasonic beam has been evaluated.
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