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Diffusion Coefficient Measurement of Au in Liquid Ag by Shear-Cell Method

By

Tomoharu Fukazawa *' *2, Tadahiko Masaki *2, Toshio Itami *? *3, Yuki Watanabe **

Abstract: Shear cell method is one of the advanced experimental technigues to measure diffusion coeffi-
cients in liquids. In order to measure diffusion coefficient more accurately, we studied error factors of this
method. The shear convection due to the shear cell method is one of the major error factors of the measure-
ment of diffusion coefficient. To clarify effects of shear convection, we carried out the diffusion coefficient
measurement of Au in liquid Ag at the temperatures of 1300 K and 1500 K with the variation of diffusion
time. We obtained the diffusion time dependence of Au diffusion coefficient in liquid Ag. The errors due to

the shear convection can be eliminated by adopting the diffusion time over 3 hours.

Keywords: shear cell, diffusion coefficient, liquid metals
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Current status of the development of shear cell technique
in ground base research and towards JEM on ISS

Tadahiko MASAKI"!, Tomoharu FUKAZAWA™, Satoshi MATSUMOTO",
Toshio ITAMI? and Shinichi YODA™

Abstract: The microgravity condition is one of the ideal conditions for the measurements of diffusion coefficients in
high temperature melts because of the absence of convection in the liquid sample. The many kinds of experimental tech-
niques, such as, the long capillary method and the shear cell method, have been devised in the ground base research for the
measurement of diffusion coefficient in such high temperature melts. Recently, the shear cell technique coupled with the
microgravity condition was applied to the measurements of high temperature metallic melts. This technique enables us to
measure the diffusion coefficient with high precision. In this paper, a brief discussion is given for the trends of previous dif-
fusion experiments in space performed by Japanese researchers. Recently, Japanese space agency, JAXA, is developing the
shear cell technique for the future space experiments in JEM. The current status of the development of our shear cell tech-
nique is summarized and new results are presented for typical experiments on the ground by using test samples, for exam-

ple, liquid silver-gold alloys.

Keywords: shear cell, diffusion coefficient, liquid metals

1. INTRODUCTION

The transport properties in molten states are one of the important features for the understanding of the liquid nature of materials and also

are important for the industrial processing such as the crystal growth of semiconductors. Especially, the diffusion coefficient is directly

ad tn tha mogg trancenn ot 2ey Traxes g
CU U UIC HIAdS Halldpuit 11

are contacted in a vessel and the diffusion sample is formed. The time development is investigated for the tracer concentration profiles in
this sample. Several kinds of elements are selected for the tracer of diffusion depending on the aim of measurements. The isotopes are
selected as the tracer of the measurements of self-diffusion coefficient. The impurity atoms are selected as that of the impurity diffusion
coefficient. In the case of inter diffusion coefficient, the analysis of the time development of component concentration is performed for a
diffusion pair whose initial concentration is different between constituent pieces.

The long capillary method has been widely used because of its simplicity on the experiments and the data analysis. The sample materi-
als are contained in a narrow capillary whose diameter is 1-2 millimeter. Frequently, the diffusion couple is selected as the initial config-
vration of diffusion. The diffusion couple is composed of two kinds of sample materials with equal length which is connected at the cen-
ter of capillary. Usually, one of sample material is enriched by the tracer elements. The change of concentration is described in terms of the

diffusion equation as shown in following equation,

dc -5 ac?
o 7 o

@

% 1 Japan Aerospace Exploration Agency, Institute of Space and Astronautical Science, ISS project office 2-1-1 Sengen, Tsukuba-city, Tbaraki, 305-
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, where c¢ is the concentration of tracer, 7 is the time, x is the distance and D is the diffusion coefficient.

Since this method is applicable to various kinds of materials, the many variations of long capillary method have been developed. Ozel-
ton and Swalin [2] applied this technique to the measurements of self-diffusion coefficient of liquid sodium at the constant volume and the
constant pressure. After the diffusion experiments, the profile of sodium isotope distribution was fitted to the error function which is the
analytical solution of equation (1) corresponding to the step function as the initial concentration profile. In addition to the diffusion couple
method, the several kind of the initial configuration is selected, for example, a small piece of tracer is placed only at the end of capillary,
which corresponds to the delta function as the initial concentration profile. Larsson er al. [3] measured the self-diffusion coefficient of lig-
uid gallium with the use of this configuration.

The long capillary method is the most conventionally employed for the diffusion experiments in liquids. However, it is a fact that this
method is easily affected by the convection under the normal gravity condition. For the suppression of convection in liquid samples, the
sample is contained in a narrow capillary. Nevertheless, the convective flow in the liquid sample spoils the concentration profile of tracer
in the diffusion sample on the ground. Figure 1 shows the comparison of self-diffusion coefficients of liquid tin measured on the ground
and those under microgravity. The diffusion coefficients measured under the normal gravity are widely scattered depending on the data
source [4-8]. It can be easily seen that the measured diffusion coefficient is disturbed by the convection, which is remarkable at the high-
er temperature. The measurements of diffusion coefficient under microgravity were performed by Frohberg ez al. [9], Itami et al. [10] and
Yoda er al. [11]. The microgravity diffusion data of them shows a common temperature dependence without large data scattering. This
indicates that the microgravity provides an ideal circumstance for diffusion measurements with no convection. Another point we must con-
sider is that the long capillary method experiences the melting and solidification process during the diffusion experiment. The concentra-
tion profile of tracer in the long capillary is disturbed easily by the segregation or the volume change on melting and solidification of lig-
uid sample.

If the liquid diffusion couple can be connected into one piece and separated into many pieces of segments at temperature higher than the
melting temperature, it is not necessary to be bothered about the volume change or segregation on melting and solidification. The shear cell
technique was innovated in order to eliminate these experimental error sources. The shear cell is constructed from the thin disks which can
rotate co-axially. A few small holes are prepared around the center axis to contain the sample. The positions of holes are designed corre-
spondingly to the rotation angle of each disk. The liquid sample can be joined and separated with the rotation of each disk. Nachtrieb et al.
[12, 13] developed the shear cell for the measurement of self-diffusion coefficient of liquid mercury and gallium. Barras et al. [14] mea-
sured the diffusion coefficient of liquid thallium. Bruson ez af [7, 15] measured diffusion coefficients of tin isotope, antimony, silver and
gold atom in liquid tin and in liquid copper respectively. In the early stage, the shear cell was made o
of sintered graphite and sintered boron nitride and was applied to the wide variety of liquid metals. Recently, the shear cell method was
applied to the measurement of diffusion coefficient of GaSb [16] and aluminum in liquid gallium and indium [17].

Since 1970th, the microgravity condition has been regarded as an ideal condition for the measurement of diffusion coefficient because
of the absence of convective flow due to the weightless condition. Ukanwa [18] performed the first diffusion experiments in space on the

Skylab in 1973 and showed us the efficiency of microgravity condition. Reeds et al. [19] performed the diffusion experiment of gold in lig-
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Fig. 1 Self-diffusion coefficient of liquid tin. Data of Davis and Fryzuck{8], Ma
and Swaline[5], Kharkov er al.[4], Bruson and Gerl{7]} and Foster and

Reynick[6] are measured in the normal gravity. Data of Frohberg et al.[9],
Itami ez al.[10] and Yoda er al.[11] are measured in the microgravity.
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vid lead under the microgravity on the Apporo-Soyuz. Minster et al {20} measured the impurity diffusion coefficient of cupper in liquid
lead under the microgravity condition. Frohberg ef al. performed the pioneering work of diffusion research in space in the space shuttle
missions of SL-1 [9], D-1 [21] and D-2 [22,23] and showed that the diffusion coefficient in liquids can be measured with high accuracy
under microgravity. Malmejac et al. [24, 25] measured the thermomigration coefficient of cobalt in liquid tin with the use of shear cell in
the SL-1 mission, which was the first shear cell experiment under microgravity. Diffusion experiments performed in the space shuitle and
sounding rocket were summarized in the reviews {26, 27]. Matthiesen et al. [28] tried to measure the impurity diffusion in liquid germa-
nium on the space shuttle in 1997. Smith ef al. [29] measured the diffusion coefficient of many kinds of liquid metals on the Russian space
station, MIR. Praizey and Frohberg [30, 31] measured the diffusion coefficient of metallic alloys by the use of shear cell on the retrievable
capsule, FOTON in 1999.

In Japan, the diffusion experiments under microgravity were performed both in the space shuttle and in the sounding rocket. Especially,
the sounding rockets have played an important role for Japanese diffusion experiments under microgravity. Uchida er al. [32] measured the
mutual diffusion of PhTe-SnTe on the TEXUS26 in 1990, TEXUS29 in 1992 and TR-IA4 in 1995. Itami e al. measured the isotope dif-
fusion of liquid germanium [33], isotope diffusion of liquid lithium [34]. The shear cell method coupled with the microgravity condition
is the best way for measuring the diffusion coefficient in high temperature liquids. The shear cell experiment under microgravity was per-
formed by Yoda et al. [35] on the TR-IA sounding rocket in 1996 for the measurement of isotope diffusion of iiquid germanium. In Japan,
the first diffusion experiment under long duration microgravity was performed on the SL-J mission by Dan et al. [36] in 1992, Nakata et
al. [37] measured the diffusion coefficient of liquid InSb in the D-2 mission. The systematic investigation of diffusion phenomena under
microgravity have been pexformed in the space shuttle in MSL-1 international mission by Japanese group. Itami ez a/. [10] measured the
self diffusion coefficient of liquid tin with the use of the long capillary method at the temperatures higher than Frohberg’s experiments.
Uchida et al. [38] measured the mutual diffusion coefficient of PbTe-SnTe quasi binary semiconductor melts. Yoda e al. [11] have refined
the shear cell technique and improved its reliability for the long duration microgravity experiments. The improved shear cell was tested to
the experiment of self diffusion in liquid tin and mutual diffusion in PbTe-SnTe, for which the long capillary experiments were performed
by Itami et al. [10] and Uchida et al. [38] respectively on the same microgravity mission (MSL-1). Yamamura er al. [39] measured the
impurity diffusion of silver ion in molten salts with the use of the elector-chemical method.

The shear cell technique is powerful especially for the measurement of diffusion coefficient on sounding rocket experiments. The start
and the end of diffusion can be controlled mechanically by the shear cell technique. Therefore, the short duration of microgravity, usually
six minutes, on the sounding rocket can be fully used for the diffusion time without the problem of convection. The microgravity duration
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able accuracy (10 % 20 %). In 1998, Ttami ez al. [40] and Kinoshita et al. [41] performed the measurement of diffusion in liquid alloys
and molten semiconductors respectively with the use of refined shear cell. In these experiments, the glass seal technique [42] was devel-
oped for the prevention of the sample from evaporation.

The shear cell for the space experiment was made of sintered boron nitride. Boron nitride is easy to make a complicate shape but the fin-
ishing accuracy of machine work is limited by its fragility. Therefore the 2 millimeter diameter of sample must be accepted for the feasi-
ble connection of diffusion couple. This sample diameter of previous shear cell for the space experiments was somewhat large to prevent
the convection under the normal gravity on ground. Recently, the many kinds of novel crucible materials have been developed. The preci-
sion of finishing of crucibles can be extremely improved enough to make the refined shear cell whose sample diameter is less than 1 mil-
limeter; the considerably precise measurement of diffusion coefficient can be performed even on ground. In this paper, the feature of our

shear cell is briefly introduced and the results of test experiment are described.

2. TECHNICAL DETAILS OF SHEAR CELL METHOD

The diffusion measurement due to the long capillary method is easily spoiled by the convective flow and the volume change on melting
and solidifying the sample. The shear cell method has developed in order to overcome these problems. In the shear cell methods, the lig-
uid diffusion sample is contained in the long and narrow space similarly to the case of long capiliary method. The sample space is made of
the pile of thin holes in the disks. Each disk has a hole for a center rod at the center and two or three sample holes around the center hole.
Each disk can be rotated separately in order to form liquid columns of the sample for diffusion experiments at the start of diffusion and

divides the liquid sample into small piece for the concentration analysis at the stop of it.
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Fig. 2 Schematic figure of shear cell
a: carbon spring; b: end part; c: disk crucible; d: fixed rod; e: center rod;
f: diffusion sample; g: carbon rod; h: graphite spring.

The shear cell technique is now being developed in JAXA for the ISS experiments by using the AgAg,es-Ag diffusion couple as a test
sample. The shear cell assembly developed in JAXA was composed of more than twenty disks for crucibles, two end disks, a center rod
and a crucible holder, as can be seen in figure 2. The same one millimeter was taken as the thickness of disk for the crucible and the diam-
eter of sample hole respectively. The disk parts were made of glassy carbon for which the extremely fine machine work can be applied and
other parts were made of sintered carbon. The center rod was made of muilite because of its low thermal conductivity. The samples, which
was cast into the rod shape beforehand, were installed in the shear cell together with carbon springs and carbon rods whose diameters were
same as those of sample. The typical length of the diffusion couple was 60 millimeters. The springs and rods were placed at the both ends
of sample in order to compensate the volume change of sample on heating process particularly on melting and in order to avoid any void
formation in the liquid diffusion sample. The experimental inserts were the shear cell, the heater and the ceramic tube which separates the
shear cell from the air atmosphere. The heater of sample was made of pyrolytic carbon covered by pyrolytic boron nitride. The experi-
mental inserts were introduced into the experimental camber with X-ray image observation system. This facility is the ground test model
of the Advanced Furnace for microgravity Experiment with X-ray radiography, AFEX, for the Japanese Experimental Module, JEM for
the ISS (International Space Station). All of parts of experimental inserts are made of ceramics materials except for the diffusion sample.
Therefore, the direct “in situ” observation of the connection and the division of liquid sample on the shear cell operation can be observed
by the X-ray radiograph.

The resolution of X-ray radiograph is about 0.1 millimeter. A motor was fixed at the bottom of the experimental insert and was con-
nected to the center rod of the shear cell assembly. The W-Re thermocouples were installed at the side of shear cell for the temperature

measurement. The observation chamber and experimental inserts are evacuated and filled with high purity argon gas.
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The sample in the shear cell was heated by the ceramic heater. The melting behavior was observed by the use of X-ray image. Follow-
ing the melting of sample, the center rod was rotated by the motor at the bottom of the experimental insert and the each piece of the diffu-
sion couple which had been separated at the initial configuration was joined into one liquid column, the liquid diffusion couple. The join-

ing into the liquid diffusion couple was also observed by the X-ray image.

After the appropriate diffusion time was progressed, the center rod was rotated to the opposite direction and the liquid diffusion sample
was divided into small pieces. Figure 3 shows the images of diffusion sample at each experimental stage due to the X-ray radiograph. Then,
the shear cell assembly was cooled and the tracer concentration of each sample was analyzed. The dimension of divided diffusion sample
was one millimeter diameter and one millimeter length. The shape of each divided sample was changed into thin plate of about 8mm diam-
eter by the repetition of pressing and folding for the measurement of average concentration of overall piece by the X-ray fluorescence
analysis.

Since the liquid diffusion sample is created only in the diffusion time by the mechanical operation for the shear cell method, the obtained
diffusion coefficients become free from the experimental problem of long capillary method such as the proceed of the diffusion on heating
and cooling process and segregation. However, the inherent problems to the shear cell method appear, for example, the miss alignment of
diffusion sample and the additional flow induced by the rotation of disks. Our shear cell assembly was contrived in order to minimize the
experimental error caused by these inherent problems.

For the solution of the first problem, the accuracy of machine work for the shear cell crucible was improved with the use of novel
ceramic material. The X-ray radiography, which was installed to observe the condition of sample on the diffusion experiment, was also
valid. If the misalignment of diffusion couple exceeds ten percent of sample diameter, the observed diffusion coefficients are three percent

smaller than the exact value, which was evaluated from the numerical simulation [43]. Our shear cell was made of glassy carbon (Nissh-

a3

Pl ST P T

Fig.3 The X-ray image of Diffusion sample in the shear cell
(1): Before joining; (2): Connected; (3): Divided.

(a) (b) (c)

Fig. 4 The mechanism of shear cell.
(a) The rotation for the sample joining. (b) The rotation for the sample division.
(c) The divided state of sample. Arrows indicate the direction of rotation. The
disks are separated for the visualization of the mechanism in the drawing. Each
sample position is determined due to the rotation direction of center rod, inner arc
at the center of disk, outer arc at the rim of disk, position of sample and fixed bar.
The degrees of inner and outer arcs restrict the rotation angle of disks.
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inbo Industrial Inc.), which is a very hard material. The glassy carbon provides the fine and accurate machinery products whose inaccura-
¢y is less than 1 micrometer. It was confirmed that the misalignment of diffusion sample in our experiments was less than 0.1mm which
was smaller than the resolution of X-ray radiography. The error derived from the misalignment was sufficiently negligible.

The second problem is unavoidable for the shear cell method. The rotation of cell added the drag force to the liquid at the contact with
the moving disk and a pair of small vortex flow occurs on the joining of liquids. Therefore, the step function of tracer distribution as the
initial tracer distribution is destroyed because the small amount of volume exchange occurs between each liquid piece of diffusion couple.
This error of concentration in the initial stage provides additional contribution of errors to the evaluation of true diffusion coefficient. The
contribution of this problem can be negligible if the diffusion time is sufficiently long. The same situation occurs on the division of liquid
sample. The sample division are classified into two cases depending on the design of shear cell; one is a sequential division and the other
is a simultaneous one. Each of these patterns has its merits and demerits. In the case of sequential division, the flow pattern in the sample
is rather simple since the flow is limited only at the cutting part and this flow part moves sequentially; the finish times of diffusion are dif-
ferent between the first divided part and last one. In the case of simultaneous division, it is not necessary to be worried by the delay of cut-
ting time. But we must be careful for the fact that the flow pattern in the sample is rather complicated. In our shear cell, the latter pattern
is selected, i.e. the sample is divided simultaneously. The shear cell disk is constructed of three types of disk which possesses the cut part
at the rim and the center hole which can be seen in figure 4. The angles of cut parts and position of sample holes correspond to the rotation
angle of disk. The liquid diffusion sample can be joined or divided by the rotation of center rod in the direction of clockwise and counter
clockwise respectively. Each disk is rotated simultaneously and is stopped at the appropriate position for the joining and the division due

to the combination of cut angle of rim on disks and the fixed rod, which can be seen in figure 4.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

The Ag-Au alloy was selected as the test material for the verification of the operation of our shear cell. It is well known that the silver
and gold are inert materials and both are easy for handling. This system has another merit for the diffusion experiments judging from the
analysis of concentration of diffusion sample. The phase diagram of Ag-Au system shows a typical solid solution system whose liquidus
line and the solidus line are quite close. Therefore the segregation in the solidified diffusion sample is kept to be sufficiently small. This
merit allows us that the concentration profile can be analyzed with the sufficient accuracy by the conventional X-ray fluorescence analysis
for the solidified samples.

1rec o ; 3 17 “inev It}

The diffusion couple was consisted of pure siiv ver-gold alloy in which five atomic percents of gold was contained. Each sam-

T and silv Hoy in which f1v

ple was cast into the narrow rod which was 1 millimeter diameter and 30 millimeter iength. The end faces of samples were finished to be

flat by the fine polisher for the optical fiber. The diffusion experiments were performed at the temperature of 1300K, which is 56 K high-

er than the liquidus temperature. The concentration profiles in the solidified samples were determined by the X-ray florescence analysis.
Tn the ideal case, the concentration profile of gold atom in the sample studied should obey the error function, which is the analytical solu-

tion of the diffusion equation for the diffusion couple and is given as follows:

2cxn=¢1)

Cy ™ G

=1—Ef®) 2)
where ¢, and ¢, is the concentration of tracer in the diffusion couple at the start of diffusion. The error function, Erf is defined as follows:

, |
Erf () 7= f exp (— Yy 3)

The concentration profiles obtained from experiments are in good agreement with equation (2), which is shown in figure 5.The diffu-
sion coefficient of gold atom in liquid silver was evaluated by the least square fitting of experimental data to this analytical solution (equa-
tion (2)).

The diffusion experiments were performed with the variation of the duration of diffusion in order to clarify the magnitude o
to the joining the liquid. The duration of diffusion was varied from 240 seconds to 25200 seconds. From this variation of diffusion time,
the diffusion coefficients obtained from shear cell experiments strongly depend on the duration of diffusion. The diffusion coefficient for

the short duration was 50 % larger than for the sufficiently long duration. This is clearly derived from the initial disturbances due to the

This document is provided by JAXA.



14 JAXA Research and Development Report  JAXA-RR-05-034E

6 T T T P FE—

Au conceniration /at. %
w
I

Temp.:1300K
1+ < Time :7200sec |
£ D=2.36x10"%/s,
g 1 i !

e
4} 10 20 30 40 50 60
Distance fmm

Fig.5 Typical diffusion profile of Ag- Fig. 6 Schematic figure of the apparatus for the obser-
Au0.05Ag0.95 diffusion couple with the vation of shear flow.
use of shear cell. The solid circle represents (a): video camera; (b) UV laser for the coloring
the experiment at 1300K with the diffusion the photochromic dye; (¢): Argon laser; (e):
time of 7200 s. The solid line shows the observation cell(acryl resin); (f): cylindrical
solution of Fick’s second law with D = lens. The cylindrical vacancy of (e) is filled
2.36 X 1079 ms, with the silicon oil together with particles and

the dye.

Jjoining of the liquid diffusion sample on the shear cell operation.

Concerning the initial disturbance of the shear cell technique, direct observation experiments were carried out with the use of silicon oil
as a model fluid. The properties of fluid mechanics, for example, kinetic viscosity, the scale of model cell and the velocity of cell move-
ment, were determined by simulating the hot liquid sample in the shear cell. The flow pattern observed were classified by the non-dimen-
sional fluid parameter i.e. Reynolds number, Re = ud/v, where u, d and v are the shearing speed of cell, the diameter of sample and the
kinematic viscosity respectively. In the diffusion experiments of liquid silver alloys, the Re is equal to 1.8 where 1 = 0.554 mm/s, d =
1.0 mm and v = 0.396 mm?/s. The Re was varied from 0.2 to 110 due to the change of shearing speed and the viscosity of silicon oil. The
motion of model fluid was observed by the photochromic dye [44, 45] in addition to the tracking of the particle tracer. The observation sys-
temn is shown in figure 6. T
of flow. This experiment is the first to use the photochromic dye as a marker of shear flow for the shear cell. The density of colored fluid
and others are not different in the case of photochromic dye method. It is not necessary to worry about the sedimentation or the buoyancy
of tracer perticles. Furthermore, it is available to mark only the fluid at the contact of diffusion couple. The flow pattern of each time step
is shown in figures 7 and 8. It can be seen that the small vortex flow was induced by the drag force given by the movement of the cell. The
photochromic dye clearly indicated the trajectory of fluid motion at the contact of liquid diffusion couple.

This trajectory was regarded as the ridge of area of liquid exchange between the samples of diffusion couple. Figure 9 shows the depen-
dence of penetration length, L on Re.

Under the condition of the Re of diffusion experiments of liquid silver alloys, which is about 10, the influenced area of flow was esti-
mated to be within the adjacent part to the interface of the joining part. The influenced length was less than 20 % of the sample diameter.

The time dependence of observed diffusion coefficients can be explained by the result of this model fluid experiment qualitatively, as
shown in figure 10. The enlarged diffusion coefficients due to the initial flow on joining are evaluated by the numerical simulation with the
change of the penetration length, L. The initial concentration of disturbed area would be evaluated as the interpolation of linear function of
each concentration of diffusion couple. The exact diffusion coefficient of gold in silver was assumed to be 2.24 X 10~ m?/s. This value was
obtained from the average value of experiments whose duration of diffusion was sufficiently long. Figure 10 shows the comparison of
experimental data with results of numerical simulation. In the case of L equal to the sample diameter, the result of simulation is in good
agreement with the experimentai resuit. The . evaluated from this numerical simuiation is five times larger than that of model fiuid exper-
iments. The quantitative difference of L between the actual diffusion experiment and model fluid experiment may be derived from the wet-
ting of sample to the shear cell. The additional experiments should be performed for the quantitative estimation of L from model fluid

experiments which simulate also the wetting condition. Nevertheless, the observed diffusion coefficients became constant when the diffu-
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Fig. 7 Video image of induced flow on joining two
liquid columns by using the photochromic dye

Fig. 8 Video Image of flow pattern
(1): Beginning of joining; (2): Intermediate state; (3): End of joining
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Fig.9 Relation between L/d and Re for the model fluid simulation; ~ Fig. 10 The time dependence of the observed diffusion coefficient.
L: penetration depth; d: diameter of hole in the shear cell Closed circle: experimental data; open marks: numerical
disk: Re: Reynords number. simulation.

sion time longer than 10800 sec, as shown in figure 10. Hence, the disturbance of initial disturbance of flow on joining can be negligible
if the diffusion time is sufficiently long.

The same kind of flow is also induced by the cutting process and the stream of flow is much more complicated. Nevertheless, the effect
on diffusion coefficient can be regarded to be much smaller than the former case because of following two reasons. The first one is that the
concentration differences between the divided samples are small at this stage and, therefore, the concentration change due to the liquid
exchange may be small. The second one is that the small vortex flows induced by the cutting process is limited just in the neighborhood of
interfaces of divided samples. Therefore, the influence of cutting process dose not exceed the length of divided sample and the error due
to this cause may be negligible.

Finally the discussion is focused on the influence of the convective flow on the diffusion coefficient measured by the shear cell. If the

convection occurs in the sample, the mixing of diffusion couple is enhanced. Therefore, the observed diffusion coefficient increases
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depending on the diffusion time. Nevertheless, the experimental results show that the diffusion coefficient becomes independent on the dif-
fusion time in the case of the long diffusion time. The diffusion coefficient obtained, 2.24 X 10~ m%s, for liquid AgAus-Ag, is slightly
lower than the experimental value by Gupta, which is 2.46 X 10 m%s [46]. The experimental errors of long capillary method, i.e. the
undesirable diffusion on heating and cooling process and the segregation on solidification, tend to increase the measured diffusion coeffi-
cient. The shear cell method adopted here is advantageous for the removal of these errors. In the present experimental configuration, the
density of liquid silver in the upper position is lighter than that of silver-gold alloy in the lower one. Additionally, the temperature of upper
part was kept to be about five degrees higher than that of lower part in order to prevent the convention. The present configuration might

suppress the occurrence of convection in the liquid sample.

4. THE CURRENT STATUS OF THE SHEAR CELL FOR THE MICROGRAVITY EXPERIMENTS ON ISS

The shear cell, which is now being developed in JAXA, is applicable to the microgravity experiment without any change of basic design.
The shear cell with the similar design has been successfully applied to the microgravity experiments [11, 35]. Currently, the experimental
insert of shear cell is being developed for the measurement of self and impurity diffusion in liquid germanium, which is to be performed
as microgravity experiments in JEM. The furnace, which is named as the gradient heating furnace, GHF, has three heaters in the evacuat-
ed camber and the available maximum temperature is around 1870 K. The GHF is developed for the high temperature experiment with tem-
perature gradient such as the crystal growth of semiconductors. The GHF is also applicable to the isothermal experiment for the optimiza-
tion of furnace configuration. The design of experimental insert for the shear cell experiment in JEM is same as that of the grand base

experiment, which is consisted of shear cell covered with a tube and a fitting part to the furnace, thermocouple and motor for cell rotation.

The test experiment will be performed in the GHF by using the test model of experimental insert in the near future.

Fig. 11 Bxperimental insert for the GHF.
a: shear cell assembly; b: center rod; c: shear cell support; d: metal tube;
e: fitting part of GHF; f: interface box; g: motor.

5. CONCLUSION

The experimental results of simulation of fluid motion for the shear cell are in good agreement with the numerical simulation whose ini-
tial mixing length is equal to the capillary diameter. The diffusion coefficient can be measured by the use of present shear cell if the diffu-
sion time is sufficiently long; in the case of liquid metals, longer than 2 hours (10800 sec). In the case of this experiment, the convective
flow can be regarded to be negligible since the density difference between the upper part and the lower one properly established to sup-
press the convection. The shear cell technique is satisfactory for the measurement of the diffusion coefficient with high precision. Never-
theless, the convection in the diffusion sample cannot be avoided completely on the ground for some interesting cases, for example, the

measurements of the self-diffusion coefficient just above the melting temperature and the diffusion with the strong temperature depen-
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dence. It should be noted that it is the next best method to add the temperature gradient to measure the exact diffusion coefficient. The dif-
fusion coefficient itself should be determined on the isothermal condition. In such cases, the microgravity condition coupled with the shear

cell will be the last resort for the measurement of diffusion.
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Measurement of diffusion coefficient of Au in liquid
Ag due to the shear cell technique

Tadahiko MASAKTI", Tomoharu FUKAZAWA™, Yuki WATANABE™,
Minoru KANEKO™, Shinichi YODA™ and T. ITAMI™"

Abstract: Diffusion coefficients of Au in liquid Ag were measured carefully due to the diffusion couple method com-
bined with the shear cell technique at the temperature of 1300 K and 1500 K. The shear cell was so-called modified long
capillary crucible and is known to be the best method for the measurement of diffusion coefficient of liquids. The major
cause of experimental error was derived from the liguid motion by the connection of liquid sample at the start of diffusion.
In the present study, by changing the diffusion time from 300 seconds to seven hours, the time dependence of measured dif-
fusion coefficient was clarified. The effects of the initial disturbance were sufficiently small in the case that the diffusion
time was longer than 2 hours, for which the diffusion coefficient became independent on the diffusion time. The diffusion

coefficient was compared with the theoretical value which was evaluated from the hard sphere mixture model.

Keywords: Shear Cell, Diffusion, Alloy, Hard sphere model

1. INTRODUCTION

Atomic transport properties are essential and significant to understand disordered condensed matters. Especially, diffusion phenomena
play an important role of the reaction and the phase transition process relating to liquid materials. Therefore, the exact value is necessary
not only for the understanding of condensed matter physics but also for the improvement of material processing due to numerical simula-

tions, by which the optimization of condition can be obtained, for example, for the process of single crystal growth or the control of micro-

scopic structure of casting. Many efforts have been devoted in order to obtain exactly the diffusion coefficient of liquids [1]

The diffiigi

1€ GIyusion cou two pieces of

3 AWO PICLCS O

different concentration are contacted as the diffusion sample. Each concentration in both pieces of the diffusion couple develops due to the
diffusion, which should obey the Fick’s diffusion equation. In the case of liquid sample, the concentration profile due to the diffusion is
easily spoiled by the convection in the liquid sample. Therefore, the diffusion sample is contained in a narrow capillary in order to suppress
it. This method is called as the long capillary method. Because of its simplicity and easiness for the experiments and for the numerical treat-
ment of data analysis, this method is widely applied to the measurement of diffusion coefficients of liquids. Nevertheless, this long capil-
lary method has some inherent defects for the measurement of diffusion coefficient with high precision. The worst point is excess diffu-
sion; if the experimental temperature is much higher than the melting temperature of sample, the diffusion progresses during the heating
and cooling stages. The second one is the bad effect of volume change on melting and solidifying sample. Most of materials change its vol-
ume on melting. Therefore, the concentration profile in liquid diffusion sample is spoiled by the fluid motion induced by the volume
change. The third one is the segregation on the solidification of diffusion sample. This problem is restricted to alloy samples. Many kinds
of alloys show the segregation on solidification. It makes difficult to obtain the concentration profiles of diffusion couple in the liquid state.

The shear cell method was innovated in order to remove these problems. If the two liquid columns can be joined into one liquid diffu-
sion couple and be separated into many pieces at the experimental liquid temperature, it is not necessary to be bothered about these prob-

lems. Nachtrieb ef al. [2] developed for the first time the shear cell for the measurement of self-diffusion coefficient of liquid mercury and

% 1 Japan Aerospace Exploration Agency, 2-1-1 Sengen, Tsukuba, Ibaraki, 305-8505 Japan.
% 2 Advanced Engineering Services Co. Ltd., 1-6-1 Takezono, Tsukuba, Ibaraki, 305-8505 Japan.
% 3 Hokkaido Univ., Sapporo, Hokkaido, 060-0810 Japan

This document is provided by JAXA.



20 JAXA Research and Development Report  JAXA-RR-05-034E

gallium. The shear cell was composed of thin stainless steel disks which can rotate co-axially. Around the center axis the disk possesses a
few holes, into which the solid sample was contained. At the experimental temperature, with the rotation of each disk, the liquid sample
can be joined into the diffusion couple at the start and separated into many pieces at the end. Barras ez al. [3] measured the self-diffusion
coefficient of liquid thallium. Bruson er al. [4, 5] measured the self- and impurity-diffusion of liquid tin in the wide temperature range.
Yoda et al. [6] measured the self-diffusion coefficient of liquid tin by the refined shear cell method under the microgravity condition.
Recently, shear cell method has been applied to molten semiconducting materials and liquid alloys, for example, molten GaSb {7] and alu-
minum impurity diffusion in liquid gallium and indium [8].

The sample diameters of previous shear cell experiments were typically 1.5 millimeter because of the feasible joining of liquid sample.
Tt was somewhat large to prevent the convection under the normal gravity. Recently, many kinds of novel crucible materials have been
developed. The precision of finishing of crucibles can be extremely improved enough to make the refined shear cell whose sample diame-
ter can be less than 1 millimeter. The considerably precise measurement of diffusion coefficient can be performed even on the ground. In

this paper, the feature of our shear cell is briefly introduced and the experimental results of the diffusion of Au in liquid Ag are described.

2. MEASUREMENT OF DIFFUSION COEFFICIENT OF AU-AG LIQUID
ALLOY DUE TO THE SHEAR CELL METHOD

2.1 Shear cell assembly

In the shear cell, the liquid sample is contained in the long and narrow space in the same manner as the long capillary method. Howev-
er, this space is composed of the pile of thin disk crucible with small sample holes, which are placed around the center of disk. In the shear
cell assembly of the present study, the thickness of disk crucible and the diameter of sample hole were one millimeter respectively. The
disk crucible was made of glassy carbon for which the fine machine work can be applied. The end crucibles, spacer and springs were made
of sintered carbon. The center rod was made of mullite because of its low thermal conductivity. The diffusion sample, which was cast into
the rod shape beforehand, were instafled in the shear cell together with small carbon springs and carbon rods as can be seen in figure 1.
Each sample of diffusion couple was placed on the separated position before the heating of sample. Liquid diffusion couple was formed
and was divided by the rotation of center rod at the experimental temperature. All the shear cell assembly, a ceramic heater and three ther-
mocouples, were covered by the sintered ceramic tube and were fixed on the fitting parts of the observation chamber which was equipped
with a two directional X-ray radiography. The inside of observation chamber and that of ceramic tube were evacuated and were filled with

confirmed by the use of X-ray radiography [9]. Figure 2 shows t

=g}
¢}
b
U
%)
<
-
=
=
o
i<}
[¢]
@)
=)

diffusion sample was regarded to be less than 0.1 millimeter which is smaller than the resolution of this X-ray radiography. The tempera-
ture of sample was measured by the use of three thermocouples which were installed beside the disk crucible. The temperature of upper
part of diffusion couple was 5 K higher than that of lower part due to the optimization of the design of ceramic heater, the amount of ther-

mal insulator and radiation foil around the shear cell assembily.

2.2 Measurement of diffusion coefficient of Au in liquid Ag

For the measurement of diffusion of Au in liquid Ag, the diffusion couple was prepared between pure Ag and AuggsAgggs- Hach mater-
ial was cased into the graphite crucible and was formed into a narrow rod shape which was one millimeter diameter and 30 millimeter
length. Both end faces of diffusion samples were finished with the use of optical fiber polisher. The samples were installed into the shear
cell which was described in the sub-section 2.2.

The diffusion coefficients were measured at 1300K, which was 56 K higher than the liquidus temperature, and 1500K. The diffusion
time, i.e. from the time of joining into the diffusion couple to that of dividing it, was varied from 300 seconds to 25200 seconds (seven
hours) in order to clarify the influence of liquid joining at the start of diffusion. After the diffusion experiments, the shape of each divided
sample was changed into thin plate of about 8mm diameter by the repetition of pressing and folding for the measurement of average con-

centration of overall piece by the X-ray fluorescence analysis.
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(a)

Fig. I Shear cell assembly.
(a) ceramic tube; (b)graphite spring; (c)end part; (d)disk crucible; (e) graphite spring; (f) graphite
rod; (g) diffusion sample; (h) stop bar; (i) center rod; (j) spacer; (k) ceramic heater; (1) fitting part of
observation chamber

2

Fig. 2 X-ray image of diffusion sample.
(1): Before joining; (2): Connected; (3): Divided.
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3. THE DATA ANALYSIS AND THE EXPERIMENTAL RESULTS

The concentration profile of Au in the sample should obey the error function, which is the analytical solution of the diffusion equation

for the present diffusion couple and is given as follows:

2(c (x,1) - ¢,
Cy— ¢

= 1-Erf(¥). (D

In this equation, ¢, and ¢, are the concentrations of each piece of the diffusion couple at the start of diffusion. The error function, Erf, is
defined as follows:

Y

2
Erf (N)=1% ,[O exp (— »)dy ®)

The concentration profiles obtained from experiments were in good agreement with equation (2). The typical experimental result is
shown in figure 3. The diffusion coefficient of Au in iquid Ag was evaluated by the least square fitting of experimental data to this ana-
lytical solution (equation (1)). The diftusion coefficients obtained were strongly depended on the duration of diffusion, as can be seen in
figure 4. The observed diffusion coefficient decreased with increasing the duration of diffusion at both 1300 K and 1500K. From the in situ
observation of fluid flow in the model experiment by the use of transparent materials [10], the small amount of liquid is found to be
exchanged at the interface of the diffusion couple due to the liquid joining at the start of diffusion. However, the disturbance by the liquid
joining becomes negligibly small if the duration of diffusion is sufficiently long, as can be seen figure 3. In the present experiment, the dif-
fusion coefficients were adopted from the diffusion experiments whose durations of diffusion were 21600 second. The diffusion coeffi-

cients of Au in fiquid Ag are obtained as 2.30 X 107 cm/s” at 1300K and 3.16 X 107 cm/s” at 1500K.
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Fig.3 Diffusion profile of Ag- AuggsAgges diffusion couple. Fig. 4 The diffusion time dependence of diffusion coefficient mea-

sured by using the shear cell method.

4. DISCUSSION

The Ag, Au and these alloys are familiar materials for the experiments of liquid metals. However, the self and mutual diffusion coeffi-
cient of these systems have not always been measured frequently. In the case of Ag-Au liquid alloys, Gupta [11] published the diffusion
coefficients at the temperatures between 1253 K and 1533K. The diffusion coefficients of present work are slightly lower than Gupta’s
data. The cause of experimental errors in the previous long capillary method, i.e. the undesirable diffusion on heating and cooling process
and the segregation on solidification, may tend to increase the measured diffusion coefficient. The shear cell method adopted here is advan-
tageous for the removal of these errors. In the present experimental configuration, the density of liquid silver in the upper position is lighter

than that of Ag-Au alloy in the lower one. Additionally, the temperature of upper part was kept to be about five degrees higher than that of
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lower part in order to prevent the convention. The present configuration can suppress the occurrence of the convection in the liquid sam-

ple.
The diffusion coefficient of Au in liquid Ag was estimated based on the haid sphere model coupled with the back scattering factor, Cgg,

given by Protopapas and Parlee [12] and compared with the present experimental results. The diffusion coefficient of a dense binary fluid,

Dy, is given as follows;
Dys = CrsDeys - (3)

The back scattering factor, Cy, represents the many body effect of dense fluid. In this equation, Dpys is described by the following

equation.
Dyys = Dray/ 812 (Gia)s (4)

where D.. . is the diffusion coefficient of dilute state of mixture whose components are solute 1 and solvent 2. In the case of hard sphere

2.

interatomic potential, D, , is written as follows;

Dpe= %)

3 kgT(my + my) }
5 8nop, | ’

2rmymy

where n is the total number density of mixture; &, is the mean hard sphere diameter of two components; mi is the atomic mass of com-
ponent i, kB is Boltzman constant; 7 is the temperature of system. The notation, g, (5,,), in the equation (4) is the radial distribution func-
tion at the contact of different hard spheres. Cpg is evaluated from the ratio of the diffusion coefficients obtained from molecular dynamics

simulations of hard sphere mixture, Dygyp, t0 the Dgyg, as follows;

~~
(*))
Nty

Css = Dysup / Ds -

Protopapas and Parlee [12] provided the numerical table of Cyg of hard sphere mixture, which can be available with the knowledge of

the ratio of atomic mass and hard sphere diameter. In this calculation, values of Cy; for Ag-Au mixtures are evaluated by the interpolation

of the table
The temperature dependence of hard sphere diameter of pure metal is evaluated from following equation [12].
— 2
o=1228M/d {1 -0.112)T/T)"}, N

where, M is the mass and d is the mass density at the melting point, 7,,,. For the calculation of diffusion coefficient of Ag-Au mixtures,
it was assumed that the hard sphere diameters of Ag and Au in ailoys were equal to those of the pure state respectively. The pure Au
becomes solid at 1300K. Therefore, the values of density, d, and hard sphere diameter, ©, are estimated from the extrapolation of the
respective temperature dependence at higher temperature than its melting point. The numerical values for this calculation and the diffusion
coefficient obtained, Dy, are shown in table 1. The hard sphere model is one of the simplest models for the treatment of liquid properties.
Nevertheless, the D, are in good agreement with present experimental results. Pure Ag and pure Au in liquid state can be regarded as the

simple hard sphere fluid based on the liquid structure analysis by Waseda [13]. Ag and Au belong to the same column of periodic table and

Table 1 The comparison of diffusion coefficient of Au in liquid Ag between calculations based
on the hard sphere model and experiments.

T (X) Cag (cm) Oy (Ccm) Css Dys (cm*/s) Deyp (cm?¥s)
1300 2,579 X 1078 1 2.579 X 1078 0.6564 225X 1073 | 230 X 107°
1500 2.556 X 1078 | 2.555 X 10°¢ 0.7191 3.07 X 107° | 3.16 X 107°
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the charge transfer between Ag and Au in liquids might be small. As the zeroth approximation, the atomic transport properties of Au in lig-
uid Ag can be regarded as the simple hard sphere mixtures. It is possible that this hard sphere model can be improved by taking account of

the charge transfer effect and its concentration dependencies on the evaluation of Cgg. Such studies must be studied in futare.

5. CONCLUSION

The diffusion coefficients of Au liquid in Ag were measured with the use of shear cell method at both 1300K and 1500K. The diffusion
coefficient corresponding to the present experimental conditions were calculated by using the hard sphere mixture model. Diffusion coef-

ficients of hard sphere model are in good agreement with the experimental data.
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Liquid Structure Analysis of High Temperature Molten Metals
with the Use of Electrostatic Levitator

By
Tadahiko MASAKI, Takehiko ISHIKAWA, Shinichi YODA

Abstract: The structure of undercooling liquid state is one of the important subjects of materials science. The
levitation techniques are powerful tools for the investigation of undercooled liquids. In this research, we devel-
oped the electrostatic levitation furnace for the liquid structure analysis due to the neutron and x-ray diffrac-
tion methods. The apparatus was tested by using a synchrotron radiation facility, a laboratory X-ray source and
a reactor. The structures of several kinds of materials were investigated and the liquid structures can be mea-

sured with high precision.

Keywords: Electrostatic levitator, liquid structure, X-ray diffraction, neutron diffraction
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IAXATIRINET, PHEMOBMAENBBIIB Y 23ERHOMEREEE L CHBEREEEREL TE/28. BL<
MHENTWA LI, BUNENBEBIBLTEESYARFELHVL I L), BOTEREDHADHLLMET S
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2. PEFHEIVXREELHOBEREERE

2.1 BEREROHE
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B R BEGHFMTH A, XHHELOBEE1320=—10~+80°, THETHEOEEIE20=—10~+160° T 5.
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Fig. 1 Schematic figure of position control system of electrostatic levitator.

2.2 PHEFEHELRBOLHOBREFZHERE
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BEDoTHRBTAZIENTEL, FUTHIHEDHS, THETHEIBE SN ESBIHMLEN G Z L b, EIE
WA ORZ R MENRER 2 23, PHEFHROLHA OB ZEBICREL, #E0I7— 2RV I LT, HAMTE
DEHI L HIE 21T o7, T/ 70X —FIC LY EELSNEE 182BA D AR HEERAL, BRI LIS
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Fig. 2 Photograph of electrostatic levitator for neutron dif- Fig.3 Photograph of electrostatic furnace for the x-ray dif-

fraction measurement. fraction experiment at the SPring-8.
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Fig. 4 Diffraction pattern of sintered alumina at room temperature.
(a) alumina sphere, (b) diffraction of empty chamber.
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Figh X-ray diffraction patterns of levitated Fig. 6 X-ray diffraction pattern of levitated liquid silicon
liquid zirconium and empty chamber. at melting point.
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Fig.7 Correction factor of absorption for X-ray diffraction
measurements of liquid zirconium
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Fig. 8 Static structure factors of lHquid zirconium Fig. 9 Static structure factor of liquid silicon at melting point.

45 BEBECES(HFYREFEFRT >V vIIOEH

RSB 28MEOFEEA VS Z LT, BIUEERFLOEFROMERT > vy bR D 2 ENTE H12].
Modified Hypernetted Chain (MHNC) E2 5, BETHOBER ERT ¥l u(r) #UTFTOLIICECILPFTES.

bH@T:&AH—l—eWP%ﬂn&Aﬁ+BO>::T,&W@>@%%fﬁbtﬁ%%ﬁ@@,gw&>dﬁﬁw%@
BTHh, BUBERTHOUTORICLEIROLNE.

8exp <V>:1+ﬁf<5w (Q) —1> exp (— Q1) dQ (1)
1 1 o
Cexp (r) :m f (1 —m) exp (—iQ'r) dQ (2)

ZIT, nliEBETH L.

This document is provided by JAXA.



BHEREEIC L 2R BIEOBERT 31

WO FE L, MENCHELIZ Z VRO ZEFHET Y U v V2 BRNISFENFHEIIHVS LT, E8B0
S(Q) #FATAL I ulr) BLUB(G) 2D AHETHA. ZOHFETHE, () ORIRELNDLLIHIZS(Q) O
BOBTEATIVEN D Q< 1OERAD S (Q) WHEL 2 28HOTHLZF— Y FERIIL L, HEREEOEE, &
WLV RNy I 7Ty FRLOHELNIZEA LR VWY, TOHBOS(Q) ZIEHEICEIETL 2 EXTETH Y,
COBMFICE L ZEHFEE S A D,

HHEOFETHV LB, KEESTEIFELZT) S TRERFHERT v U v VW SBEIRD LD TEL S
EFHHBNT B3], ABOFFETIE, HEHEIL 0 FEDEFPL 2522y L EHvig B %E 8 217
Vyou(r) BRSO, BEOYNVIZ T ADS(Q) LT, BONSETEERT VU v L EBESHEE T K10 1R,

BOZHREFEET Yy s, BEOENB I UEHYWELFETAILFETH L. L, HEED R
FEMEAREL (Shear Viscosity) 5 72 EOBRTE#EWER, TTENIEFENSUTOIIIIRDDBI LI TE S,

DZ%J?V@W@D& (3)
= [~ £ 7. (0) >dr (4)
M= v Jo e e 4
N N N
hmigg%@n%@+a§gfﬂw¢@ (5)

drt —

ZIT, vIREKTOEE, VISR, p. p EHT Oz FAB LU FIAOEHERS, [, 2iFHONT LS5
DxWATHAE., B, PVvIZ T L TEINOOBEMZED TVWDE . HIREIEC L2 EREOERED KBS
ERL, BTBRT Y Yy VORBUNFMTELEZL NS, 1B, HESTEIBRNS T TR vion, Ml
BIZDWTIEHRORBSITHEN L2,

T T T T
4 \ |
i
5 o \ il
= \
= i
S 2 p _
s Iy
= ]! l g (1)
w1 |
|
/
0 / u(r) kT
I ! I
0 5 10 15 20

r (k)

Fig. 10 Effective pair potential and radial distribution function
of liquid zirconium at melting temperature
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